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e-OPTIMALITY AND DUALITY FOR FRACTIONAL
PROGRAMMING

Jen-Chwan Liu* and Kazunori Yokoyama

Abstract. We use the parametric approach and exact penalty function
to establish the Karush-Kuhn-Tucker type necessary and sufficient condi-
tions for an e-optimum of nondifferentiable fractional objective function
subject to nondifferentiable convex inequality constraint, linear equal-
ity constraints and abstract constraints. Subsequently, these optimality
criteria are utilized as a basis for constructing one dual problem, and
duality theorems are presented.

1. INTRODUCTION

Several authors have been interested recently in e-approximate solutions
for nonlinear programming. For details, one can consult [5,7-12; 14-17]. In
particular, Strodiot, Nguyen, and Heukemes [14] derived e-optimality condi-
tions of the Karush-Kuhn-Tucker type for points which are within € of be-
ing optimal to the problem of minimizing a nondifferentiable convex objective
function subject to nondifferentiable convex inequality constraint, linear equal-
ity constraints and abstract constraints, and they showed how it is possible
to construct a bundle algorithm based on the e-optimality conditions; that
is, e-optimality conditions may offer clues for convergence analysis of algo-
rithms. In [12], Loridan derived some properties of e-efficient point solutions
for vector minimization problems and used the Ekeland’s variational princi-
ple [2] to establish the e-Pareto optimality and e-quasi Pareto optimality. In
[8], Liu also adapted the same approach to obtain the e-duality theorem of
nondifferentiable nonconvex multiobjective programming.
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Recently, several authors [1,3,4,9,11,13,15,16,18] have used an exact
penalty function to transform the nonlinear scalar programming problem into
an unconstrained problem and derived the e-optimality. In [16], Yokoyama
was concerned with the e-approximate solutions and extended some results of
[15] to the vector minimization problems. Yokoyama transformed the vector
problems into the unconstrained problems by using the exact penalty functions
and showed the e-optimality criteria by estimating the penalty parameter in
terms of e-approximate solutions for the associated dual problems. In [9], Liu
also used the exact penalty function to transform the inequality multiobjective
programming problem into a scalar unconstrained problem and to derive the
Karush-Kuhn-Tucker type conditions in which Lagrange multipliers of objec-
tive functions are one, and he employed the optimality of the multiobjective
programming to construct the Wolfe-type dual problem and derived duality
theorems.

Ibaraki [6] used a parametric approach to solve fractional programming
problems. Therefore, we hope to use the same approach to derive e-optimality
for fractional programming. We organize this paper as follows. Some defini-
tions and notations are given in Section 2. In Section 3, we use a paramet-
ric approach to derive the Karush-Kuhn-Tucker type necessary and sufficient
conditions for e-optimality of fractional programming. When the optimality
conditions are utilized, one parametric dual problem may be formulated and
duality theorems are presented in Section 4. In Section 5, we use scalar penalty
functions to establish the necessary and sufficient conditions of € solution.

2. PRELIMINARIES

Throughout the paper, let R" be the n-dimensional Euclidean space and
R’ be its non-negative orthant. Let I’ be a nonempty subset of R" defined by

F={zeR"|hi(zx)<0forl1<i<p, Az =05, and z € Q},

where h; are convex real-valued functions defined on R™ for 1 <4 < p, A is an
m X n matrix of rank m, b is an m vector, and () is a nonempty closed convex
subset of R™.

We consider the following fractional programming problem:

(P) Minimize @)
9(x)
subject to z € F,

where f and —g are convex real-valued functions defined on R™ and satisfying
g(x) > 0 and f(x) > 0 for all x € F. Let € be an element of R, and T be
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a feasible point for (P); that is, Z € F. The point T is called an e-optimal
solution of (P) if

~

(7)
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< +e¢€, forall xz € F.

Q
~—
e
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In order to simplify the complication of problem (P), we consider the following
nonfractional problem with a parameter v € R:

(P,) Minimize f(z) — vg(x)
subject to x € F.

If f and —g are convex and v > 0, then f(x) — vg(x) is convex; whereas
f(z)/g(z) is not. Thus in many cases, (P,) is easier than (P). Therefore,
we hope to employ the e-optimality of (P,) to derive the e-optimality of (P).
Unfortunately, the result is not so obvious and direct, and partial revisions
must be made. We shall need the following revised lemma; the proof is simple
and so omitted.

Lemma 2.1. LetT € F and v = f(Z)/g(T) — €. Then T is an e-optimal
solution of (P) if and only if T is a g(T)e-optimal solution of (Py).

We also need the following definitions:

Definition 2.1 [14]. Let h: R" — RU{+4o00} be a convex function, finite
at T. The e-subdifferential of h at T is the set 0.h(T) defined by

Oh(T) ={z" e R"| h(y) > h(T) — e+ (", y — T) for any y € R"}.

Definition 2.2 [14]. Let C be a nonempty closed convex subset of R™.
The e-normal cone of C' at T is the set N (C;Z) defined by

N.(C;z) ={a" e R"| (2",y —T) < e forany y e C}.
In order to establish some necessary and sufficient conditions for a feasible
point T to be an e-optimal solution for (P), we give the following non-fractional

programming problem considered by Strodiot, Nguyen and Heukemes [14]:

(Py) Minimize S(x)
subject to x € F,

where S is a convex continuous real-valued function defined on R".
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Lemma 2.2 [14, Theorem 2.4]. Let ¢ > 0, and let T be a feasible point
for (Py). Suppose that the following constraint qualification of the Slater type
holds true:

(CO) There exists an xg € R™ such that h;(xq) <0
fori=1,---.p, Arg =0, and xy € int Q.

Then T is an e-optimal solution to (P) if and only if there exist scalars € > 0

fori=20,1,---,p, €, >0and \;, > 0 fori =1,---,p, and a vector p € R™

such that

P
(2.1) 0 € 055(7) + Z O(Nihi)(T) + AT pp + Nex(Q3 T,
i=1
P P
(2.2) Gt —e< ) Nhi(T) <0.
=0 i=1

3. NECESSARY AND SUFFICIENT CONDITIONS

In this section, we use Lemmas 2.1 and 2.2 to derive a criterion of Karush-
Kuhn-Tucker type which is necessary and sufficient for a feasible point T to
be an € -optimal solution for (P).

Theorem 3.1. Let T € F and 0 < ¢ < f(Z)/g(T). Suppose that the
constraint qualification (CQ) as defined in Lemma 2.2 is satisfied at T. Then
T is an e-optimal solution to (P) if and only if there exist scalars €5; > 0, j =
1,2, >0,i=1,2-,p,& >0and \; >0,i=1,---.p, and a vector
pwER™ and v € Ry such that

P

(31) 0€ 0gf () + 0z (0(=9)) (@) + D_ 0(Niha) (@) + ATpt + Ner( Qs ),

(32) f(@) —v9(T) = eg(@),
(3.3) 601+602+Zp:€i+6q_69($)<zp:)\ihi($)<0.

Proof. Suppose that T is an e-optimal solution of (P). Let v = f(Z)/g(T) —
e € R;. By Lemma 2.1, 7 is a g(T)e-optimal solution of (P5). Thus, by Lemma
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2.2, there exist scalars € > 0, i = 0,1,---,p, € >0 and \; >0,i=1,---,p,
and a vector yu € R™ such that

0 € Os(f +T(=g))@) + " 0= (uhs) (&) + AT+ Ne(Q: D),

i=1

p p
doate —eg(@) <Y Nhi(x) <0,
1=0 i=1

Applying [5, Theorem 2.1], we have

O(f+0(=g)@ = U {0f@) + 0(0(-9)(@)}.

€01 +€02=¢<0
€0120,€0220

Thus, we have conditions (3.1), (3.2) and (3.3).

Conversely, if there exist scalars €5; > 0, j = 1,2, > 0,7 =1,2,---,p,
€ >0and \; >0,i=1,---,p, and a vector u € R™, and ¥ € R, such that
(3.1), (3.2) and (3.3), then from [5, Theorem 2.1], we have

0 O () + (T(9)(@) + 3 0 (s )() + AT+ Ner(@:7)
c Q,, {0z:f (T) + 0 (0(—9)) (@) } + iaao\ihi)(x) + ATh 4 No(Q: )

€01=0,€022>0
p

= O (f +0(=9))(@) + Y 0(Nih)(T) + AT i + Ney(@Q; 7).

i=1

It follows from Lemma 2.2 that 7 is a g(T)e-optimal solution of (P5). Therefore,
by Lemma 2.1, T is an e-optimal solution of (P). Thus, the proof is complete.
]

4. e-DUuALITY THEOREM

From the e-optimality conditions for the problem (P) in the preceding
section, we can formulate the following parametric dual problem:

(D) Maximize v

subject to
p

(4.1) 0 € Oy, f (1) + Dega (v(=9)) () + Y O, (Nihi) (w) + AT pu+ N, (Q3 ),

i=1
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(4.2) f(u) —vg(u) = eg(u),

p p
(4.3) €01 + €02 + ZQ‘ + e —eg(u) < Z)\ihi(u) <0,

=1 =1
(4.4) ATu =0,
(4.5) €; >0fori=1,2, ¢ >0for1<i<p, ¢ >0,
(4.6) (u,v, \, p) € R" x Ry x R x R™.
We denote by Fp the set of all feasible solutions (u, v, A, i, €01, €02, €1, €2, - - - , €p,
€,) of problem (D). The point (@, v, A\, &I, €1, €02, €1, €2, * - - , €, €¢) € Fp is called
an e-optimal solution of (D) if 7 > v—e for all (u, v, A, 11, €01, €02, €1, €2, - -+, €p, €4)
€ Fp.

Theorem 4.1 (Duality Theorem). Let T € F and 0 < ¢ < f(%)/9(T).
Suppose that the constraint qualification (CQ) as defined in Lemma 2.2 is
satisfied at T. If T is an e-optimal solution of (P), then there exist scalars
€;>0,/j=1,2>0,i=1,2,--,p,&>0and \; >0,i=1,---,p, and a

vector i € R™, and © € Ry such that (T,V, \, i, €1, €02, €1, €2, - * * » €, €5) 1S QM

Proof. With Theorem 3.1, we conclude that (T, v, \, i, €1, €0z, €1, €2, * * * » €p)
€,) is a feasible solution of (D) and

(4.7) T = Lf) — €.
9(7)
Let K(u) = Au—b. For any feasible solution (u, v, A, 11, €01, €02, €1, €2, - -+ , €5, €4)

€ Fp, by (4.1), there exist z3 € 0., f(u), x5 € O.,,(—vg)(u),y; € O, (A:h;)(u)
for 1 <i <pand 2z* € N, (Q;u) such that

p
(4.8) xf—i—xZ—I—Zy;‘—i—VKT(u),u,—i—z*:O.

i=1

Using the characterization of the e-subgradient, we obtain
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and
V'K (u)(T—u)=0. (by the feasibility of T and (4.4))

From this and (4.8), (4.2), and (4.3), we have
f@) —vg(x) + Z Aihi(

P
) — vg(u +Z/\h <m;‘+x;+2y;‘+z*,x—u>

i=1

> f(u
P
(601‘1‘6024‘2614‘6(;) > eg(u) — (601+€02+Z€i+6q>

i=1

Z (-V K (u)p, 7 —u) (by (4.2) and (4.8))
>0 (by (4.3)).

It follows that
(4.9) f(@) —vg(T +2Ah

Using the feasibility of # and A € R”, we have
(4.10) > Aihi(T) < 0.

Consequently, (4.9) and (4.10) yield

(4.11) f(@) —vg(x) > 0.

From (4.7) and (4.11), we have

_ f@)
v+e=—=
9(@ )
Thus, the proof of the theorem is complete. [

Theorem 4.2 (Converse Duality). Let T be a feasible solution of (P).

If (%,0, \, T, €1, €02, €1, €2, * , €, €q) 18 a feasible solution of (D), T is an e-
optimal solution of (P).

Proof. This follows from Theorem 3.1. ]
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5. ExAacT PENALTY FUNCTIONS

In this section, we employ penalty functions to derive Karush-Kuhn-Tucker
type necessary and sufficient e-optimality conditions without constraint qual-
ification for the following fractional programming:

(P1) Minimize )
9(x)
subject to  h;(x) <0, i=1,2,---,p.

We denote the feasible set {z € R"|h;(x) < 0, 1 < i < p} by F; and assume
the feasible set F) is nonempty.

To transform the problem (P1) into an unconstrained problem, we use the
exact penalty function introduced by Zangwill [18]

0(x,p) = f(z) — vg(x) + p ) max(0, hi(x)),

i=1

where p > 0 and v € R.
The associated unconstrained problem in which

(6,) Minimize 6(z,p)

is called a penalized problem with respect to the penalty parameter p. Through-
out this section, we let 0 < e < f(7)/g(z) and v = f(z)/g(T)) — € > 0. The
following necessary conditions for the e-optimality of (P1) can be derived:

Theorem 5.1. If there exists py such that T is a g(T)e-solution for (6,)
for any p > po , then T is an e- solution for (P1) and there exist scalars €5; > 0
forj=1,2,>0 fori=1,2,---,pand \; >0 fori=1,2,---,p such that

(5.1 0 € 0l () + D F(-0))(@) + D ANk )3,
(5.2 §(@) - 59(7) = cg(),
(5.3) o+ Y — el < Y Nhi(2) <0,

Proof. If T is a g(Z)e-solution of problem (6,), then

(5.4) 0(z,p) < O(z,p) +g(T)e  forall zeR"
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P
If 7 ¢ Fy, then Y _max(0, h;(Z)) > 0.
=1

From (5.2) and (5.4), we get:

p
for any p > py > 0, and for all x € F;,0 < pZmaX(O, hi(T)) < f(z) —vg(x).

=1

b

Dividing by p and letting p — 400, we get Zmax(O, hi(z)) = 0. This
i=1

conclusion gives a contradiction and hence = € Fj.

Clearly,
O(x,p) = f(z) —vg(x) for all € Fy.

From (5.4), we have
f(@) —vg(x) <0, p) < f(x) —vg(x) + 9(T)e for all x € Fy.

Thus, T is a g(T)e-optimal solution of (P5). Therefore, by Lemma 2.1, T is an
e-optimal solution of (P1).
With (5.4) and the result of [5], we have

0 € Oy@)e (f() +0(—g(-)) + pimax(@, hi())> (7).

Then, there exist scalars €; > 0(i = 1,2), § > 0(1 <i<p), o >0(1 <i <
p), and 1; > 0(1 < i < p) such that

p
(5.5) €1+ €z + Y& = g(@)e,
i=1
p
(5.6) 0 € O f(T) + Oz (0(—9(@))) + Y Iy, (iphs) (),
=1
where
Q; S 17
(5.7) n; + max(0, h;(T)) — a;phi(T) =€ for i=1,..p.

By (5.5) and (5.7), we have

p p
Grten+ > mi—g9@)e <> aiphi(x) <0.
=1

i=1
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Finally, we obtain the results (5.1) and (5.3) by setting

No=ap, 1<i<p,
€ =1, 1< <p. [ |

Theorem 5.2. If there exist scalars €; > 0 for j = 1,2, ¢ > 0 fori =
1,2,---,pand \; >0 fori=1,2,---,p such that the conditions (5.1) ~ (5.3)
hold, then xq is an e-optimal solution of (P1).

Proof. By (5.1), there exist z} € 0z f(T), 25 € 0(—0g)(T), and y; €
O=(\;h;)(T) for 1 <i < p such that

P
(5.8) ]+ x5+ ny = 0.
i=1
Using the characterization of the e-subgradient, we obtain
flx) = f(T) = (27,2 — T) — o,
~vg(x) +vg(T) = (23, %
Aihi(x) — )> (yf e —T) -, 1<i<p.

_E>_@7

Aihi(

S

From this and (5.8), (5.3), we have

)
(5.3
F(a) ~vg(a) + Z N ()

p p
(5.9) = f@) -vg9(= Z <x’{+w§+2yz,xaz>
=1

i=1

- (6014‘6024‘261) ) —1g(T) — eg(T) forall =z € Fy.

Using the feasibility of z and A € R, we have

P
(5.10) > Xihi(z) <0
i=1
Consequently, (5.9) and (5.10) yield

f(z) —vg(x) > f(T) —vg9(T) — eg(x) forall =€ Fy.

Thus, T is a g(T)e-optimal solution of (P;). Therefore, by Lemma 2.1, 7 is an
e-optimal solution of (P1). Thus, the proof of the theorem is complete. [ ]
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6. SOME REMARKS FOR FURTHER DEVELOPMENTS

(1) The questions arise as to whether the results developed in this paper
hold in multiobjective fractional programming problem (P2):

(P2)  Minimize (fi(z)/g1(2),- -, fr(2)/g:(2))
subject to x € F

or in generalized fractional programming problem (P3):

(P3) Minimize max fi(z)/gi(x)
subject to e F.

(2) Can the objective and constraint functions f,g and h in the fractional
programming (P) be replaced by other generalized convex functions
such as pseudoconvex, quasiconvex, invex, preinvex, generalized (F, p)-
convex, etc 7
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