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ABSTRACT. In this paper, we introduce a pair of higher-order symmetric
dual models/problems. Weak, strong and converse duality theorems for
this pair are established under the assumption of higher-order invexity.
Moreover, self duality theorem is also discussed.

AMS Mathematics Subject Classification : 90C46, 49N15, 90C30.
Key words and phrases : Higher-order dual models, symmetric duality,
Duality theorems, Higher-order invexity.

1. Introduction

The concept of symmetric duality was first introduced by Dorn [8] for qua-
dratic programming. Later, in non linear programming this concept was sig-
nificantly developed by Dantzig et al. [7], Mond [15] and Bazarra and Goode
[5]. Mangasarian [14] introduced the concept of second and higher-order duality
for nonlinear programming problems, which motivated several authors to work
on second order dualty [3, 4, 9, 10, 11]. Subsequently, higher-order symmetric
duality for nonlinear problems has been studied in [1, 2, 12, 18]. The study of
second and higher-order duality is significant due to the computational advan-
tage over the first-order duality as it provides tighter bounds for the value of
the objective function when approximations are used. Mond and Zhang [16] dis-
cussed the duality results for various higher-order dual problems under invexity
assumptions. For a pair of nondifferentiable programs, Chen [6] also discussed
the duality theorems under higher-order generalized F'—convexity. Yang et al.
[19] obtained the duality results for multiobjective higher-order symmetric du-
ality under invexity assumptions.
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Recently, Ahmad [1] discussed higher-order duality in nondifferentiable Mul-
tiobjective Programming. In this paper, we introduce a pair of higher-order
symmetric dual models/problems. Weak, strong and converse duality theorems
for this pair are established under the assumption of higher-order generalized
invexity. Moreover, self duality theorem is also discussed.

2. Preliminaries

Definition 2.1. A function ¢ : R” — R is said to be higher-order invexity at
u € R™ with respect ton : R x R® — R"™ and h : R" x R™ — R, if for all
(x,p) € R" x R™,

$(x) = d(u) = h(u,p) + p Vph(u,p) Z 0" (2, u)[Vep(u) + Vyh(u,p)).

Let V., f denote the n x m matrix and V,, f denote the m x n matrix of second
order derivative. Also V. f and V,, f denote the n x n and m x m symmetric
Hessian matrices with respect to x and y, respectively.

3. Higher order symmetric duality

We consider the following pair of higher order symmetric duals and establish
weak, strong and converse duality theorems.

Primal Problem (WHP):

Minimize

L(l’,y,p) = f(:my) + h(%y,p) - pTvph(l‘,y,p) - yT[Vyf(:c,y) + vph($7y7p)]
subject to

p"[Vyf(2,y) + Vyh(z,y,p)] 20, (2)
z, y20, (3)

Dual Problem (WHD):

Maximize

M (u,v,7) = f(u,v) + g(u,v,7) —rTV,g(u,v,7) — T [V, f(u,v) + V,g(u,v,7)]
subject to

Vuf(u,v) + V,g(u,v,7) 20, (4)
[V f (u,0) + Vrg(u,0,7)] £ 0, (5)
u, v =0, (6)

where f: R" X R"— R, g : R"XR™" X R"— Rand h: R®" x R xR — R
are twice differentiable functions.
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Theorem 3.1 (Weak Duality). Let (x,y,p) and (u,v,r) be feasible solutions for
primal and dual problem, respectively. Suppose that

(i) f(.,v) is higher-order invezxity at u with respect to n; and g(u,v,r),

(1) —[f(x,.)] is higher-order invexity at y with respect to ny and —h(z,y,p),
(i) 1y (2, ) +u+ 7 2 0,

(iv) n2(v,y) +y+p 2 0.
Then

L(z,y,p) 2 M(u,v,r). (7)
Proof. Tt is given (z,y,p) is feasible for (WHP) and (u,v,r) is feasible for
(WHD), therefore by the hypothesis (iii) and the dual constraints (4), we get
(m(z,w)" +u+7)[Vaf(u,v) + Veg(u,v,7)] 20,
or
(m(@,w)" +u)[Va f(u,v) + Veg(u,v,1)] 2 =" [Vo fu,0) + Veg(u, v,7)],
which on using the dual constraint (5) implies that

(1 (,0) + W[V £, 0) + Vgl 0,7)] 2 0. (8)
Now by the higher order invexity of f(.,v) at v with respect to 71 and g(u,v,r),
we get
f(@,v) = fu,v) = g(u,v,7) + 77 Veg(u,v,7) +u” Vo f(u,v) + Veg(u,v,7)] = 0. (9)
Similarly, hypothesis (iv) along with primal constraints (1) and (3) yields

(n2(v,y) +9) " [Vy f(2,9) + Vph(z,y,p)] < 0. (10)

Therefore, by higher-order invexity of —[f(z,.)] at y with respect to 72 and
—h(z,y,p), we obtain

fla,y) = fz,v) +h(z,y,p) =p" Veh(z,y,p) —y" [Vyf(2,y) + Vph(z,y,p)] 2 0. (11)
Adding inequalities (9) and (11), we get
F@,y) + h@,y,p) = p"Voh(z,y,p) —y" [Vyf(z,y) + Vph(z,y,p)]

> f(u,v) + g(u,v,7) — T V,g(u, v, 1) — ul [V f (u,v) + Vieg(u, v, 7).
or
L(z,y, z,p) = M(u,v,w,r).

Thus the result holds. O

Theorem 3.2 (Strong Duality). Let (Z,y,p) be a local optimal solution of

(WHP). Assume that

(i) Vpph(Z,y, D) is negative definite,

(“)vyf(j, ?j) + V;Dh’(a?a gap) 7’é 07

(“7/) :I]T[vyh(i‘,:lj,ﬁ) - vph(i‘vg’ﬁ) + vyyf(ja g)ﬁ] =0= D= 0,

(ZIU} h’(j’ s O) = g('fa Y, 0)7 th(f, Ys O) = v?'g(i‘a Ys 0)7 vyh(jv Ys 0) = Vph’('i’ s O)
Then (I) (z,y,7 = 0) is feasible for (WHD) and

(1) L(z,y,p) = M(Z,y,7). Also, if the hypotheses of Theorem (3.1) hold for all
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feasible solutions of (WHP) and (WHD), then (Z,3,p = 0) and (Z,y,7 = 0) are
global optimal solutions of (WHP) and (WHD), respectively.

Proof. Since (Z,7,p) is a local optimal solution of (WHP), there exist a, § €
R, 8, £ € R™ and u, € R™ such that the following Fritz-John conditions [13, 17]
are satisfied at (Z,7,D):
a[vzf(:z'a g) + vzh(:@ y 7) - vpzh(jv gap)ﬁ]

HVye f(2,9) + Ve (2,5, D)(B — oy = 6p) — p = 0, (12)
alVyh(Z,7,p) = Vo h(Z, §,P)P — Vph(Z,7, P)]

+H[Vyy f(Z,7) + Vpyh(Z,9,0)](B — ay — 6p) = =0, (13)
Voph(Z,9,0)(B — ap — ay — 0p) — 0]V, f(Z,9) + V,h(Z,9,p)] =0,  (14)
6 [Vy f(Z,9) + Vph(Z,9,p)] =0, (15)

PV, f(z, y) + V,h(Z,9,p)] =0, (16)

=0, (17)

:aTaf =0, (18)

(o, 8,6,11,6) 2 0, (a, 8,6, 1,€) # 0. (19)

Premultiplying equation (14) by (8 — ap — ag — Ip), we get
(8 —ap—ag — 6p)" V,ph(z,9.0)(8 — ap — ag — 5p)
—8(8 — ap—ag —p)" [V f(2,9) + V,h(z,9,p)] = 0,
which along with equations (15), (16) yields
(B~ ap — oy — 6p)" Vyph(Z,5.5)(8 — op — af — 6p)
+ady’ [V f(2,9) + Vph(z,5,p)] = 0, (20)
(

Now from equations (1), (19) and (20), we obtain

(8 — ap — af — 0p)" Vph(,5,5)(8 — op — af — 0p) 2 0. (21)
Using hypothesis (i) in inequality (21), we have
B =ap+ay+p. (22)
This, together with hypothesis (ii) and equation (14), yields
0=0. (23)
Now, we claim that o # 0. Indeed if o = 0, then equations (22) and (23) give
8 =0.

Therefore equations (12), (13) and (23), imply ¢ = 0 and & = 0. Hence
(e, 8,6, 1, &), a contradiction to (19). Thus

a>0. (24)
Using equations (13), (22) and (24), we have

V(2 5,5) ~ Vyh(,5.5) + Vo S (2,9 =
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or

yre

§" [Vyh(Z,5,5) = Vph(Z,5,5) + Vo f (2, 5)p] = == = 0, using (18) ~ (25)

Therefore hypothesis (iii) implies
p=0. (26)
Moreover, equation (12) along with (22), (26) and hypothesis (iv) yields

a[vyf(:fvg) + vrg(j'7gvﬁ)] = M,
or

V,f(&9) + Veg(#,5.5) = £ 20, (27)

Also using equation (17)

_ o o T

[V, f(2.5) + Veg(@.5.5)) = = = 0. (28)
Thus (Z,7, 7 = 0) satisfies the constraints (4)-(6), that is, it is a feasible solution
for the dual problem (WHD). Now using equations (19), (26), (27) and hypoth-
esis (iv), we get
f({E y) + h((E y p) pTvph(‘fa gvﬁ) - gT[Vyf(i'v g) + vph(j, gvﬁ)

= f(,9) + 9(2,9,p) — 7 Vr9(2,5,p) — 2" [Vy f(2,9) + Vrg(2,7, D)),
i.e
L(%,9,p) = M(z,9,7).

Finally, by Theorem (3.1), (Z,5,p = 0) and (Z,y,7 = 0) are global optimal
solutions of the respective problems. O

Theorem 3.3 (Strong Duality). Let (@,s,7) be a local optimal solution of
(WHP). Assume that

(i) Vrg(@,v,7) is positive definite,

(n)Vuf(ﬂ v)+ V,g(u,v,7) #0,

(iii) 7T [V f(4,0) + V,g(t, v r)] =0=7=0,

(iv) g(u,v,0) = g(u,9,0), Vug(a,7,0) = V,9(4,7,0), V,9(Z, 7,0) = V,h(Z,7,0).
Then (I) (@,0,p =0) is feasible for (WHP) and

(II) L(u,v,p) = M (4, v,7).

Also, if the hypotheses of Theorem (3.1) are satisfied for all feasible solutions
of (WHP) and (WHD), then (u,v,7 = 0) and (u,0,p = 0) are global optimal
solutions of (WHD) and (WHP), respectively.

Proof. Follows on the line of Theorem (3.2). O
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4. Self Duality

A mathematical problem is said to be self dual if it formally identical with its
dual, that is, the dual can be rewritten in the form of the primal. In general,
(WHP) is not self-dual without some added restrictions on f, g and h. If f :
R"x R™ —- Rand g: R" X R™ x R" — R are skew symmetric, i.e

flu,v) = =f(v,u), g(u,v,7) =—g(v,u,r)
as shown below. By recasting the dual problem (WHD) as a minimization

problem, we have Minimize
M(U, v, T) = _{f(ua ’U)—’_g(uv v, r)_rTng(uv v, T)_U’T [Vuf(u, ’U) + vrg(ua v, 7’)]}
subject to

Vuf(u,v)+ Veg(u,v,r) 20,

1 [V f (u,0) + Veg(u,0,7)] £0,
u, v = 0.
Now as f and g are skew symmetric, i.e
Vuf(u,v) ==V, f(v,u)

vrg(ua v, 7') = 7V7‘g(v7 U, T'),
then the above problem rewritten as :
Minimize
M(u,v,r) = f(v,u) + g(v,u,r) =" Vyg(v,u,r) = u [V f (v, 0) + V,g(v,u,7)]
subject to

Vuf(v,u) + Vig(v,u,r) £ 0,

[V f(v,u) + Veg(v,u,r)] 20,
u, v = 0.
Which is identical to primal problem, i.e., the objective and the constraint

functions are identical. Thus, the problem (WHP) is self-dual.

It is obvious that (x,y,p) is feasible for (WHP), then (y,z,p) is feasible for
(WHD) and vice versa.
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