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Abstract In this paper, we consider a bilevel multiobjective fractional pro-
gramming problem (BMJFP) with an extremal value function. We provide
necessary and sufficient optimality conditions characterizing (properly, weakly)
efficient solutions of the considered problem. These optimality conditions are
obtained in terms of sequences and based on sequential calculus rules for the
Brgndsted-Rockafellar subdifferential of the sum and the multi-composition of
convex functions, without constraint qualifications.
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1 Introduction

Bilevel programming problems are considered as a class of optimization prob-
lems for which the feasible set and/or the objective function of the so-called
leader’s problem depend on the set of solutions or the optimal value func-
tion of another optimization problem called the follower’s problem. This type
of mathematical problems appears in many practical problems dealing for in-
stance with transportation planning and management problems [1, 2], medical
engineering [3] and optimal allocation of water resources [4]. For more applica-
tions and details about bilevel programming problems, one can see for example
[5-10].

In the bilevel programming framework, when the leader’s problem contains
the optimal value function of the follower’s problem in its objective and/or con-
straint functions then it is called bilevel programming problem with extremal
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value function. Shimizu and Ishizuka [11] studied bilevel programming prob-
lems with extremal value functions and derived necessary conditions by means
of the directional derivatives. Aboussoror and Adly [12] considered a bilevel
nonlinear optimization problem with an extremal value function and obtained
necessary and sufficient optimality conditions under constraint qualifications
and via the Fenchel-Lagrange duality approach. Recently, Wang and Zhang
[13] have introduced and studied a bilevel multiobjective programming prob-
lem with an extremal value function. For obtaining the optimality conditions
of the latter problem, the authors have extended the approach in [12] by ap-
plying the duality scheme described in [14] under a generalized Slater-type
constraint qualification.

Fractional programming was investigated extensively in the literature due
to its importance in modelling numerous problems with applications for exam-
ple in economic, management science, information theory, stochastic program-
ming, electric power system, etc (see [15, 16] and the references therein). To
the best of our knowledge, there is no paper integrates fractional programming
with the class of bilevel programming problems with extremal value function.
Therefore, the aim of this paper is to consider a bilevel programming problem
more general than those in [12, 13] which is a bilevel multiobjective fractional
programming problem

BMFP) vomin { (LR, L0ty o e )

where A :={z € A: h(z,v(x)) € =K} # 0, v(x) is the optimal value function
of the following problem parametrized by z

(FPy;) min{f(z,y):y € B}.

Herein, A is a nonempty subset of R closed and convex , B is a nonempty
subset of R? compact and convex , K is a nonempty closed convex cone of R,
fiR™xR? — R h: R™ — R¥U{+ocogs} and f;, g; : R™TL - R i =1,....p.
Besides, by adopting an approach completely different to that in [12, 13], the
optimality conditions characterizing (properly, weakly) efficient solutions of
(BMFP) will be obtained without constraint qualifications and in terms of
sequences in exact subdifferentials at some nearby points. More precisely, these
optimality conditions will be established via sequential calculus rules for the
Brendsted-Rockafellar subdifferential of the sum and the multi-composition of
convex functions. It is worth noting that these sequential calculus rules were
initiated and developed by Thibault [17, 18] for the Brendsted-Rockafellar
subdifferential of the sum and the composition of two convex functions in
order to overcome the drawbacks of constraint qualifications.

The paper is organized as follows. In Section 2, we present some basic
definitions, notations and results which will be used throughout the paper. In
Section 3, we provide without constraint qualifications a sequential formula
for the subdifferential of finite sums involving composed and multi-composed
functions under convexity and lower semicontinuity hypotheses. In Section
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4, we derive sequential optimality conditions for (properly, weakly) efficient
solutions of the problem (BMJFP) without constraint qualifications.

2 Preliminaries

In this section, we recall some basic definitions and present some preliminary

results which are needed in succeeding sections. We denote by R’ the nonneg-

ative orthant of R™ the m-dimensional Euclidean space. For x := (21, ..., T )

and y := (y1, ..., Ym ) in R™ the inner product of z and y is denoted by (z,y) :=

> x;y;, while the norm of x is given by ||z||gm := \/(z, z). Further, we un-
ll-llgm

derstand by z,, ~—+—+ x that the sequence {z,, := (Z1,n, -, Tm,n) fnen € R™
n—-+0oo

converges to  := (Z1,...,Zm) € R™ in (R™, ||.||gm). For a nonempty subset
A CR™, by int(A) we will denote the topological interior of A. Let K,,, C R™
be a nonempty convex cone with 0 € K,,, then the dual cone of K,, is given
by K}, :={z* ¢ R™: (z*,x) > 0, Vz € K,;,}. On R™, we consider the partial
order 7 <k, 7 induced by the convex cone K,, which is defined by

xSk, Yy <= y—xz€ K, z,y € R™.

With respect to” <k, 7, the augmented set R™U{+ocogm } is considered where
+oogm is an abstract element verifying the following operations and conven-
tions: Sk, +00Rm, T+ (+00Rm ) 1= (+00Rm ) + T 1= +00Rm, (T*, +00gm ) 1=
+00 and a.(+oogm ) := +oogm for all (z*,z) € K}, x (R™ U {+oorm}) and all
o€ R+.

Let f:R™ — R := RU {00} be a real valued function. Then f is called
proper if its effective domain domf := {x € R™ : f(z) € R} # 0 and f(z) >
—oo for all z € R™ and it is called convex if f(tx+(1—t)y) < tf(x)+(1—%)f(y)
for all z,y € R™ and ¢ € [0,1]. The function f is called lower semicontinuous
if its epigraph epif := {(z,r) € R™ xR : f(z) < r} is a closed subset of
R™ x R. Furthermore, the function f : R™ — R is called K ,,-nondecreasing if
for all z,y € R™

z 2k, y = fl@) < fy).

The function f*:R™ — R defined by
[ (@") :==sup{(z*,z) — f(z) : x € R™}, 2" € R™,

is called the conjugate function of f. We have the so-called Young-Fenchel
inequality
(@) + f(x) > (z",z), V(z,z") e R™ x R™.

The subdifferential of f at T € domf is defined by
of(@) :={x* e R™: f(x) > f(T) + (", —T), Yz e R"}.
It is easy to prove that
Of(@) = {a" e R™: [*(a") + f(T) = (=", 7)}.
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_ Let A be anonempty subset of R™, then the indicator function §4 : R™ —
R is defined in the following way

0, ifxeA,
5A(x) =
400, otherwise,

while the normal cone N4 (%) of A at T € A is defined as the subdifferential of
04 at T, i.e.

No(T):={a" e R™: (2", 2 —T) <0, Va € A}.

Let K, € R? and K, C R’ be two nonempty convex cones and let g :
R? — R*U{+oog-} be a given vector valued function. The function g is called
proper if its effective domain domg := {z € R? : g(z) € R} # 0 and it is
called K-epi closed if its epigraph epig := {(z,y) € RIxR?® : g(z) <k, y} isa
closed subset of R? x R®. The function g is called Ks-convex if for all z,y € R?
and all ¢ € [0,1] we have

g(tr + (1 —t)y) =k, tg(z) + (1 = )g(y)-

Furthermore, g is called (K, K,)-nondecreasing if for all z,y € R?
v 2k, ¥y = 9(x) =K. 9(y)-

For y* € K?, we define the function y* o g : R? — R by (y* o g)(z) =
(y*,9(x)),x € R Let h : R™ — R?U {4o0ogre} be another vector valued
function, then the composed function go h : R™ — R® U {4o00g:} is defined
by

g(h(z)), if x € domh,

(goh)(z) =

+ooRgs, otherwise.
One can prove that if g : R — R® U {4oops} is K,-convex and (K, K)-
nondecreasing on domg and h : R™ — R? U {+oope} is K,-convex with
h(domh) C domyg, then g o h is K,-convex.

Let us consider the following multiobjective optimization problem

(MOP) v-min { F(z) i= (Fi(z),.. Fple)) : v € A}

where A is a nonempty subset of R™, F : R™ — RP U {4oogs} is a proper
vector valued function and RP? is partially ordered by Rﬂ.
The following definitions can be found in [19].

Definition 1 A point T € A NdomF is said to be
— efficient solution of (MOP) if there is no = € A such that
Fi(x) < Fi(T) for alli € {1,...,p}

and
Fi(z) < F;(T) for some j € {1,...,p};
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— weakly efficient solution of (MOP) if there is no x € A such that
Fi(x) < Fi(T), for all i € {1,...,p};

— properly efficient solution of (MOP) (in the sense of Geoffrion) if it is
efficient and there exists @ > 0 such that for all ¢ € {1,...,p} and all x € A
satisfying F;(z) < F;(T), there exists at least one j € {1,...,p} such that
F;(T) < Fj(x) and

Fi(z) — Fi(x)
Fi(w) = Fi(@) —

Q.

Definition 2 A point T € A NdomF is said to be

— weakly efficient solution of (MOP) in linear scalarization’s sense if there
exists (A1, ..., Ap) € RE \ {0} such that

P

> NFi(®) <

=1 [

)\i]-}(a:), Vr € A,

-

Il
_

— properly efficient solution of (MOP) in linear scalarization’s sense if there
exists (A1, ..., Ap) € int(RE) such that

P

P
S ONF(E) <Y NFil@), Vo € A.
i=1

i=1

Below, the following proposition resumes some relations between the above
definitions.

Proposition 1 (/19, Proposition 2.4.18]) Let T € ANdomF and assume that
A is convex and F : R™ — RP U {+oogs} is proper and R’J’r—conveaz. Then, T
is a weakly (properly) efficient solution of (MOP) if and only if T is a weakly
(properly) efficient solution of (MOP) in linear scalarization’s sense.

3 Sequential Subdifferential Calculus Involving Composed and
Multi-composed Functions

Let K; € R? and K, C R® be two nonempty convex cones. The aim of this
section is to derive without qualification assumptions a sequential formula for
the subdifferential of the following function > %_, fiop+Y 4, giop+lohop+
where

— fi, gi : R? — R are proper, convex, lower semicontinuous, K g-hondecreasing
and f2(+ooR‘1) = gl(+OORq) = o0, i= ]-a ce Dy

— h:R? — R* U {4o0gs } is proper, K,-convex, K-epi closed and (K, K)-
nondecreasing with h(+ocoge) = +00gs,

— 1 :R® = R is proper, convex, lower semicontinuous and K -nondecreasing
with [(+oogs) = +00,
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— ¢ : R™ — R U {4ooras} is proper, K,-convex and K, -epi closed with
p(domyp) C dombh,

— 1 : R™ — R is proper, convex and lower semicontinuous,

— M_; o7 (domf; Ndomg;) N (¢! o h~1)(doml) N domep N domep # (.

Consider now the following functions

Fi:R"xRIxR* =R |, Gi:R"xRIxR* =R (i=1,..,p),

H:R"xRIxR°—=R , L:R™"xRIxR°* =R
(x7yvz) — 6epih(y7z) (m,y,z) = Z(Z)
and
$:R™ xRIxR* =R , U:R™ xR xR* = R
(z,9,2) = depip(®,7) (z,y,2) = Y(2).

Remark 1 Let us note that the functions F1, ..., F},, G1,...,Gp, H, L, ® and ¥
are proper, convex and lower semicontinuous.

In the sequel, we will need the following lemmas.

Lemma 1 Let T € N_ o ! (domf; N domg;) N (¢~ o h~1)(doml) N domep N
domy), 7 := o(T) and z := (h o ¢)(T). Then,

P P
v €d(D fiop+ Y giop+lohop+v)@)
i=1 i=1

if and only if
(*,0,0) e 0(FA+ ..+ F,+Gi+..+G,+ L+ H+ D+ V)(Z,7,%).
Proof (=) We proceed by contradiction. So, let
P P
" Ef)(Zfio<p+Zgio<p+loho<p—|—w)(§)
i=1 i=1
and assume that
(x*,0,0) ¢0(FA+..+F,+Gi+..+G+ L+ H+2+V)(Z,7,Z). (1)

From (1), it follows that there exist (z,y,2) € N¢_; (domF; NdomG;) NdomL N
domH N dom® N dom?, such that

(Fr+.+F+G+..+G+L+H+P+7)(x,y, 2)
<Fr1+..+F+G+..4G,+L+H+P+9)(T,7,2) + (", — T).
This implies that
Fily) + o+ fo(y) + 91(y) + o+ gp(y) +1(2) + ()

<(fio@)(@)+ ...+ (fpop)@) +(g109)(@) + .. + (gpop)(@)  (2)
+(ohop)(T)+¢(T)+ (2,2 —T)
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with

{x € domy, y € NY_; (domf; Ndomg;), z € doml, (
3)

(z,y) € epip, (y,z) € epih.

By taking in the account the monotonicity of fi,..., fp, 91,...,9p, b and [, it
follows from (3) that

(frop)(@) 4+ ...+ (frop) (@) + (gro@)(x) + ... + (gpo @) (x) + (lohoyp)(x)
+ (@) < fr(y) + o+ fo(y) +91(y) + o+ gp(y) +1(2) +9(x). (4)

Hence, from (2) and (4) we get

(fiop)(x)+ ..+ (fpop) @)+ (g1op)(@) + ... + (gpop)(z) + (lohop)(x)
+ (@) < (frop)(@) + ... + (fp o) (@) + (910 9) (@) + ... + (9p © ) (T)
+ (loho)(T) + (@) + (%, x — ),

which contradicts z* € 5( S L fico+ >t jgiop+lohop+ 1/}) (7).
(«=) Follows easily by contradiction too. O

Lemma 2 Let (z,y,2) € NY_;(domF; N domG;) N domL N domH N dom®P N
domV, then
(a)
i} r* € d(~y* o p)(z), —y* € Ky,
(z*,y*,2") € 0P(x,y,z) —
(=y"y — () =0, 2" =0;

x* =0, y* € I(—2z* o h)(y),
(z*,y",2") € O0H(x,y,2) <=
—z" € K7, (=2%,2 = h(y)) =0;

()
8Fi(xayvz) = {0} X afz(y) X {0} (Z = 17"'7p)7

0G;(z,y,z) = {0} x 9g;(y) x {0} (i =1,...,p),
OL(z,y,z) = {0} x {0} x 9l(z),
OV (x,y,2) = O(z) x {0} x {0}.

Proof (a) Let (z,y,2) € NY_; (domF; NdomG,;) NdomL NdomH Ndom®. It is
easily to check that for any (z*,y*,z*) € R™ x R? x R®

(_y* ° LP)*(x*), it — y* € K;v 2= Oa
(o) =

400, otherwise.
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Thus
(z*,y", 2") € 00(z,y, 2)
<~
(", y", ") + (2, y, 2) = (2%, 2) + (¥, y) + (27, 2)

s

(=y*op)*(z*) — (=%, 2) — (y",y) = 0,

—y* €K}, 2 =0,
<~

(=y" o @)*(a*) + (=y" o p)(z) — (z*,2)) + (~y",y — p(z)) =0,
—yr e K7, 2" =0.

(5)

Since (z,y) € epip and according to the Young-Fenchel inequality, (5) becomes

" € I~y op)(x), (~y*,y —¢(x)) =0,
—y* € K}, 2 =0,

and hence the proof is complete.
For (b) and (c) we apply the same arguments as in (a). O

Before stating the main result of this section, we recall an interesting result
established by Laghdir et al. [20] in the setting of Banach spaces which provides
a sequential formula for the subdifferential of the sums of proper, convex and
lower semicontinuous functions, without constraint qualifications.

Theorem 1 (/20, Theorem 3.2]) Let (X,||.|lx) be a Banach space and (X*,
w(X™, X)) its topological dual space paired in duality by (.,.) where w(X*,
X) denotes the weak-star topology on X*. Let hq,...,h; : X — R be k proper,
convex and lower semicontinuous functions. Assume that T € ﬂledomhi, then
z* € O(hy + ... + hi)(T) if and only if there exist nets {x'};c; C domh; and
{ei*Yjes © X*, i =1,...,k, such that
1’;* € Ohy(a}), zt =57, :17]1* + ...+ x?* PXTX),
jeJ
and
hi(z}) — hi(T) — (25", 25 — ) ]e—J> 0.
Here is the main result of this section.

Theorem 2 Let T € NY_ o~ (domf; Ndomg;) N (¢~ o h~1)(doml) N domy N
domy), § := ¢(T) and zZ := (ho ¢)(T). Then, x* € A3 0_ fiop+ >0 1 gi0
p+lohop+y)(T) if and only if there exist sequences {(Tn,Yn)}nen C epip,
{5, yn) nen € R™ X RY, {2, }neny € doml, {2} fnen C R®, {(70,t0) nen C
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epih, {(rn, th)nen © RT x Rsz {wﬂ}nEN C domy, {wy}nen C R™, {(uj,
w%)}nEN - domfz X domg’i7 {(u%*aw;z*)}nEN - R? x Rq; L= 17 -~ D5 satzsfymg

wy, € OY(wy), up € dfiluy,), wit € dgi(wy,) (i =1,...,p),

z, € O(—yn o) (@n), —yn € Ky, (=ynYn — ¢(x5)) =0,

2k € 0l(zn), ri € O(—tk o h)(ryn), —t& € KX, (—tX,tn —h(r)) =0,
n—-+oo

p p
ll-llgm Z i Z ; Il llza
* * * % % * * R
Wy, + Ty z, Up, + Wy, + Tn + Yn ? Oa
— ] n—+oo
1= 1=

Il
th 4z ——— 0,

n—-+o0o
l-llgm ll-llgm g —
n ‘/'C7 n fl;7 n
n—-+oo n—-+oo n—-+o0o
[ [ A N
rn n wn (Z = 1a 'ap)7
n—-+oo n—-+4oo n—-+oo
lllgs  — Il-llgs
tn —Z, 2y ——— 2
n—-+o0o n—-+oo

and 4 o
fz(u;‘z) - fl(y) - <u:z*’u;z _y> —0 (Z = 1) "'ap)7

n—-+o0o

n—-+00

_<x:7xn _T> - <y;vyn _y> —0,

n—-+oo

Wen) =12 = (2320 = 7) —— 0,

_<T:17rn _y> - <t27tn - E> —_— 0,

n—-+oo

blwn) = $(@) = (il wp = T) —— 0.

Proof Let T € NI_, o~ (domf; Ndomg;) N (¢~ o A1) (doml) N domy N domrp,
7 := (Z) and Z := (h o ¢)(Z). From Lemma 1, it is clear that

P P
i eo(Y fiow+Y gioptiohop+y)@
i=1 i=1

if and only if
(z*,0,0) € 0(F1+ ... + F, +G1+ ...+ G, + L+ H+ ®+V)(T,7,%).

According to Remark 1, one can see that the functions Fi,..., F,, Gi,...,Gp,
H, L, ® and ¥ verify all the conditions of Theorem 1. Hence by applying
Theorem 1, it follows that there exist sequences {(a,, ul,, o 7:)_}neN C domF; =

n’ n? n

R™ x domf; x R®, {(y, uy, ap*) bnen € R™ x RT X R, {(B3;,,w;,, B7) bnen C
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domG; = R™ x domg; x R*, {(B, wi*, BI*) ey € R™ x R x RS, {(zp, Yn,
Fyn)}nEN C dom® = epl(p X RS7 {(x27y277:;)}nEN C R™ x R? x Rsv {(bnvcnv
Zn)tnen € domL = R™ x R? x doml, {(b},c}, 25 ) bneny € R™ x RY x RS,
{(en,Tn,tn)neny C domH = R™ x epih, {(ef,r:, t*)}hen € R™ x R? x R?,
{(Wn, Any ttn) tnen € dom¥ = domyp x R? x R® and {(w}, A5, p* ) bneny € R™ X
R? x R?, such that

(o, uy, o") € OF (o, ug, o) (i =1, ..., p),
. ’i . . PN
( ;*,w;*,ﬁnl*) €8G1( waimﬂnl) (’L—l,...,p), (6)
(T3 Yns V) € OP(Tpy Yny Yn), (B35 €y 20y) € OL(by, Ciy 20),
(ensmhstn) € OH (en, T, tn), (wy, Ay, i) € OF (wny Ay fin)
¢ g 11
oakr 4> B+ an b e+ w), —— 2,
n—-+oo
=1 =1
- - I
Dou Y Wiy AL 0, (7)
n—-+oo
=1 =1
. ¢ -1
DI I A e e U
n—-+oo
=1 i=1
oi M o s e
n—+o00 T 4o P s too 1o P)s
Bi Il grm 7 wi lllga i Il s Z(i=1 )
n n—-+oo ’ n n—-+oo Y n n—-+o0o 1o Py
lllgm [N Il llgs
" n—-+o00 » Yn n—-+o0o Y> In n—-+o00 ’ (8)
b Il g Z ¢ Illza . Il llzs >
" n——+00 o n——+00 Ys Zn n——+o0o ’
R lllga Il 1lgs
n ) rn ) tn
n—+4o0o n—-+400 n—+00
lllgm A Illga ll-llgs >
n n—-+o0o ’ n n——+o0o ’ n n——+oo ’

and

Fi(aiauivaﬁ) - Fl(fay,z) - <a;*7az1 _T>

~ (i, —7) — (00 =) s 0 (i =1, p), (%)

n
n—-+oo

i i
n

_y>_< Ii*7ﬂ7lzi_2> —>0(i:17...,p), (Qb)

- <’LU n n—-+oo

,w
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@(l‘n,yn7’}/n) - é(f) yvz) - <x27xn _E>
L(bnvcn7zn) - L(anai) - <b:abn _E>
= en—T) — (25,20 — Z) m 0, (9d)
H(epn,rn,tn) — H(T,Y,Z) — (€}, €n — T)
- <Tn?r7l _?> - <tn’tn _E> m 07 (96)
U(wy, An, pin) — Y(Z,7,2) — (W), w, —T)
- <)\’TL7ATL - g> - <,u:u,un _§> — 0. (Qf)

n—-+oo

By Lemma 2, (6) is equivalent to
wk € Op(wy), ulr € df;(ul), wi* € dg;(we) (i =1,...,p),
zy, € O(=yp 0 0)(@n), —yp € Ky, (=¥, Yn — @(zn)) =0,
zh € 0l(zy), rh € O(—tX o h)(ry), —t € K¥, (—tf,tn — h(ry)) =0,

with
by =0,c,=0,er=0,v =0, \} =0, ur =0,
_ _ _ _ (10)
a¥ =0, o =0, =0, *=03G=1,..,p).

By (10), we have

ll- Il
wy 4+ Ty —— x¥,
n——+o0o

ll-llga

p p
(7) = 2“2*4'2;7«02*4‘7“:4‘3/; m(),
1= 1=

Il llzs
th 4 zn ——— 0,
n——+00

and
Filwn) = fi@) = (ui iy =9 -2 0 (i = 1,0,
gi(wy) = 9i(H) = (wi' wy, =) =2 0 (i =1,..,p),
(9a) — (9f) = { —(@0Tn =T) = Yp,Un = 9) —— 0,

n—-+4oo

I(zn) = U(Z) — (2, 20 — Z) P 0,

— (T =) — {ty, tn — Z) P 0.
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Hence, the proof is complete since in (8) the sequences {b,}nen, {¢n}nen,

{en}nen, {ntnen, {Antnen, {tinfnen and {(O‘iwa;f)}neNa {(627543)}7&1\% i =
1,...,p, are superfluous. a

4 Sequential Optimality Conditions for (BMFP)

In this section, we consider the following bilevel multiobjective fractional pro-
gramming problem (the leader’s problem)

BMFP) vomin { (DL, L8ty o e )

where A := {z € A : h(z,v(z)) € —Ks} # 0 and v(z) is the optimal value
function of the following problem parametrized by x (the follower’s problem)

(FP;) min{f(z,y):y € B}.

Herein, A is a nonempty, closed and convex subset of R™, B is a nonempty,
compact and convex subset of R? K, is a nonempty closed convex cone of
R*, f: R™ x R — R is a convex function, f;, —g; : R™*! — R are convex
and RTH—nondecreaSing functions, i = 1,...,p, and h : R™Tt — RS U {+oogs }
is a proper, K -convex, K -epi closed and (RT‘H, K)-nondecreasing function
with h(40ogm+1) = +oogs. Furthermore, we assume that

fi(z,v(x)) > 0 and ¢;(z,v(z)) >0, i=1,...,p, Vo € A.

We mention that the functions f1,..., f, and g1, ..., gp are all continuous since
int(domf;) = int(domg;) = R™*! i = 1,...,p. Moreover, one can see that the
function v : R™ — R is finite, convex, continuous and for each x € R™, there
exists y € B such that v(z) = f(x,y).

Now, our aim is to derive sequential optimality conditions characterizing
(properly, weakly) efficient solutions of the problem (BMFP). For this, we
begin by formulating scalar convex optimization problems by using the para-
metric approach due to Dinkelbach [21]. So, for a given n € R: | we consider
below a multiobjective optimization problem (associated to (BMFP)) de-
noted by (Pp)

v-min { (f1 (z,v(x)) —mai(z,v(x)),..., fplz,v(x)) — Npgp(z, v(x))) S A}.
Remark 2 Let us note that by using Dinkelbach’s transformation, the (weakly)

efficient solutions of (BMFP) and (P,,) coincide. For the case of proper effi-
ciency, one needs the following additional assumption

Ja,b >0, 0 <a < gi(z,v(x)) <b, foralli e {1,...,p} and all x € A.
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Proposition 2 Let T € A and n € RE with n; = % >0,i=1,...,p.
Then T is an efficient solution of (BMFP) if and only if T is an optimal

solution of the following scalar convex optimization problem

p

(€P,) min { 3 (file.v(@) ~ mgi(@,v(@))) 1o € A

i=1

where A" :={z € A: fi(z,v(x)) —nigi(z,v(x)) <0, i =1,...,p}.
Proof (=) Assume that T is an efficient solution of (BMFP), then by Defi-
nition 1 one can see easily that there exist no € A such that f;(z,v(z)) —
n:gi(x,v(z)) < 0 for all ¢ € {1,...,p} and f;(z,v(z)) — n;9;(z,v(z)) < O for
some j € {1, ...,p}. Therefore, we have for all z € A’

filz,v(x)) —migi(z,v(x)) =0, i=1,...,p.
This implies that

S (i, v(@) = mae,v(@)) =0, Vo e A

i=1
On other hand, it is clear that T € A’ and

P

> (i@ v@) ~ mgi(@. @) =0.
Hence, it follows that
5 (A2 — mam @) = 3 (e v(e) — manla, (). Ve € A

and thus the right implication is proved.

(«) For the reciprocal implication, we proceed by contradiction. Assume
that T is an optimal solution of the problem (£P,). If T is not an efficient solu-
tion of (BMFP), then there exists € A such that f;(x,v(z))—ng:(z,v(z)) <
Oforallie {1,..,p}and f;(z,v(x))—n;g;(z,v(x)) < 0 for some j € {1,...,p}.
Thus, it follows that z € A’ and

P P
> (fila.v@) = mgi(ev@)) < 0= (£@ @) = ngi(@0(@)))
i=1 i=1

and this contradicts Z is an optimal solution of the problem (EP). O

Proposition 3 Let T € A and n € RE. with n; = % >0,i=1,..,p.
Then T is a weakly efficient solution of (BMFP) if and only if there exists
(A1s oy Ap) € REN{0} such that T is an optimal solution of the following scalar

convex optimization problem

(WP,) min { zi: Ai (fl(xm(x)) — mgi(x,v(x))) tx € .A}.
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Proof According to Remark 2, T is a weakly efficient solution of (BMFP) if
and only if it is a weakly efficient solution of (P,). Since A is convex and the
functions f;(.,v(.)) = m:g:(.,v(.)) : R™ — R are convex, i = 1, ..., p, it follows
by applying Proposition 1 that 7 is a weakly efficient solution of (P,) in linear
scalarization’s sense. Hence the proof is complete. a

Proposition 4 Let T € A and n € RY with n; := % >0,i=1,..,p.
Assume that there exist non-negative real numbers a and b such that 0 < a <
gi(x,v(x)) <, for alli € {1,...,p} and x € A. Then T is a properly efficient
solution of (BMFP) if and only if there exists (A1, ..., \p) € int(RE) such that

T is an optimal solution of the following scalar convex optimization problem

(PP,) min { i Ai (fi(%”(fﬂ)) - Uigi(:v,v(x))) = A}.

Proof 1t suffices to show that T is a properly efficient solution of (BMFP)
if and only if Z is a properly efficient solution of (P,) and apply Proposition
1. So, Assume that T is a properly efficient solution of (BMFP), then by
Definition 1 it follows that 7 is efficient and there exists o > 0 such that for
all © € {1,....,p} and all z € A satisfying f;(z,v(z)) — nigi(z,v(z)) < 0 =
fi(@,v(T)) — 1:9:(%,v(T)), there exists one j € {1,...,p} such that

[i(@,0(T)) — njg;(@,v(T)) =0 < fi(z,v(z)) — 09 (x,v(z))
and

(£:@v@) = nigu(@ 0@) ) = (file,v(x) = mgi(w,v(2)))

< L [ (1 wol) = w00 = (£ (@) = 0@ 0()]
< a2 (5 v@) — myg e, 0(@)) — (5@ 0@) — gy F (@)

Thus, T is a properly efficient solution of (P,). Similarly we prove the reciprocal
implication. a

Now, let ¢ : R™ — R™*! be a function defined by
o(z) = (z,v(x)), x € R™.
It is clear that the function ¢ : R™ — R™*1 is proper, RTH—conveX, RTH—epi
closed and ¢(domep) C R™*! since the function v : R™ — R is finite, convex

and continuous. Furthermore, we have

epip =E = {(z,y,r) e R X R™ xR : 2 Sgp y and v(z) <r}.
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Lemma 3 Let (Z,7) € R™ x B such that v(T) = f(Z,7). Then for any z* €
R and t > 0 it holds

where
S(t,7,7) = {z"} +{y" e R™: (y",0) € tf(7,y) + {0} x N5(y)}.

Proof Let x* € R and ¢ > 0. It is clear that

O((@",1) 0 ) @) = da" + t0)(@) = {2} + O(tv) ().
From [12, Proposition 5.1], it results that

tw)(T) + (tv)"(y") = (¥*, )
y*,0) € O(tf + ormxp) (T, 7)
y*vo € a(tf)( 5y) +85]R’"><B( ay)

y* € o(tv)(T) = (

= (¥,0)

= (¥,0)

— (y*,0) etof
= (¥",0)

= (¥,0)

(Z,9) + Nrmx (T, 7)
y*,0) € tOf(T,y) + Nrgm (T) x Np(7)
y*,0) € tof(z,7) + {0} x Np(7).

This completes the proof. a

Now, we are able to state the main results of this section.

Theorem 3 Let T € A, § := (Z,0(T)) € R™™, 7 := h(y) € R%, n €
RE with n; = 52;5%3 >0,i=1,...,p, and B = (f1(¥) — mg1(¥), -
fo@) — mp9p(¥)). Then T is an efficient solution of (BMFP) if and only
if there exist sequences {(Tpn,Yn,0n)}nen C E, {bp}neny C B, f(xn,bn) =
v(zy), {(z n,yn, n)}neN CR™ xR xRy, {Zn}neN C —Ks, {#}nen C K7,
{an}nen € — +} {ag tnen € R-{-} {(rnytn, Bn) tnen € R™*! x R® x RP
with {(THth)}n€N - eplh and {(Tnvﬁi,n)}nGN c epl(fl - nlgl); i = 17"'7p7
{(rhoth, Bi)tnen © R™1 x Kf x RE, {wnlnen C A, {wilnen © R™,

n’ n7 . .
{(U w )}TLEN - R"H_l X Rm+1i {(U:L*7w:7,*)}ﬂ€N c Rm+1 X Rm+17 i= 1) Ry
satisfying

wy, € Na(wn), uy' € 0fi(uy,), wy' € d(—migi)(wy,) (i =1,....p),

.’ﬂ - yn € 8(0 y Ty n), <y:ayn - xn> + 8* (9n - U(xn)) = 07

<Z;szn> =0, <a:uo‘n> =0, r, € 8( oh+ Zﬁz n — N9 )(Tn)v
p

(th,tn — h(rn)) + Zﬁjn[ﬂzn = (filrn) = migi(ra))] =0,

i=1
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p p
II-llgm i i - llgrm+1
wy, + x> = 0, Zuﬁj‘ —&—Zwﬁf—i—r;— (yr,05) ——— 0,
i—1 i=1

—+0o0 n——+o0o

[Illgs
(25, a8) — (5, B) ——=5 0,

n—-+oo
Il — l-llgm  — 9 | -
Wn > T, Tp > T, (Yn,On) * Y,
n—-+oo n—-+oo n—-+oo
gm0 Wllgms+r — o lllgmsr _ .
n = * Y, ’;L = ) w; - (Z = ]-, -ap)a
n—-+oo n—-+oo n—-+oo

(b Bn) (2 B) (5 ) S (o By

n—-+oo n—-+oo

and

n—-+oo

(_nigi)(wwiz) - (_nigi)(y) - <w;*ﬂwiz _y> m 0 (Z =1, ---,p)7

YnsYn —T) + 07 (0 —v(T)) — (2}, 20 —T) ——— 0,

n—-+oo

—(z}, 2n — Z) — (o, . — B) P 0,

{thstn =2) + (B Bn = B) = (s n = 9) ——= 0,

n—-+oo

— * —

Proof By Proposition 2, we have T € A is an efficient solution of (BMFP) if
and only if it is an optimal solution of the scalar problem (£7P,) and this is
equivalent to

p p
0€ G(Zfi o+ Y (~migi) op+0_(r,xmrr)oh 090+5A)(f)

i=1 i=1

where the function A’ : R™* — (R x RP) U {+00(gsxre)} is defined by

W(x) = (h(x)vfl(x> = mg1 (@), ..., fp(z) — 77p9p(¢”)>, z e R

Obviously, the functions d 4, 5—(1{,ng1), fiy s oy 915 -5 9p, B and @ satisty all
the assumptions of Theorem 2 (note that for the monotonicity of d_ K. xR?)
one can see [22]). Hence, there exist sequences {(zn, Yn, 0n) }neny C epip = E C
R™xR™ xR, {bn}neN C B, f(xnv bn) = U(xn)7 {(x:uy:u 9;)}%61\1 CR™ XRT X
R—H {(Zm O‘n)}TLEN C domé—(stRi) = 7(Ks X Rg—)a {(Z:7a;)}n€N C R*xRP,
{(rn,tny Bn) tnen C epih/ € R™TL x RS x RP (i.e. {(rn,tn)}nen C epih and
{(rn, Bisn)Ynen S epilfi—nigi)s i = 1,0, 0), {(rhs ths Bi) fnen © R™HE X K7 x
RY, {wntnen € domdy = A, {w)ltnen € R™, {(ul,w))}nen € domf; x
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dom(—n;g;) = R™TL x RMTL L(ui wi*)},eny € R™TE x R™TL G = 1, p,
satisfying

wh € Na(wy), ul* € afi(ul), wi € d(—nigi)(wh) (i =1, ..., p),
Ty = Yn € S(05, 20, 0n), (Y yn — n) + 03,(0n — v(zn)) =0,
(Z:,O{Z) € Nf(st]R’_;_)(Zman) = N_g, (an) x N*R:’_ (zn), (11)

P
ra € d(thoh+ " B (fi —mgi) ) (ra),
=1

<ti§’ ty — h(rn» + Z Bz*,n [/Bim - (fl(rn) - nigi(rn))} =0,

=1

n—-+oo

p p
(- ; ; I llgm+1
w:; + 33;3 = 7 07 E u;* + E w:L* + T:L - (y;79;§) = ’ 07
n—-+oo — ]
1= 1=

T X
(zrwan) - (tnvﬁn) - le} 07

n—-+oo

l-llem ll-llem

”'”R7”+1 —
Wy ———T, Ty — T, (Yn,0n) ——— 7,
n—-+4oo n—-+oo n—-+oo
, llgmsr i [l +1 W gy (i=1 )
n ’n,—)+00 y? n n~>+oo y’ n n~>+oo y ?"'?p )

(b B) S (2 B (2 ) 2 (5

n—-+oo n—-+o0o
and

fl(u;l) - fl(y) - <U}n*7U’}n _y> —0 (Z = 17 "'7p)7

n—4o0o

(=migi)(w}) = (=mig:)([¥) — (Wi, wh, =7) ———= 0 (i =1,...,p),

n—+oo

YnsYn —T) + 05 (0 —v(T)) — (25, 20 —T) ——— 0,

n—+o00
{20 =3 — (a0 — B) ——30,
<t:<wtn _E> + <B;’ﬁn - B> o <’I“:;,’I"n _?> n—-+00 0’

j— * T

To end up the proof, it remains to note that (11) is equivalent to

(z,a5) € K xRE, (27, 2,) = 0 and (a};, o) = 0.
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Theorem 4 Let T € A, § := (T,v(T)) € R™, 7 := h(y) € R® and n € RE.
with n; == 5%2 Zgg >0,i=1,..,p. Then, T is a weakly efficient solution
of (BMFP) if and only if there exist (A1,...,\,) € RY \ {0} and sequences
{(@n,Yn, 0n) tnen C E, {bntnen € B, f(Tn,bn) = v(@n), {(23, 5, 05)nen C
R™ x RT X Ry, {Zn}nEN C —K,, {Z:,}TLGN c K:; {(Tm tn)}neN‘ C epih,
{5, t5) nen SR™ X K {wn}nen C A, {w)}nen € R™, {(ufy, wh)}Inen C
R™HL x R™HL (b :l*)}nEN CR™H x R™HL i =1, ..., p, satisfying
wy, € Na(wn), uy' € 0(Nifi)(uy,), wy € O(=niXigi)(wy,) (i =1, ..., p),
—yn €S0, Tn,bn), (Yn,Yn — Tn) + 05, (0 —v(z0)) =0,

<Z >_0 T, € a( )( )7 <t:wtn _h(rﬂ» =0,
* H HRW i% ik _ * ”'HRerl
i A 0 S S - 00) S,

ll-llgs
* *
zh -t ——— 0,

n—-+oo
H-H]Rm — H~H]Rm — 0 H~HRM+1 —
Wy, ———— T, Ty ———— T, (Yn,0n) ——— 7,
n—-+o0o n—-+o00 n—-+00
|H|Rm+1 ; H‘HRerl ; ”~HRm+1
77 7 a7 7 77 (7 —
Tn ’ n ’ wn (7’ - 17 'vp)v
n—-+o0o n—-+oo n—-+oo
l-llps  — ll-llgs =
n n——+oo > o n—-+o0o

and

Nifi)(up) = (Nafa) (@) — (ui ul, = 9) ——— 0 (i =1,...,p),

n—-+o0o

(=miXigi) (wy,) — (=miXigi) (@) — (wy'wy, =F) ———0(i=1,...,p),

n—-+oo

<y:uyn 7§> + 9:(671 - U(E)) - <x;kuxn - > — 0,

n—-+oo

—(z},2n —Z) —— 0,

n—-+oo

{thotn —Z) = (17,70 — 7)) moa

p— * T

Proof According to Proposition 3, it is clear that T is a weakly efficient solution
of (BMFP) if and only if there exist (A1, ..., Ap) € RE \ {0} such that

p
Oea(z)\fz O‘p‘f’Z -1 zgz)O(pﬁ-(SKoho(p_’_éA)()
=1

i=1

Thus, by Theorem 2 it follows that there exist sequences {(2y, Yn, On)}nen C
epip = E C R™xR™ xR, {bp}nen C B, f(2n,bn) = v(zy), {(z:a92792)}n6N -
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R™ xR xRy, {Zntnen Cdomd_p, = =K, {2 bnen € K, {(7n,tn) fnen C
epih C R™HL x R®, {(r},t5) tnen C R™ x K¥, {wp}nen € domdy = A,
{ws tnen € R™, {(uy,,w},) }neny € dom(A; f;) x dom(—m;Nig;) = R™HE < R™H,
{(u, wi) bpeny € R x R™HL G =1, ..., p, satisfying

wl € Na(wy), ui* € O\ f;)(ul), wi € d(—niXigi)(w?) (i =1,...,p),

Ty, —Yp € 8(6;71‘717 bn)7 (yZ, Yn — xn> + 92(071 - U(xn)) =0, <Z;;, Zn> =0,

rn € 0, 0 h)(rn), (ty,,tn — h(rn)) =0,

p P
Il llgm ; ; Il llgm+1
* * [E] Tk * * * R
wh +x;, — 0, u, + E wy 4y — (yn,0r) ——— 0,
n—-+oo 7 7 n—-+o0o
1= 1=

ll-llgs
* *
2E -t —2 0,

n——+00
llgm |- I llgmsr
—_— T, Ty ——— T 0,) ———
n—-+oo »on n——+o0o ,(y'm n) n——+o0o Y
llgm+r  — - lllgm+1 — o ellgm+r _ .
_— . w? =1,..
n n——+4oo ’ n n——+oo ’ n n—-+oo (Z ’ 7p)7
llzs Il-llzs
t Z, Zn
n—-+o0o n—-+oo
and
Nifi)(up) = Nafi) (@) — (uyfyul, =) ——— 0 (i = 1,...,p),

n—-+o0o

(=niXigi)(wy,) = (=miXigi) (§) — (Wi, wh, —=7) ——— 0 (i =1,...,p),

n——+oo

<y:wyn - E) + ez(e’ﬂ - U(f)) - <$;k”xn B E> n——+o0 0,

—{(zk,2n —2) —— 0,
n—-+oo

(i tn —Z) — (i, — ) ——— 0,

n—-+o0o
Hence, the proof is complete. a

Now, by applying Proposition 5 and Theorem 2 we get the following result.

Theorem 5 Let T € A, § := (T,v(T)) € R™, 7 := h(y) € R® and n € RY.
with n; = % >0,i=1,...,p. Assume that there exrist non-negative real
numbers a and b such that 0 < a < g;(z,v(x)) < b, for alli € {1,...,p} and all
x € A. Then, T is a properly efficient solution of (BMFP) if and only if there
exist (A1,..., Ap) € int(RE) and sequences {(xn,Yn,0n)} nen C E, {bn}tnen C
B, f(xn’bn) = U(xn)7 {(x:uy;’ejz)}nel\l C R™ x RT X Ry, {Zn}neN C —Kj,
{Z:L}neN CK;, {(Tmtn)}neN C epih, {(r;at;)}neN C R™! x K¢, {wn}neN C
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A, {wZ}HEN cR™, {(uiww'fz)}neN C R XRm+17 {(u;z*aw;z*)}neN CR™Fx
R™H i =1,...,p, satisfying

wy, € Na(wn), uiy € O(\ifi)(uy,), wi € d(=niXigi)(wy,) (i =1,...,p),
xy, —Yp € S(GZMTTL& bn)a <y:m Yn — xn> + 0:(0?1 - v(xn)) =0,
(z%,2n) =0, v € O(tE o h)(ry), (t5,tn — h(ry)) =0,

p p
H'”L{{m ; ) H” m+1
* * ik % * * % R
Wy, + Ty 07 E % + E Wy, + Tn — (ym en) 0’
n—+o0 — 1
1= 1=

n—-+oo

ll-llgs

* *
2ty ),

n—-+4oo
H-Hmm — H~”Rm — 9 H-Han—l _
W, > Ty Ty > X, (yna n) > Y,
n——+oo n——+oo n—-4oo
lgmtr — 0 Illgmaa i lllgmer .
n ? 9 3’7, 9 w:z (Z: 17"'7p)7
n——+00 n—-+o0o n——+o0o
Il-lls ll-llgs
tn bl n
n—-+oo n—-+o0o

and

Nifi)(up) = (Nif) @) — (ufup = 7) ——— 0 (i=1,..,p),

n—-+4oo

(=niXigi) (wh,) — (=miXigi) (7)) — (Wi, wh, —7) —— 0 (i =1,...,p),

n—-+o0o

<y;kmyn _§> + 92(971 - ’U(E)) - (;L':L,l‘n _§> n—+o00 0,

—(25,2n — 2) P 0,

<t:7tn - E> - <T:7T7L - g> m 07

—{wn,wp =) S 0.

Proof We apply Proposition 5 and Theorem 2 and we follow the same reason-
ings as in the proof of Theorem 4. O

Next, we close this section by providing an example illustrating sequential
optimality conditions given in Theorem 3, Theorem 4 and Theorem 5 where
for instance the Slater’s constraint qualification fails. Let us recall that the set
A is said to satisfy Slater’s constraint qualification if there exists Z € A such

that h(Z,v(Z)) € —int(K) (see [23]).
Ezample 1 Let

d=1,m:=1,p:=2 s:=1, A=B:= {07
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[R* =R, f(z,y) =z+y,

22 +1, if x>0,
fl :RQ _>R7 fl(x?y) =
1, if z <0,

) y?, ify 20,
f2:RT =R folz,y) =
0, if y <0,

g1 :R? 5 R, gi(z,y) =1,
g2 R* 5 R, go(z,y) = -2z —y+2,
h:R? = R, hz,y) =y.

Then, our bilevel multiobjective fractional programming problem that we con-
sider can be formulated as follows
2

(BMFP) v—min{(z2 +1, 5 f 296) tx € A}

where A := {z € [0,1] : 2 <0} # 0 and min(FP,) = v(z) = z, for all z € R.
Clearly, f is convex, f;, —g; are convex and Ri—nondecreasing, i=1,2and h
is proper, convex, lower semicontinuous and Ri—nondecreasing. Moreover, one
canseethat 0 <a=1< g;(z,v(x)) <b=2,foralli=1,2and allz € A. Tt is
a simple matter to check that T = 0 is a properly and weakly efficient solution
of (BMFP) where A does not satisfy the Slater’s constraint qualification.
Nevertheless, the sequential optimality conditions given in Theorem 4 and
also Theorem 5 are satisfied. Take § := (0,0), Z := 0, 71 := 1, 12 := 0,

— — — 1 — — — 1 —

)\1 = )\2 = 17 Tpn = Yn = Qn e ) bn = O7 .'L':L = y:; = nxi 0:7/ = O,
— — 1 — 1 1 — 1 — —

Zn = O, Z;; = onr Tn = (m,m), tn ) T‘;kl = (0,0)7 t;; = 0,
— * 1 _— 2 . 1 1 Ik . __ 2 2% 2

Wn = wn T 07 un - un T (n+17 n+1/ un T (n+1a0)a Un i (07 n+1)’

)
wh = w? = (% L) wl* = w2 .= (0,0), for all n € N. Thus, we can see

easily that

0€ Na(0), (537:0) € M) (s 7r)s (0 757) € 00 fo) s )
(Oa 0) € a(_nl)\lgl)(%ﬂ7 %ﬂ)’ (Oa 0) € a(_n2>\292)(%+17 %Jrl)’

xk —yt=0¢€8(0, R%H,O), Yi(Yn — @) + 05(0, —v(xy,)) =0,

znzn =0, (0,0) € d(thh) (57> 757)» th(tn — h(rn)) = 0,

* * 1
W, + T, = 5y —>n_>+oo 0,

1 2 1 2 _ (1 2 Il g2
un* =+ Un* =+ wn* =+ wn* + T: - (y:w 9:) - (n+1a n+1) nHJroo; (0,0),

* * 1
Zn — tn — n+l n—)-&-oo} Oa
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Wn =20 =0T 0 a0 = iy S 00
(s ) = 7 = (7, 7) =255 (0,0),

ulh = = wh = wd = (7, 7h) =2 (0,0),
tn = o31 —0

and
(Nifi)(up) = Nafi) (@) = (it up = 9) = — s ——— 0 (1 =1,2),
(—=miXigs)(wh) — (=miXigi) (W) — (Wi, wi, —g) =0 P 0(i=1,2),

Un(Un =) + 050 — 0(2)) — 2 (20 —T) =0 —— 0,

—z;(znfz):om;j(), t;(tnfz)*<r:arn*y>:0 n—>—400 O’

For the sequential optimality conditions given in Theorem 3, it suffices to set

g=p:=(0,0),zZ:=0,m :=1,19:=0, 2, = yp, = 0, := nil, b, = 0,
wy =y = g O = 0, 20 = 0, an = (0,0), 25 = A5, o = (0,0),
Tn = (%J,.pﬁ)v bn = nllv Brn = (ﬁ;ﬁ% = (0,0), t, = 0,
5= (0,0), wy, = wy, =0, u}z = u% = (%ﬂ?%ﬂ)’ u}z* = (%ﬂvo)v UEL* =
(0, %ﬂ), wl = w2 = (%ﬂ, nll), wr = w2 := (0,0), for all n € N.

5 Conclusions

In this work, without assuming any qualification condition, we have obtained
sequential calculus rules for the subdifferential of finite sums involving com-
posed and multi-composed functions under convexity and lower semicontinuity
hypotheses, in terms of limits of subgradients at nearby points to the nominal
point.

Next, we have deduced sequential optimality conditions characterizing prop-
erly or weakly efficient solutions of a bilevel multiobjective fractional program-
ming problem with an extremal value function.

As final conclusion, we think that several results of this work will be useful
in order to improve the actual resolution techniques and develop new methods
to solve multiobjective fractional mathematical programs.
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