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Minimax Fractional Programming with Nondifferentiable
(G, p)-invexity

Xiaoling Liu?, Dehui Yuan®!

“Dept. of Math., Hanshan Norm. Univ., Chaozhou, 521041, China

Abstract. In this paper, we consider the minimax fractional programming Problem (FP) in which the
functions are locally Lipschitz (G, f)-invex. With the help of a useful auxiliary minimax programming
problem, we obtain not only G-sufficient but also G-necessary optimality conditions theorems for the
Problem (FP). With G-necessary optimality conditions and (G, )-invexity in the hand, we further construct
dual Problem (D) for the primal one (FP) and prove duality results between Problems (FP) and (D). These
results extend several known results to a wider class of programs.

1. Introduction

Recently, Antczak extended the invexity proposed by [2] to the G-invexity (see [4]) for scalar differ-
entiable functions and introduced new necessary optimality conditions for differentiable mathematical
programming problem. Antczak also applied the introduced G-invexity notion to develop sufficient opti-
mality conditions and new duality results for differentiable mathematical programming problems. Further-
more, in the natural way, Antczak’s definition of G-invexity was also extended to the case of differentiable
vector-valued functions. In 2009, Antczak ([5]) defined vector G-invex (G-incave) functions with respect
to 17, and applied this vector G-invexity to develop optimality conditions for differentiable multiobjective
programming problems with both inequality and equality constraints. He also established the so-called
G-Karush-Kuhn-Tucker necessary optimality conditions for differentiable vector optimization problems un-
der the Kuhn-Tucker constraint qualification, see [5]. With this vector G-invexity concept, Antczak proved
new duality results for nonlinear differentiable multiobjective programming problems in [6]. A number
of new vector duality problems such as G-Mond-Weir, G-Wolfe and G-mixed dual vector problems to the
primal one were also defined in [6].

In the last few years, many concepts of generalized convexity, which include (p, r)-invexity ([7]), (E, p)-
convexity ([8]), (F, a, p, d)-convexity ([9]), (C, a, p,d)-convexity ([10]), (¢, p)-invexity ([11]), V-r-invexity
([12]) and their extensions, have been introduced and applied to different mathematical programming
problems. In particular, they have also been applied to deal with minimax programming; see [13-17]
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for detail. Moreover, some researchers, for example [20] and [21], considered the minimax fractional
programming involving higher order generalized convexity. However, we have not found paper which deal
with minimax fractional programming Problem (FP) under assumptions of G-invexity or its generalizations.

Note that the function G o f may be not differentiable even if the function G is differentiable. [18]
introduced the (Gy, ff)-invexity concept for locally Lipschtiz function f. This (Gy, fs)-invexity extended
Antczak’s G-invexity concept to the nonsmooth case. Moreover, [19] deal with a generalized minimax
programming under this nondifferentiable generalized invexity assumption. In this paper, we, under
the assumption of the vector (G, f)-invexity proposed, further consider a nondifferentiable minimax pro-
gramming Problem (FP), which includes the minimax problem considered in [19] as a special case. The
generalized minimax fractional programming Problem (FP) considered in this paper is presented as follows.

: _ _ y)}
(FP) min {F(x) = 5;611[/) {q)(x, B " y) }

subjectto gj(x) <0, j=1,---, m,
where Y is a compact subset of R?, f(-,-), h(;,-) : R" X R? — R, g;(*) : R" = R (j € M). Let Ep be the set of

feasible solutions of Problem (FP); in other words, Erp = {x € R" | gj(x) < 0,j € M}. For convenience, let us
define the following sets for every x € E.

J(x) =1{j € Mlgj(x) =0}, Y(x) = {y €Y[px,y) = sup qb(x,z)}-

The rest of the paper is organized as follows. In Section 2, we present concepts regarding to nondif-
ferentiable vector (G, f)-invexity and construct an auxiliary minimax programming problem which will
be useful to help us to deal with the minimax fractional problem (FP). In Section 3, we present not only
G-sulfficient but also G-necessary optimality conditions for Problem (FP). When the G-necessary optimality
conditions and the (G, f)-invexity concept are utilized, dual Problem (D) is formulated for the primal one
(FP) and duality results between them are presented in Section 4.

2. Notations and Preliminaries

In this section, we provide some definitions and results that we shall use in the sequel. The following
convention for equalities and inequalities will be used throughout the paper. For any x = (x1,x2, - -, )7,
y=1,Y2, -+ yn)', we define:

x>yifand onlyif x; > y;, fori=1,2, .-, n;

xzyifand onlyifx; > y;, fori=1,2, ---, n;

x> yifand onlyifx; > y;, fori=1,2,---, n, butx # y;

x # y is the negation of x > y, x # y is the negation of x > v.

Let R} = {x € R"|x 2 0}, ]Rﬁ = {x € R"|x > 0} and X be a subset of R". For our convenience, denote
Q=1{1,-+q,Q:={1, -, qLK:={1,--, k}, M:=1{1, ---, m}.

Definition 2.1. ([22]) Let d € R", X be a nonempty set of R" and f : X — R. If
, 1
fOx;d) := lim sup W+ pd) = fy)
10

exists, then fO(x;d) is called the Clarke derivative of f at x in the direction d. If this limit superior exists for all d € R",
then f is called Clarke differentiable at x. The set

Ifx) ={C1 £l d) = (), Vd e R")
is called the Clarke subdifferential of f at x.
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Note that if a given function f is locally Lipschitz, then the Clarke subdifferential df(x) exists.

Lemma 2.2. ([18]) Let ¢ be a real-valued Lipschitz continuous function defined on X and denote the image of X
under by I(X); let ¢ : [(X) — R be a differentiable function such that ¢'(y) is continuous on I, (X) and ¢’(y) = 0
for eachy € I, (X). Then the chain rule

(@ o 9)°(x,d) = @' (Y)Y (x, )
holds for each d € R". Therefore,

A © P)(x) = ¢ (P(x)IWP) ().

Definition 2.3. Let f = (f1, -+, fx) be a vector-valued locally Lipschitz function defined on a nonempty set X C R".

Consider the functions 1 : X x X — R", G : [1(X) = R, and ﬁ{ : XX X = R, fori € K. Moreover, Gy, is strictly
increasing on its domain I1(X) for eachi € K. If

Gy o fitx) = Gy o fil) = (>)Bl(x, w)G (fi(u)}{Ci, nlx, u)), VCi € 9 fi(u) )

holds for all x € X (x # u) and i € K, then f is said to be (strictly) nondifferentiable vector (G, B)-invex at u on
X (with respect to n) (or shortly, (Gy, Br)-invex at u on X), where Gy = (Gy,, -+, G) and f := (ﬁf, ﬁf, e, ‘B,]:). If
f is (strictly) nondifferentiable vector (G, Bs)-invex at u on X (with respect to 1) for all u € X, then f is (strictly)
nondifferential vector (Gy, Bf)-invex on X (with respect to n).

Remark 2.4. In order to define (strictly) nondifferential vector (Gy, fs)-incave function with respect to 1) for a given
f, the direction of the inequalities (1) in Definition 2.3 should be changed to the opposite one.

Remark 2.5. (a) Let f : X — R be a differential (G, f5)-invex function, then G¢(f) is a-invex by Definition 2.3 in
this paper and a-invexity as defined in [23], where a = fy.

(b) Let f : X — R be a differential (Gy, fs)-invex function and G¢(a) = a for a € R, then f is a-invex as defined
in [23], where a = By.

(c) Let f = (f1,---, fx) be a differential vector (Gy, fs)-invex function and ,Bif (x,u) =1 forall x,u € X (i € K),
then f is vector G-invex as defined in [5]. Further, if K| = 1, then f is G-invex as defined in [4].

For fixed e € R, we construct the following auxiliary minimax programming Problem (G-Pe) for Problem
(EP).

(G-Pe) min {d)(x, e) :=sup(Go f — G o (eh))(x, y)}

yey

s.t. Gg ° g(x) = (Ggl © gl(x)r ng © gZ(x)r Yy Ggm © gm(x)) s Gg(o),

where G,(0) = (Gy,(0), Gy,(0), -+, Gy, (0)). We denote by Xg-pe = {x € R" | Gy 0 g(x) < G4(0)}, J'(¥) = {j €
M : Gy, 0 gj(%) = G,,(0)}. If the function Gy, is strictly increasing on I, (X) for each j € M, then Xpp = X(G-pe)
and J(¥) = J'(%). So, we represent the set of all feasible solutions and the set of constraint active indices for
either (FP) or (G-Pe) by the notations E and [(¥), respectively. Moreover, it is easy to see that the following
lemma holds.

Lemma 2.6. Let x* be an optimal solution for (FP) and v* := F(x*). If the function G is strictly increasing in R, then
(i) x* is an optimal solution to Problem (G-Pv*) and ®(x*,v*) = 0;
(i)) G o f(x*,y) — G o (V'h)(x", y) = O whenever y € Y(x*).



X.L. Liu, D.H. Yuan / Filomat 28:10 (2014), 2027-2035 2030

3. Optimality Conditions

In this section, we establish firstly the G-necessary optimality conditions for Problem (FP) involving
functions which are locally Lipschitz with respect to the variable x. For this purpose, we will need some
additional assumptions with respect to Problem (FP).

Condition 3.1. Assume that: (a) the set Y is compact;

(b) f(x,y) and h(x,y) are locally Lipschitz in x for fixed y € Y;

(c) f(x,y) is regular at x; f(x,y) is strictly differentiable at x for fixed y € Y;

(d) f(x,y) and df.(x, y) are upper semicontinuous at (x,y); h(x, y) and oh.(x, y) are upper semicontinuous at
()i

(e) gj, j € M, are regular and locally Lipschitz at x.
Condition 3.2. For eachn = (11, -+, Nm) € R™ satisfying the conditions

nj= OIVJGM\](X*)/ nj 2 0/ VJE ](X*)r

the following implication holds:

m
Z € dg(x") (v]'eM),quz; =0 =1,=0,jeM
j=1
The following necessary optimality conditions are presented in [24].

Theorem 3.3 (Necessary optimality conditions). Let x* be an optimal solution to Problem (P) as considered in
[24]. We also assume that Conditions 1 and 2 as defined in [24] are satisfied for Problem (P). Then there exist positive
integer q" and vectors y; € Y(x*) together with scalars A} (i € Q) and [J; (j € M) such that

7 "
0€ Y Ndp(c, y) + ) 1widgi(x), )
i=1 =1
Wgi(x) =0,u;>0,j €M, (©)
;
Y 4=14>0ieQ. (4)
i=1

Furthermore, if a is the number of nonzero A%, and B is the number of nonzero [ then
l<a+p<n+1.

Making use of the above Theorem 3.3, we can derive the following G-necessary conditions theorem for
Problem (FP); see Theorem 3.4, here we require the scalars /\;‘ (i=1,...,q") are positive.

Theorem 3.4 (G-necessary optimality conditions). Let Problem (FP) satisfy Conditions 3.1 and 3.2 as defined
in this paper; let x* be an optimal solution of Problem (FP). Assume that G is both continuously differentiable and
strictly increasing on R. If Gy, is both continuously differentiable and strictly increasing function on I, (X) with
Gy, (9j(x") > 0 for each j € M, then there exist positive integer q* (1 < q* < n + 1) and vectors y; € Y(x") together
with scalars A’ (i € Q) and y; (j € M) such that

7 m
0€ Z A G (", yi))dx f(x", yi) = v'G (V'h(x", yi))dch(x, yi)] + Z ;G (gi(x"))dg;(x"), ()
i=1 =1
Go f(x", yi) —Go (VI)(x",y:) =0,i € Q’, (6)
(G, 0 9/(x) = Gy (0) = 0, 152 0,j € M, @)

q

Y N=1,120icQ. 8)

i=1
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Proof. Since x* is an optimal solution to Problem (FP), by Lemma 2.6, x* is an optimal solution to Problem
(G-Pv*) and Eq. (6) holds for all i € Q*. Moreover, we can deduce from Conditions 3.1 and 3.2 that
Conditions 1 and 2 as defined in [24] are satisfied for Problem G-Pv*. Therefore, by Theorem 3.3, there exist
positive integer 4* and vectors y; € Y(x") together with scalars A} (i € Q") and y; (j € M) such that (7), (8) and

q m
0e Z A194Go f = Go (R, yi) + Z 1:9(Gy, © g))(x") (9)
i=1 =1

hold.
By Lemma 2.2 and the continuity of G and G, we obtain

Ix(Go f=Go (W)X, y) =G (f(x", y))d«f(x", yi) = VG (V'h(x", yi))dxh(x", yi), i € Q°,
d(Gy, 0 gj)(x") = G} (g,(x"))dg;(x"), j € M.
The above two equations, together with (9), follow that (5). The proof is complete. O

Next, we derive G-sufficient optimality conditions for Problem (FP) under the assumptions of (G, f)-
invexity concept as proposed in [18], see also Definition 2.3 in this paper.

Theorem 3.5 (G-sufficient optimality conditions). Let (x*, u*,v*,q*, A" ,¥) satisfy conditions (5)-(8); let G be
both continuously differentiable and strictly increasing on IR; let G,, be both continuously differentiable and strictly
increasing on l,(X) for each j € M. Assume that f(-, y;) and v*h(-, y;) are (G, B;)-invex and (G, B;)-incave at x* on E,
respectively, for eachi € Q". If g; is (G]? , ﬁjg, )-invex at x* on E for each j € M, then x* is an optimal solution to (FP).

Proof. Suppose, contrary to the result, that x* is not an optimal solution for Problem (FP). Hence, there exists

Xo € E such that

o fG0) Gy )
"o h(xo,y) Hee, v7) nee, v)

By the monotonicity of G, we have
G o f(xo, i) < G o (h)(xo, y1),i € Q.

Thus,
G o f(xo,y) = G o f(x', y) = (G o ()(xo, y) — G o (VI)(x', y)) < 0,i € O,

here the identities G o f(x*, y;) = G o (V'h)(x*, y;), i € Q, are used. Employing (6), (7) and the fact that
Gy, © 9j(x0) < Gy (0) = Gy, 0 gj(x"), j € J(x"),

we can write the following statement.

i 1 Go f(xo,yi) = G o f(x", yi) = (G o (v'h)(x0, ¥i) — G o (Vh)(x", y3))
i=1

Bi(xo, x*)
oGy, 0 gj(x0) — Gy, 0 gj(x)
+ * <0. 10
; T W) o
By the generalized invexity assumptions of f(:, y;), v*h(-, y;) and g;, we have
Go f(xo, yi) — Go f(x", yi) = (>)Bi(x0, X )G (f(x", y,))(é{, n(xo, x*)), Vé{ € df(x", yi), (11)
G o (V'h)(xo, i) — G o (V'I)(x", i) < (<)Bilxo, X W'G (V' h(x", yi)){EL, n(x0, X)), YE! € dch(x", i), (12)

Gy, © 9(x0) = Gy, © gi(x") 2 () (x0, X')G (7, (OINED, k0, X)), ¥ & € 9g () (13)
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fori € Q" and j € M. Employing (11), (12) and (13) to (10), we deduce that

T m
Y A (GG, ydKE] o, 2=y G R, y)EL no, xX0) + Y 15Gy (g )NET, nxo, ) < 0
i=1 =1
or
q m
<Z 4 (G yNel =G e, yel) + Y Gy (g NE], n(xo, x*>> <0,
P =1
which implies that
T m
0 Y A [G(FO, Y f(x', y) = v'G (e, y)ash(', yl + Y 3G, (9(x°)Ig ().
i=1 j=1
This is a contradiction to condition (5). O.

Similar to the proof of Theorem 3.5, we can establish Theorem 3.6. Therefore, we simply state it here.

Theorem 3.6 (G-sufficient optimality conditions). Let (x*, u*,v*,q*, A* ,¥) satisfy conditions (5)-(8); let G be
both continuously differentiable and strictly increasing on IR; let G,, be both continuously differentiable and strictly
increasing on 1,(X) for each j € M. If (Go f — G o (V'h))(, i) is Bi-invex at x* on E for each i € Q" and g; is
(G";, ﬁ?)—invex at x* on E for each j € M, then x* is an optimal solution to (FP).

4. Duality

Making use of the optimality conditions of the preceding section, we present dual Problem (D) to the
primal one (FP), and establish G-weak, G-strong and G-strict converse duality theorems. For convenience,
we use the following notations.

K@) ={(g A 7)) eNXRLXRM[1<g<n+1,A=(Ay, -+, A;) € Rlwith Z;Ai =1,

7=, -y withy; € Y(x),i=1,---q}.
Hi(g, A, 7) denotes the set of all triplets (z, i, v) € R" x R" x R, satisfying

q m
0 Y M [G (F(z y)auf(z, ) — VG (hiz, y))dh(z, yi)] + Y . 1iG), (91(2)d9,2), (14)
pa =1
flzy:) 2 vi(z, y:),i € Q, (15)
ngj(z) >0,jeM, (16)
yi€Y(2), (9, A, §) € K(z). (17)
Our dual problem (D) can be stated as follows.

(D) s V.

max up
@A DEKE) (z,1,v)eH (3, 4, 7)
Note that if Hi(q, A, §) is empty for some triplet (7, A, §) € K(z), then define supy, , , ey, 1,5V = —°-

Theorem 4.1 (G-weak duality). Let x and (z, 1, v,q, A, ) be (FP)-feasible and (D)-feasible, respectively; let G be
both continuously differentiable and strictly increasing on IR; let G,, be both continuously differentiable and strictly
increasing on I, (X) for each j € M. Suppose that f(-, y;) and vh(-, y;) are (G, B;)-invex and (G, p;)-incave at z on E,
respectively, for each i € Q. If g; is (G}Z , ﬁ]y. )-invex at z on E for each j € M, then

fxy)
su > .
yeg h(x, y)
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Proof. Suppose to the contrary that Sylelxl? igi ; < v. Therefore, we obtain
S y)
Y.
e, y) <v,YVye

Thus, we obtain from the monotonicity assumption of G that
Go f(x,y)~Go(vh)x,y) <0, y € Y.
This, together with (15), follows that
o f(,4) ~ G o flz, y) ~ (G o (vh)(x, y) ~ G o (vh)(z, yi)) <O,
where y; € Y(z). Again, we obtain from the monotonicity assumptions of G, for j € M and the fact
gi(x) <0, ujgi(z) 20, u; 20, jeM
that
Gg; 0 gj(x) < Gy, 09(2),j € M.

Hence

L Gof(x,y)—Gof(z,y) — (Go (Wh)(x, 1) - Go W)z ¥) s Gy;0g(x) = Gg; o !71(2)
Z Ai Z 7
— Bi(x, z) = B (x,2)
(18)

Similar to the proof of Theorem 3.5, by (18) and the generalized invexity assumptions of f(-, y;), vh(:, y;) and
gj, we have

q m
<Z MG (fz y)E] —vG (vh(z, y)E!) + Y Gy (,NE!, n(x, z>> <0

i=1 j=1

which follows that

9

0¢ Y (G (F(z y)def (2, y)—vG (vh(z, y)O:h(z, )] 2 4G}, (9(2)9g(2)

i=1

fy)
Gy = . O

Thus, we have a contradiction to (14). So sup
yE

Theorem 4.2 (G-strong duality). Let Problem (FP) satisfy Conditions 3.1 and 3.2 as defined in this paper; let x
be an optimal solution of Problem (FP). Suppose that G is both continuously diﬁerentiable and strictly increasing on
R, Gy, is both continuously differentiable and strictly increasing on I, (X) with Gy (g(x")) > 0 for each j € M. If the
hypothesis of Theorem 4.1 holds for all (D)-feasible points (z, u, v, q, /\ 7) then there exist (q°, A, 7) € K(z) and
(x*, u*, v*) € Hi(q*, A", §*) such that (¢, A*, §*, x*, p*, v*) is a (D) optimal solution, and the two problems (FP) and
(D) have the same optimal values.

f&y0)

h(x*, v’
theorem, such that (4*, A*, ", x*, u*, v*) is a (D) feasible solution, then the optimality of this feasible solution
for (D) follows from Theorem 4.1. O

Proof. By Theorem 3.4, there exists v* = i=1,---, q", satisfying the requirements specified in the
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Theorem 4.3 (G-strict converse duality). Let X and (z, u, v, g, A, ) be optimal solutions of (FP) and (D), re-
spectively. Suppose that G is both continuously differentiable and strictly increasing on R, Gy, is both continuously
differentiable and strictly increasing on I,.(X) for each j € M. Suppose that f(-,y;) and vh(-,y;) are (G, B;)-invex and
(G, Bi)-incave at z on E, respectively, for each i € Q. If g; is (G]g. , [3? )-invex at z on E for each j € M, then X = z; that

f&y)

My~

is, z is a (FP)-optimal solution and sup .,
Proof. Suppose to the contrary that ¥ # z. Using similar arguments as in the proof of Theorem 3.5, we
deduce that there exist El.f € d.f(z, Vi), 5? € d;h(z, y;) and é? € dy(z) fori € Q, j € M such that

q m
0= <2 (G (fa y)E —vG whiz, y)El) + Y G (a1@NE, n(x, z>>
i=1 =1

m

L Go f(x,y) = Gofy) = (Goh)(Ey) ~Gohy) v Gy °9i(® =Gy o)
LA Bi(%,2) ’ ,;“ / F(x,2)

A

i=1

and

i ‘u'ng 0 gj(x) = Gy, 0 gj(2) <0
=i B, 2) B

Therefore,

> 0.

i 1,GofEy) = Go flz yi) = (Go W) yi) — G © (v 1))
=1 ' ﬁi(-‘z/ Z)

From the above inequality, we can conclude that there exists iy € Q, such that
Go f(X, yig) = G o f(z,yi,) = (G o (VW)X yiy) = G o (vH)(z, y3,)) > O,

or
Go f(%,y;,) — Go (Vh)(X, yiy) > G o f(z,yi,) — G o (Vvh)(z,yi,) = 0.

Now, by the monotonicity of G, we have
f&, viy) > vh(%, vi,)-

It follows that

f(J_C, y) f(J_C, yio)
e T &y

(19)

On the other hand, we know from Theorem 4.1 that

sup &y
yeY h(J_C, y) .

This contradicts to (19). O
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5. Conclusion

In this paper, we have discussed the applications of (G, f)-invexity for a class of nonsmooth minimax
fractional programming Problem (FP). We not only established G-optimality conditions but also constructed
a dual model (D) and derived G-duality results between Problems (FP) and (D). More exactly, we construct
an important auxiliary minimax programming problem to deal with the nonsmooth minimax fractional
programming Problem (FP) addressed in this paper and obtain G-necessary optimality conditions for this
Problem (FP). Under the nondifferential (G, §)-invexity assumptions, we have also derived the sufficiency of
the G-necessary optimality conditions for the same problem. Further, we have constructed a dual model (D)
and derived G-duality results between Problems (FP) and (D). Note that many researchers are interesting in
dealing with the minimax programming under generalized invexity assumptions; see [1, 10, 11, 14-17, 19].
However, we have not found results for minimax fractional programming problems under the assumptions
of G-invexity and its extension. Hence, this work extends the applications of G-invexity to the generalized
minimax fractional programming as well as to the nonsmooth case.

Acknowledgements: The authors are grateful to the referee for his valuable suggestions that helped to
improve the paper in its present form.
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