Pre-invex functions and weak efficient solutions
of the vectorial problem between Banach spaces

Lucelina Batista dos Santos! Marko A. Rojas-Medar?
DMA-IMECC-UNICAMP, CP 6065, 13081-970, Campinas-SP, Brazil.

3 4

Rafaela Osuna-Gdémez and Antonio Rufidn-Lizana
Departamento de Estadistica e Investigacién Operativa
Facultad de Matematicas, Universidad de Sevilla, Sevilla, 41012, Spain.

Abstract

In this work we introduce the notion of pre-invex function for functions between
Banach spaces. By using these functions, we obtain necessary and sufficient conditions
of optimality for vectorial problems with restrictions of inequalities. Moreover, we will
show that this class of problems has the property that all local optimal solution is in
fact global.
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1. Introduction and formulation of the problem

In this work, we consider the following problem of optimization:
Minimize  f(z)

—g(x) e K (P)

subject to s eSCE

where E, F, G are Banach spaces, f: F — F, g: E — G. We assume that the spaces
F and G are ordered by cones () C F, K C G and that these cones are closed, convex
and with nonempty interior.

We denote by F = {z € §: —g(z) € K} the feasible set of (P).

We can consider the following order partial in F :
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(analogously for G).
Also, we can consider the following relation:

y,2€F y<gzez—yeintQ

(where int @ is the interior of Q).
Then, we have two concepts of solution for (P):

Definition 1. We say that ©9 € F is an efficient solution for (P) if x € F,
f(@) 2F f(xo) = f(x) = f(x0).

Definition 2. We say that o € F is a weak efficient solution for (P) if there is
not x € F such that f(z) <p f(xo).

This class of problem has many applications in mathematical economy and engi-
neering. The problem finite dimensional (i.e., when in (P) we take £ =R", F = RP
and G = R™; Q = R" and K = R7") was studied by Osuna-Gémez [1] with relation
to the optimality conditions. Our purpose in this work is extend these results for
arbitray Banach spaces.

The notion of convexity is very important in the optimization theory. The follow-
ing results are well known: if 8 : § C R"— R is a convex function denfined on S,
where S is a nonempty, convex subset of R™, then

1. If Z € S is a local minimum of f on S, then Z is a global minimum of f (on S);

2. If 4 is differentiable on S and S is open set, VO(z1)(z2 — 21) < O(a2) —
0(z1),Vz1,22 € S (and, in particular, if z € S, VO(Z) = 0 then Z is a global
minimum of 5).

These two properties of convex functions are very important in optimization the-
ory.

In fact, there exist other class of functions that are not convex and that has
properties analogous: are the so-called generalized convex functions ([14], [15], [16],
(17).)

We suggest the following definition of pre-invex functions between Banach spaces.
We note that this definition generalize the notion given early by Hanson and Mond
[4], for the case scalar. We will prove that these class of functions satisfy properties
analogous to (1) and (2) and this will be useful to obtain some optimality conditions
for problem (P), (In the sense of weak efficiency).

The paper is organized as follows: in Section 2 we give the definition of pre-invexity
and we prove some results. In Section 3 we study the optimality conditions. In the
Section 4 we prove the global results for weak efficiency.



2. Pre-invex functions

In this Section, we define the pre-invexity for functions between Banach spaces and
we study some properties. Also, we stress the alternative theorem of Gordan type for
pre-invex functions. This results will be crucial to obtain the optimality conditions
for problem (P).

Definition 3. (Hanson & Mond, [4]) Let E be a Banach space. The function 6 : Q C
E — R is called pre-invex with respect to n on S C Q if for all x1,x2 € S and for
each \ € (0,1), there exists a vector function n:S x S — E such that

O(zo + Mn(x1,22)) < A0(xz1) + (1 — N)0(x2)
If the set S C E has the following property
o + An(xy,x2) € S,Va1,29 € S,V € (0,1)

we will say that S is invex with respect to the vectorial function 7.

Let Q* := {w* € F* : (w*,x) > 0 Vz € Q} the dual cone of @ and F* the
topological dual of F. We denote (-, -) the canonical duality in the F* x F' (that is,
(w*, z) = w*(z),Yw* € F*Vz € F)

We generalize the Definition 3 to the functions betwen Banach spaces in the fol-
lowing way:

Definition 4. Let E and F two Banach spaces. The function f : Q C E — F is
called pre-invex with respect to n on S C Q if for each w* € Q*, the composition
function w* o f is pre-invex with respect to n, in the sense of the Definition 3.

Lemma 1. The Definition 4 is equivalent to: for all x1,z2 € S and each A € (0,1),
there exists a vector n: S x S — FE such that

flaa + Mz, 22)) 2p Af (21) + (1= A) f(22) (1)
To prove this result, we will need recall the following lemma (see [13], p. 215).

Lemma 2. Let F' be a Banach space ordered by the cone Q C F, with QQ convex and
closed. If there exists y € F such that (y*,y) > 0 Vy* € Q* then y € Q.

The inverse affirmation is cleary true.

Proof: (Of the Lemma 1)
Let z1,22 € S and A € (0,1).
The following equivalences are true
flx2 + (1, 22)) 2 Af(z1) + (1= N)f(22)
= M(x1) + (1= N f(z2) — flz2 + An(z1,22)) € Q



= w (A f(z1) + (1= M) f(22) — fz2 + Mp(z1,22)) > 0,V € Q

w0 fly + M, 2)) € Mot o f(an) + (1= w0 f(zs), Yo" € Q"

where the firts equivalence follows from the definition of <g, the second from Lemma
2 and the third from the linearity of w*.l

The following property of the directionally differentiable pre-invex functions will
be extensively used in the rest of the paper.

Lemma 3. Let f : Q C E — F be a pre-invex function on S C €, directionally
differentiable. Then

("o f)(z,n(z,y)) S w" o fly) —w" o f(z)
Yw* € Q*,Vx,y € S.

Proof: Assume that f is pre-invex on S. Then, by Definition 4 w* o f is pre-invex
on S, for all w* € @* (in the sense of Definition 3).
Then, by Definition 3,

w o f(z 4+ An(z,y)) <w" (Af(y) + (1 = A)f(x)) (2)

VA€ (0,1).
From (2)

w o fz+ An(z,y)) —w" o f(z) < " (f(y) — f(2)) 3)
Dividing the inequality (3) by A, and taking the limit when A — 0%, we obtain
(W o f) (z,n(z,y)) <w”o fly) —w" o f(x)
Yw* € Q*,Vx,y € S I
We will recall the following result, see [2], p.54.

Lemma 4. If Q C F is a convex cone, intQ # & and 0 # p € Q*, then p(s) > 0
when s € int Q.

Also, we will prove the following Alternative Theorem of Gordan’s Type. This
result will be useful in the next sections.

Theorem 5. Let f: E — F be a pre-invex function with respect ton on F C E,
where F is an tnvex set with respect to n. Let Q C F be a convex cone with nonempty
interior. Then, either:



(i) there exists x € F such that —f(x) € int Q;
or
(ii) there exists p € Q* \ {0} such that (po f)(F) C Ry.

Proof: Firstly, we assume that the system (i) and (ii) have solutions € F and
p€ Q" \{0}.

Then, from Lemma 4, we have that p(f(z)) < 0, with € F, consequently we
obtain one contradiction with (ii).

Now, we assume that the system (ii) has not solution. We will prove that the
system (i) has solution.

We put

A= f(F)+int Q.

The set A is open: In fact, let k& € A. Then there exist z € F and s € int () such
that k = f(z) + s.

Since, s € int @) there exist a ball N with center at zero such that s + N C Q.

But, k+ N = f(x) + (s + N) C A and, consequently A is open.

Now, we will prove that A is convex. Let ki, ks € A and 7 € (0,1).

Then, k1 = f(x1) + s1, ko = f(z2) + s2, with 21,25 € F and s1, s3 € int S.

(1= 7)ky 4+ 7hy = [(1 = 7) f(21) + 7f(22)] + [(1 = 7)s1 + T52]. (4)
But, since f is pre-invex, we have
(1 =7)f(21) + 7f(22) € f(22 +T0(21,22)) + Q (5)
and
(1—17)s1 + 782 € int Q. (6)

By hypothesis F is invex, that is,
xg + (21, 22) € F, (7)

is true.

From (4)-(7) we obtain (1 — 7)k; 4+ 7k2 € A, that is, the set A is convex.

Since the system (1) has not solution, then 0 ¢ A. From Hahn-Banach Theorem,
there exists p € F* \ {0} such that

p(4) C Ry (8)

We fix s € int Q. We would like to prove: p(f(z)) > 0,Vz € F.
Since s € int ), we have
s+ N Cint@Q (9)

for some ball N.
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For 7 € Ry sufficiently big, we have —f(z) € N and from (9) we have s —
T

%f(m) € int @, and recalling that int ) is a cone, we obtain 7s — f(x) € int @, that
is 7s € f(x) +int @ C A, and, therefore, by (8) we have

p(s) > 0,Vs € int Q. (10)

But, for each € > 0 sufficiently small such that k = f(z) + es € A and, therefore,

(po f)(x) = p(k) —ep(s) = —ep(s) = 0
as ¢ — 01, consequently
(po f)(x) >0Vx e F. (11)
For each sg € Q, p(so) = %p(TSo) and for 7 > 0 small, 75¢ € int @, therefore of
(10) we have p(sg) > 0 Vso € int @, that is,
p € Q"\{0} (12)
and, (11) and (12) imply that p is a solution of the system (2).H

3. Conditions of optimality

This Section is divided in three subsections. In Subsection 3.1, we study the scalar
optimization problem, i.e. when the objective function is real-valued; in 3.2 we es-
tablish and prove the scalarization theorem, this theorem will be important because
relationship the optimal solution of the scalar problem with the vectorial problem,
and in 3.3 we use the above result to obtain optimality conditions for the vectorial
problem (P).

3.1. Conditions of optimality for scalar problems

Now, we consider the following scalar optimization problem:

Minimize 6(z)

PM
—g(x) € K (PM)
reSCE
where F/, G are Banach spaces, G is ordered by the closed convex cone with nonempty

interior K, 0: E — R, g : E — G are continuous and .S is a nonempty open subset of
E.

subject to

Theorem 6. We assume that the functions in the problem (PM), 6 and g are pre-
mvex functions with respect to the same n and are directionally differentiable. Let T
be a solution of (PM). Then, there exist a« > 0 and p* € K*, not simultaneously zeros
such that

(a8)'(Z,n(7,y)) + (0" 0 9)' (@, n(T,y)) >0,YVy € S



(u*, 9(z)) = 0.

Proof: From the hypotheses make, we have that the feasible set F := {z € S :
—g(x) € K} is invex with respect to 7.
Let T be the solution of (PM). In this case, the system

- [ 9(5”;(;)9@ ] € int(R; x K)

has no solution x € F.
From Theorem 5, we have that there exists p = (7,v*) € (Ry x K*)\{(0,0)} such
that
7[0(z) — 0(T)] +v* o g(z) > 0,Vz € F (13)

consequently
v*og(T) = 0. (14)

We observe that for each ¢ > 0 sufficiently small, we have T+en(z,y) € F,Vy € S
since F is invex with respect to 7.
From (13) and (14) we obtain
i 7@+ en(@ y)) — 70(x) + 0" 0 g(T +en(@,y)) — v og(@) _ (15)

e—0+ 5

= (19)'(,n(Z,y)) + (v" 0 9)'(F, n(Z,y)) 2 0.
Setting in (15) oo = 7 e p* = v*, we obtain the desirable result.ll

3.2. A theorem of scalarization

We will consider the following optimization problem

Minimize  f(z)
(P1)
subject to z €T

where f : E — F, ' C E, E and F' are Banach spaces, F' is ordered for the closed,
convex cone () with nonempty interior.
The following theorem of scalarization is true for the problem (P1):

Theorem 7. Assume that in (P1) the function f is pre-invex with respect to n in the
set T' and that the feasible set ' is invex with respect to n. If x* € T" is a weak efficient
solution of (P1), then there exists w* € Q* \ {0} such that

w'o f(z*) <w*o f(x), Vo eT.



Proof: We consider the following sets
U={ueF:0<pu}; V:i={veF:v=p f(z*)— f(z), for some z € T'}.

Since z* is a weak efficient solution of (P1), we obtain UNV = @.
In fact, assume the contrary, that is, that there exists z € U N V.
In this case, there exists € T' such that 0 < 2z <p f(2*)— f(z) and consequently,

f(z) <p f(z*), x €T.

But this is a contradiction with the fact that «* is a weak efficient solution of (P1).
Then, UNV = @.

U is obviously open and convex (because U = int ) and @ is convex).

In view of the fact that the function f pre-invex and the set I' is invex, we have
that V' is convex.

In fact, let v1,v2 € V and A € (0, 1). Then, there exist z1,xo € I such that

v Zp f(a") = f(21) e v2 Zp f(z7) — f(z2).
It is easily see that
Mop <p Af(2) = Af(z1) e (1= Nz <p (1= X)f(z") = (1= X)f(22)
and we deduce that

vy + (1 — )\)'UQ Ff($*) — [)\f(l‘l) + (1 — )\)f(l‘g)]
)

=
= rf(@") = f(z2 4+ An(zy, 22)

where the last inequality is consequence of the pre-invexity of f. Since I" is an invex
set with respect to 1, we have x5 + An(x1,z2) € T and, therefore, V' is convex.
From Hahn-Banach Theorem, there exists w* € F*\{0} such that

(w*,v) <0< (w*,u), Yue U ,YveV.

The second inequality implies (w*,u) > 0,Vu € int Q.

But, @ is convex with nonempty interior, and then is verified that int Q = Q (v.
[7], p- 413) and this implies w* € Q*.

We observe that for each « € T', we have f(z*) — f(z) € V, moreover

(w*, f(z*) — f(z)) <0,Vz e T.

3.3. Conditions of optimality for vectorial problems

In this section, we obtain optimality conditions for the problem (P).
Observe that the weak efficient solutions of a vectorial pre-invex functions are
completally characterized by a estationary condition. In fact:



Theorem 8. Let f : Q C E — F be a pre-invex function on S C Q with respect to
n and are directionally differentiable. Then, T is a weak efficient solution of f on the
open set S if and only if

(W o f) (@ n@,y) >0 (16)
Yy € S,Vw* € Q*.

Proof: Firstly we show the implication (=). We assume that T is a weak efficient
solution and that (16) is not true.
In this case, there exist y € S and w* € @Q* such that

(W o f)' (@, n(F,y)) <0. (17)

Since S is open and T € S, we have that Z + An(Z,y) € S, for A > 0 sufficiently
small.
From (17), we obtain

i oS @+ (@, y)) —w” o f(2)

<0
A—0+ A

and, therefore, for A > 0 sufficient small, we get

w*(f(T+ (T, y)) — f(T)) <0.
Since w* € Q*, w* # 0, we have

f@+M(T,y)) <r [(Z)

with T + An(Z,y) € S. This is a contradiction whit the fact that T is a weak efficient
solution.

Now, we prove the reverse implication (<).

To done this, we assume that is true the condition (16) and that T is not weak
efficient solution.

In this case, there exists y € S such that f(y) <r f(T).

Let w* € @* \ {0} (it is possible to show that Q* # {0}; see [9]) and we obtain

W o fly) —w" o f(7) < 0. (18)
Then,
0< (W o f) (@@ y) <w ofly) —w of(@) <0
(where the first inequality is obtained from the hypothesis done, the second follows

of Lemma 3 and the third from (18)) and therefore this is absurd.l

The finite dimensional version of the Theorem 8 is in [1], Teorema 2.2, p. 24.
Next, we give some optimality conditions (necessary and sufficient conditions) for
the problem (P).



Theorem 9. (Necessary condition) Assume that in the problem (P) the functions f
and g are pre-invex with respect to the same n, are directionally differentiable and the
set S is invex with respect to n. If T is a weak efficient solution of (P), then there
exist \* € Q*, u* € K*, not all zeros such that

A o ) (@, n(T,y) + (u* 0 g) (T, (T, y)) >0,Vy € F

(n",9(z)) = 0.
Proof: From the hypotheses done, we have that the feasible set F is invex with
respect to 7. By using Theorem 7 , there exists A* € Q*\{0} such that

Ao f(T) < Ao f(z),Vz € F.

Then, by applying Theorem 6 , there exist a > 0 and p* € K* not all zeros such
that

a(X" o f)(T,n(E,y) + (1" og) (T, (T, y) >0,y F,

(u*,9(x)) = 0.

It is sufficient set A* = a\* and we obtain the desirable result.l

Theorem 10. (Sufficient condition) Assume that in the problem (P) the functions f
and g are pre-invezr with respect to to the same function n, directionally differentiable
and that the set S is invexr with respect to n. If there exist T € F and (\*,pu*) €
Q* x K*, with \* # 0 such that

(AN o f)(Z, (T, x) + (u* 0 9)' (@, n(T,x)) >0,YVy e F (19)

(n*,9(T)) = 0. (20)

Then T is a weak efficient solution of (P).

Proof: Assume the contrary, that is T is not a weak efficient solution of (P).
Then, there exist z € F such that f(z) <p f(T) and since \* € Q*, \* # 0, by using
Lemma 4, we have \*(f(z) — f(Z)) < 0 and using Lemma 3, we obtain

(A" o ) (®,n(T, x)) <0. (21)
Also, we have
(10 9) (@, n(T,x)) <p*og(x) —p og(T) <0

where the first inequality is obtained from Lemma 3 and the second by the feasibility
of x and of (20). Consequently, we have

(1" og) (@ n(x,x)) <O0. (22)

10



Adding the inequalities (21) and (22), we obtain

(A" o )@, (7, ) + (u* 0 9)' (T, (T, 2)) < 0.

This is a contradiction with (19), because x € F.
Therefore, T is a weak efficient solution for (P). B

Remark 1. We observe that \* can be 0, in this case of the problem is called ab-
normal. To obtain \* # 0 is necessary some restrictions on the data, maybe the most
popular is the following condition:

Slater regularity condition: 3 xy € F such that g(xz¢) < 0.

Lemma 11. On the hypotheses of the above Theorem, if the Slater regularity con-
dition is verified, then \* # 0.

Proof: In fact, supose that the hypotheses of the Theorem 10 is verified and the
Slater regularity conditions is true. If we consider A* = 0, we will prove a contradic-
tion. To done this, we observe that there exists u* € K*\{0}, such that

(1" 0g)(@,n(T,y) >0,Vy e F (23)

and
(1", 9(z)) = 0. (24)

But,
(1" 0g) (@ n(T,20)) < p*oglxe) —p* og(T) (25)

= prog(wo) <0

(where the first inequality is consequence of the Lemma 3, the equality is obtained
(24) and the last inequality from g(z¢) <r 0 e p* # 0). This is a contradiction with
(23). Consequently, \* = 0.0

4. Global weak efficiency

In this Section we will consider the following optimization problem

Minimize  f(x)
(P1)
subject to z €T
where f : E — F,I' C E, E and F are Banach spaces, F' is ordered by the cone,
closed, convex, pointed and with interior nonempty Q.

We will call g € ' a global weak efficient solution for the problem (P1) if it
is a weak efficient solution of f on the set I', in the sense of the Definition 2.

11



Also, we will say that g € T is local weak efficient solution for the problem
(P1) if there exists some neighborhood N of x such that x¢ is a weak efficient solution
of f on the set ' N V.

Now, we will proof that if f is a pre-invex function in the problem (P1), then local
efficiency implies global efficiency. In fact, we have

Theorem 12. If f is pre-inver with respect to n and the set T' is invex with respect
to n, then all solution weakly efficient local of (P1) is one solution weakly efficient
global of (P1).

Proof: Assume that the function f is pre-invex on I' and that Z € I' is a local
weak efficient solution of (P1) but that is not global.
Then, there exist 2’ € T" such that

f(@) — f(2) € int Q. (26)

Since f is pre-invex and I is invex (with respect to 7)), there exists a function
n: E x E — E such that T+ an(a’,7) € T for each a € (0,1) and

f(@+an(a’, 7)) <p af(@)+ (1 - a)f(Z)

or equivalently,
af(@)+ (1 -a)f(@) - f@+an(a,7) € Q
or

a(f(@') = f(@) + f(T) = f(@ + an(a’, 7)) € Q,Va € (0,1). (27)

Since @ is a pointed cone, from (26) and (27) we obtain n(z’,T) # 0.
We observe

f@) = f@+an@,7) = [a(f(2") - f(@)) + f(@) - f(@+ an(a’,7))]
+a(f(@) - f(2"))
€ Q+intQ CintQ,Va € (0,1)

this is contradiction with the optimality of the point 7.l

References

[1] R. Osuna Gémez, ”Programacién con objetivos miltiples: dualidad ”, Doctoral
tesis, Universidad de Sevilla, (1995).

[2] B. D. Craven, ”Control and optimization ”, Chapman & Hall, (1995).
[3] J. Jahn, ”Scalarization in vector optimization ”, Mathematical Programming,

29 (1984) 203-218.

12



M. A. Hanson e B. Mond, ”Convex Transformable Programming Problems and
Invexity ”, Journal of Information and Optimization Sciences, 8 (1987), 201-207.

B. El Abdouni e L. Thibault, ”Lagrange multipliers for Pareto nonsmooth pro-
gramming problems in Banach spaces ”, Optimization, 26 (1992),277-285.

M. Sakawa, ”"Fuzzy sets and interacive multiobjective optimization” Plenum
Press, (1993).

N. Dunfort e J. Schwarz, ”Linear operators”, part I, Interscience Publishers
(1957).

Shouyang Wang, Zhongfei Li e B. D. Craven, ”Global efficiency in multiobjective
programming” , Optimization, 45, (1999), p. 369-385.

I. V. Girsanov, ”Lectures on mathematical theory of extremum problems”, Lec-
ture Notes in Economics and Mathematical Systems, 67 (1972).

R. Osuna-Goémez, A. Rufidn-Lizana e P. Ruiz-Canales , ”Multiobjective Frac-
tional Programming with Generalized Convexity 7, Sociedad de Estadistica e
Investigacién Operativa Top 8 (2000), no. 1, 97-110.

R. Osuna-Gémez, A. Beato-Moreno e A. Rufian-Lizana, ”Generalized convexity
in multiobjective programming ”, Journal of Mathematical Analysis and Appli-
cations 233 (1999), 205-220.

R. Osuna-Gémez, A. Rufidn-Lizana e P. Ruiz-Canales, ”Invex functions and
generalized convexity in multiobjective programming ”, Journal of Optimization
Theory and Applications, vol. 98 (1998), 651-661.

D. G. Luenberger, ”Optimization by vector spaces methods ”, John Willey &
Sons (1969).

O.L. Mangasarian, ”Nonlinear Programming”, McGraw-Hill, New York, (1969).

K.H. Elster and R. Nehse, ”Optimality conditions for some Nonconvex Prob-
lems”, Springer-Verlag, New York, 1980.

M.A. Hanson ”On sufficiency of the Kuhn-Tucker Conditions ”, Journal Math-
ematical Analysis and Applications 80, 545-550 (1981).

M.A. Hanson, ”Invexity and the Kuhn-Tucker Theorem”, Journal of Mathe-
matical Analysis and Applications 236, 594-604 (1999).

13



