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Abstract. In this paper, the criteria of the saddle point type for a general form of complex multi-objective
programming problems are derived where the objective function of the problem is considered full complex.
The criteria with/without differentiability assumptions imposed in the involved functions are developed.
It is shown that the efficient solutions can be characterized in terms of saddle points whether the functions
are differentiable or not. The obtained theoretical results are generalizations of their real correspondents in
literature and complete the results in complex space.

1. Introduction

By a nonlinear muli-objective programming problem in complex space, we understand two or more
objective complex functions to be minimized with respect to a complex domination cone over a complex
feasible region. The concepts of efficient solutions and saddle points play the crucial roles in solving such
problems. In the last decades, a number of papers has extended different aspects of the optimization theory
from real to complex space being its important in variant applied fields of the electrical engineering and
networks.

In [1], Abrams had given Kuhn-Tucker type saddle point optimality criteria for a scalar complex pro-
gramming problem, having a real part objective function, under analyticity hypotheses for the objective and
constraints functions. In [4], some saddle points optimality criteria were given for that problem without
differentiability.

The multi-objective programming problem in complex space had been formulated in [5] by Duca where
the definitions of efficient and properly efficient solutions were introduced and characterized in terms of
optimal solutions of a related scalar optimization problem. Necessary and sufficient efficiency criteria
were established with/without differentiable hypotheses about the functions and many of the criteria were
characterized in terms of saddle points.

However, the entries of the objective function in literatures were expressed as real. In [15], we ex-
tended the complex problem to contain a full complex objective function, and the optimality conditions
were derived. In [7], we introduced the concept of efficient solutions, for a generalized complex vector
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optimization problem in which the objective function was considered complex. The solutions were char-
acterized by optimal solutions of a related scalar problem and the efficiency conditions were investigated.
Recently, some concepts of proper efficiency were extended for vector optimization problems in [16]. For
more details concerning this type of optimization problems, the attentive reader can refer additional works
like [2, 3, 6, 10, 12-14] in real space, and [8, 9, 11] in complex space.

In this work, we introduce the Lagrangian function and saddle point concepts for the extended form
of multi-objective programming problems in complex space, taking also into account both the real and the
imaginary parts of the objective functions, and investigate saddle point theorems due to Kuhn-Tucker and
Fritz John in the cases of differentiability and non-differentiability. The analysis carried out here is based
on a complex domination cone.

2. Notations and preliminaries

This section is concerned with gathering basic definitions that will be used throughout the paper. Let

AT, A'and A" denote the transpose, conjugate and conjugate transpose for a matrix A € C"*", respectively.
A vector z € C" is considered as a column matrix.

Definition 2.1. A non-empty set S ¢ C" is said to be

(1) convex iff AS+(1—-A)SCS, for0SA L1,
(2) coneiff ASC S, for A 2 0,

(3) polyhedral cone iff S = ﬁHuk, where H,, := {z €C":Reuz 2 0},f0r some vectors uy, ..., u, € C" and
integer p > 0. =
Definition 2.2. The dual S* of a non-empty set S C C" is defined as
S = {zeCm:weSzRe (z, w)zReszgO}.
Lemma 2.3. The set S ¢ C™ is closed iff S = (5*)".
Definition 2.4. A convex cone S C C" is pointed iff S N (—=S) = {0}, and it is solid iff int S # 0.
If S ¢ C™ is a pointed closed convex cone, S generates a partial order in C" by z S wiffw -z € S.
Definition 2.5. For a closed convex cone S € C" and zy € S, S(zp), cone S at zy, is defined as
S(zp) := {ZGC’” :Rew'zp =0, we S = Rew'z > 0}.

In the case that S is polyhedral, 5(zp) is then the intersection of closed halfspaces containing z on their
boundaries. Note that zg € S(zg), —z¢ € S(zp) and S C S(zp).

Definition 2.6. For a closed convex cone S in C", the function g : C" — C™ is said to be convex with respect to S iff
(1= MNg(zo0) + Ag(z) — g((1 = A)zo + Az) € S,
forallzp, ze C*and 0 S A £ 1.

As g is differentiable, the above condition is equivalent to

9(2) = g(20) = V= g(z0)(z — 20) = Vz 9(20)(z - 20) € S,

where (j, k) elements of the matrices V. g(zp) and V: g(zo) are a‘?—g)) and «Py(;,-z_(Tzkw, respectively.

The function g is said to be concave with respect to S iff —g is convex with respect to S.
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3. Vector optimization problems in complex space

We consider the generalized vector optimization problem:

min f(z) = (f1(2), ..., f,(2)) (TP)
subjecttoz e M :={z € X :g(z) € S},

where X is a non-empty subset of C", f : X — C? and g : X — C™ are two vector-valued functions, and S is
a cone in C".

The following definitions of complex constraint qualifications due to Kuhn-Tucker and Slater are given
in [5].

Definition 3.1. Let S be a polyhedral cone in C™. The function g ia said to satisfy complex Kuhn-Tucker constraint
qualification at a point zo € X with respect to M (briefly, zo is a qualified point) iff for all z € C"\ {0} satisfying

V. 9(z0)z + V= 9(z0)Z € S(9(z0)),

there exist € > 0 and a differentiable arc § : [0, e[— C" such that B(0) = zo, VoB(0) = kz for some k > 0, p(0) € X
and g(B(0)) € S forall 6 € [0, ¢[.

Definition 3.2. Let S be a subset of C™. The function g ia said to satisfy complex Slater constraint qualification with
respect to M iff int S # (0 and there exists a point z € X satisfying g(z) € int S.

3.1. Efficient solutions criteria

The concept of efficiency of problem (TP), relying on the decision maker’s preferences, is introduced in
[7] as the following.

Definition 3.3. Let T C CP be a pointed closed convex cone and z be feasible. The point zy is called an efficient
solution of (TP) with respect to the cone T iff there is no other feasible z # zo such that

f(zo0) — f(z) € T\ {0}.
In other words, zj is an efficient solution of (TP) with respect to T iff
[fM) = f(zo)] N (=T) = {0}.

Remark 3.4. If T = R, + iR?, where R, is the non-negative orthant of R?, Definition 3.3 descends definition of
Duca [5] which recaptures the definition of Pareto point in real space.

Extensions to Kuhn-Tucker and Fritz John conditions in complex space may be stated as follows.
Definition 3.5. A vector (z,7,v) € X X T* X S§* is said to satisfy
(i) complex Fritz John efficiency conditions for problem (TP) iff
™V, f(2) +17Vz f(z) - V. g(z) - 0"Vz g(z) = 0, (1)
and
Re oM g9(z) =0, )

with (t,v) # (0,0).
(ii) complex Kuhn-Tucker efficiency conditions for problem (TP) iff (1) and (2) are satisfied with T # 0.

A complex versions of a Fritz John necessary conditions theorem for efficiency can be provided as
follows.
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Theorem 3.6. Let T be a pointed closed convex cone in CP, S be a polyhedral cone in C™, f and g be differentiable
functions at a point zg € M. If zg is an efficient solution of problem (TP) with respect to T, then there are tg € T* and
v € S*such that (zo, To, vo) satisfies complex Fritz John efficiency conditions for problem (TP).

Proof. Equation (2) can be written as
vTﬁ + ot 9(z) =0,
or

[9(2)1"0 + [9()]"T = 0.

Assume that there isno 7 € T and v € S* satisfying complex Fritz John efficiency conditions. It follows
that the system

V. f(z0) o 1

Vz f(20) 0
=V. g(z0) 9(z0)
=Vz g(z0) 9(z0)

=0;0% ET'XT* XS XS,

QI Al A
QA I Al A

has no nonzero solution.
By complex Gordan's alternative theorem, and closedness of both S and T, there exist p € C" and g € C such
that

V. f(z0) 0
| Vzf(z0) 0 p ) = =
V. g(z0) 7(z0) [ q ]emt (TXTxSx%S),
=Vzg(z0)  9(z0)
ie.,
-V, fzo)peint T, 3)
—Vz f(z0) p € int T, 4)
V. 9(z0) p — 9(z0) q € int S, ®)
and
Vz g9(z0) p — 9(z0) q € int S. (6)

Conjugating (6) and adding to (5) yields
V. 9(z0) p + Vz 9(z0) p — 9(z0)[q + q] € int S.
Now, since g is differentiable at zy, then we can choose t > 0 sufficiently small, such that zp + tp € X and

9(zo + tp) = g(z0) +tV, g(z0) p + tVz g(z0) p + o(t),

where @ — 0,ast — 0.

Then

g(zo +tp) = [1+tg+q)]g(zo) +t[V: g(z0) p + Vz g(z0) p — 9(z0)(q + 9)] + o(t)
eS+intScSs,
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thus zg + tp is feasible to problem (TP).
Similarly, conjugating (4) and adding to (3) gives

—[V; f(zo) p + Vz f(z0) p] € int T.
The differentiability of f at zp implies, for sufficiently small t > 0,
f(zo +tp) = f(z0) + £Vz f(z0) p + tVz f(20) P + 0(8),

and so

f(zo +tp) — f(z0) = t[V: f(z0) p + Vz f(z0) p] +o(t) € —int T,

which means

f(z0) = f(zo + tp) € int T C T\{0}.

This contradicts the assumption that zj is an efficient solution of (TP) with respect to T, and whence the
proof is completed. O

The following is a generalization of a Kuhn-Tucker necessary conditions theorem for efficiency in
complex space which illustrates that the cases at which 7y = 0, are excluded from the above theorem.

Theorem 3.7. Let T be a pointed closed convex cone in CP, S be a solid polyhedral cone in C™, f and g be differentiable
functions at a feasible qualified point zy. If zo is an efficient solution of (TP) with respect to T, then there are g € T*
and vy € (5(g(z0)))* C S* such that (zo, To, vo) satisfies complex Kuhn-Tucker efficiency conditions for problem (TP).

Proof. Since g(zo) € S(g9(z0)) and —g(z0) € S(9(z0)), then vy € (S(g(z0)))" implies Re vg g(zo) Z 0and Re v{)" g(z0)
0, and thus (2) holds.

In order to prove (1), assume inversely that there isno 0 # v € T* and v € (5(g(z0)))* satisfying (1), it follows
that there is no a solution for the system

[ V. f(20) ]H[ T ]_[ V. g(z0) ]H[ v ]_0
Vz f(z0) T Vz 9(20) v

0#| T |erxT| & | st x Gae

By using complex Motzkin's alternative theorem, it follows that there exists a solution p € C" to the system

—[ z; ;Zg; ] p e int (T T),[ g; ZZZ; ] p € S(g(z0)) X 5(7(z0)),
hence

V. f(z0) p—Vz fzo) p € int T, )
Similarly,

V2 g(z0) p + Vz g(20) p € 5(9(20))- (8)

Since zj is qualified, then (8) leads to the existence of a differentiable vector function f(0) defined on [0, [
such that (0) = zo, VoB(0) = kp, B(O) € X and g(B(0)) € S for O € [0, ¢[, ¢, k > 0. From feasibility of f(6) for
0 € [0, €[ and efficiency of zj to (TP), we have for 0 € [0, ¢],

f(BO) = f(B(O)) & T\{0}.
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The differentiability of f at zg = f(0) yields

=V f(BO0)(B(O) — B(0)) = V= F(BO)(B(O) - B(0)) — 0(6) ¢ T\{0},

where %9) —>0,as 6 — 0.

Also the differentiability of § at @ = 0 implies

=V= f(BO)(Ve B(0)0) — V= f(B(0)(Ve B(0)O) — 0(0) & T\{O}.
Thus

=V= f(BO) (Ve B(0)) — Vz f(B(0)(Ve B(0)) ¢ T\{0}.
Since B(0) = zo and Vg B(0) = kp for some k > 0, we get

=V f(z0) p = Vz f(20) p  T\{0}.

This contradiction with (7) ensures that there exist 0 # 79 € T*and vy € (5(g(20)))" such that (1) is satisfied. [J

3.2. Saddle point criteria

The saddle point concept gives an alternative way to characterize the efficient solutions and to establish
efficiency conditions. In this subsection we give the saddle point criteria for nonlinear complex multi-
objective programming problem (TP) with and without differentiability hypothesis of both f and g. We
start off by defining the Lagrangian function L(z, 7, v) corresponding to problem (TP):

L(z,7,v) = Re 7! f(z) —Re o' 9(z)
forze X, 7€ CPandv e C".

Definition 3.8. A vector (zg, To,vg) € X X T* X §* is said to be a

(i) complex Fritz John saddle point for the Lagrangian function L(z, T, v) of problem (TP) iff
L(ZOI To, U) é L(ZOI To, UO) é L(Z/ To, Z)0)/ (9)

forall z € X and v € S* with (to,v9) # (0,0),
(ii) complex Kuhn-Tucker saddle point for the Lagrangian function L(z, T, v) of problem (TP) iff (9) is satisfied for
all z € X and v € S* with Ty # 0.

3.2.1. Saddle point conditions without differentiability

We establish the basic saddle point theorems for non-differentiable multi-objective programming prob-
lem (TP). A complex version of a Fritz John saddle point necessary conditions theorem for efficiency can be
stated as follows.

Theorem 3.9. Let X be a non-empty convex subset of C", T be a pointed closed convex cone in CP and S be a solid
polyhedral cone in C™. Assume f is convex with respect to T and g is concave with respect to S. If zg is an efficient
solution of problem (TP) with respect to T, then there exist Tg € T* and vy € S* such that (zo, T, Vo) is a complex
Fritz John saddle point for the Lagrangian function L(z, T, v) of problem (TP).

Proof. If zj is an efficient solution of (TP) with respect to T, it follows that the system

f(z0) — f(z) €int T,
g(z) €S,
ze X
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is inconsistent.
In view of Theorem 5.1 of [8], there exist 7 € T* and vy € S* with (7¢, v9) # (0,0) such that

Re T?[f(Zo) - f(z)] + Re v{fg(z) <0, (10)

forallz € X.

By letting z = z, the above inequality yields Re v{g(z) < 0.
But since vy € S* and g(zp) € S, we have Re vgl g(zo) Z 0.

It follows that

Re v g(zp) = 0. (11)

From (10) and (11),

L(ZOI To, Z)0) - L(Zr To, UO)

Re Tg[f(zo) — f(@)] = Re Ug[g(zo) —9(2)]
Re 7 [f(z0) — f(2)] = Re vy g(z) £ 0.

This proves the second inequality of (9).
On the other hand, using (11), we have for all v € S,

L(zo, T0,0) — L(z0, T0, v0) = Re (vf — v™)g(z0) = —Re 0" g(z0) £ 0.
This proves the first inequality of (9). O

In the cases where 7¢ = 0, it is naturally obvious that the objective function f has moved out from the
conditions. Consequently, we state complex versions of Kuhn-Tucker saddle point necessary and sufficient
conditions theorems for efficiency.

Theorem 3.10. Let X, T, S, f, g be as in Theorem 3.9 above, and further g satisfy Slater constraint qualification with
respect to M. If zy is an efficient solution of (TP) with respect to T, then there exist ©g € T* and vy € S* such that
(20, T0, Vo) is a complex Kuhn-Tucker saddle point for the Lagrangian function L(z, T, v) of problem (TP).

Proof. If zg is an efficient solution of (TP) with respect to T, it follows from Theorem 3.9 above that there
exist 7o € T* and vy € §* with (g, vg) # (0,0) such that (9) is satisfied and moreover, Re véi g(z0) = 0.
If 79 = 0, then vy # 0. The second inequality of (9) implies

Re Uglg(z) <0, (12)

forallz € X.
Since g satisfies Slater constraint qualification with respect to M, there exists a point z; € X such that
g(z1) € int S and so Re ng g(z1) > 0 which contradicts (12). Therefore 79 # 0. O

The following theorem provides us that if we find a saddle point (zo, 7o, vp) of the Lagrangian function
L(z,7,v) of problem (TP), then z, is an efficient solution of the problem. The theorem does not require the
convexity assumptions on the complex problem.

Theorem 3.11. Let S be a closed convex cone in C™ and T be a pointed closed convex cone in CF. If a vector (zo, To, Vo)
is a complex Kuhn- Tucker saddle point for the Lagrangian function L(z, T, v) of problem (TP) with Ty € int T*, then
zo is an efficient solution of (TP) with respect to T.

Proof. Since (zo, T, v9) is a complex Kuhn- Tucker saddle point for the Lagrangian function L(z, t,v) of
problem (TP), then for all vy € S*, the first inequality of (9) implies

Re (véi - vH)g(zo) <0. (13)

By letting v = w + vy, the above inequality yields Re w g(zg) 2 0 for all w € S*.
Therefore, g(zo) € (5*), which means, from (5*)* = S, that zj is a feasible point to problem (TP).
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On the second hand, putting v = 0 in (13) gives Re v g(z0) £ 0.

Because v € S* and g(z) € S, we get Re vf g(z0) 2 0.

Thus Re v} g(z0) = 0.

Consequently, for any feasible point z, the second inequality of (9) leads to

Re Th[f(z0) — f(2)] < ~Re 0} g(2) < 0. (14)

If we suppose that zj is not an efficient solution, then there exists 2 € M such that f(z9) — f(£) € T\{0}.
Since 19 € int T, we get

Re 1§/ [f(z0) - f(8)] > 0,

which contradicts the inequality (14). Hence, z is an efficient solution of (TP) with respectto T. [

3.2.2. Saddle point conditions with differentiability

In this subsection, necessary and sufficient conditions for a saddle point for the Lagrangian function
L(z, 7,v) of problem (TP) are established in the presence of convexity and differentiability.

The following is a generalization of a Fritz John sufficient conditions theorem for a saddle point.

Theorem 3.12. Let T be a pointed closed convex cone in CP, S be a solid polyhedral cone in C™, f and g be differentiable
functions at a feasible point zg at which f is convex with respect to T and g is concave with respect to S. If (zo, To, Vo)
satisfies complex Fritz John efficiency conditions for problem (TP), then (zo, To, Vo) is a complex Fritz John saddle
point for the Lagrangian function L(z, T, v) of problem (TP).

Proof. If (zo, 0, vo) satisfies complex Fritz John efficiency conditions for problem (TP), then equation (2)
leads, directly for all v € S, to

L(zo, T0,v) — L(z0, T0, v0) = Re (vf — v")g(z0) = —Re v"g(zo) < 0.

This proves the first inequality of (10).
In order to prove the second inequality, we find, for any z € M, that

L(zo, 7o, v0) — L(z, T0, v0) = —Re TH[f(z) — f(z0)] + Re vf [9(z) — g(z0)]-

By using the definition of differentiability and convexity of both f and g, we obtain

L(z, t0,v0) — L(zo, T0,v0) £ —Re [tV f(20) — 1} V= f(20)1(z — 20)
+Re [08V g(z0) — 0] V= 9(z0)1(z — 20),

for any z.
Thus by equation (1), we have

L(Zo, To, Uo) é L(Z, To, Uo).
|

Of course Theorem 3.9 still true in the case that f and g are differentiable.

Corollary 3.13. Let T, S, f and g be as in Theorem 3.12 above. If zy is an efficient solution of (TP) with respect to T,
then there exist to € T* and vy € (5(g(20)))* C S* such that (zo, T, Vo) is a complex Fritz John saddle point for the
Lagrangian function L(z, T, v) of problem (TP).

Proof. The proof follows directly from Theorems 3.6 and 3.12 above. [

Now the theorem of Kuhn-Tucker sufficient conditions is introduced.
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Theorem 3.14. Let T, S, f and g be as in Theorem 3.12 above. If (zo, To, vo) satisfies complex Kuhn-Tucker efficiency
conditions for problem (TP), then (zo, To, vo) is a complex Kuhn-Tucker saddle point for the Lagrangian function
L(z,7,v) of problem (TP).

Proof. The proof is analogous as of Theorem 3.12 above. [J

Corollary 3.15. Let T, S, f, g be as in Theorem 3.12 above, and moreover zo be qualified. If zy is an efficient solution
of (TP) with respect to T, then there exist 1o € T* and vy € (S(g(z0)))* C S* such that (zo, o, Vo) is a complex
Kuhn-Tucker saddle point for the Lagrangian function L(z, T,v) of problem (TP).

Proof. The proof follows from Theorems 3.7 and 3.14 above. [

Theorem 3.16. Let T and S be as in Theorem 3.12 above. If (zo, To, Vo) is a complex Kuhn-Tucker saddle point for the
Lagrangian function L(z, T, v) of problem (TP), then (zo, T, vo) satisfies complex Kuhn-Tucker efficiency conditions
for problem (TP).

Proof. If (zo, T, v9) is a complex Kuhn-Tucker saddle point for the Lagrangian function L(z, 7, v) of problem
(TP), it follows, as in the proof of Theorem 3.11 above, that z is feasible to (TP) and for any feasible point z,

Re t'[f(z) — f(z0)] 2 0.
This means that zj solves the scalar problem

min Re Tl f(z)
subject toz € M,

with 0 # 19 € T".
This implies, by using of Theorem 2.4.11 in [5] the existence of vy € (S(g(z0)))* such that

V. 8 f(z0) + V= 8 f(20) — o8V, 9(z0) — vy V= 9(z0) = 0,
and
Re vglg(zo) =0.

Since 7 is a constant vector, then equations (1) and (2) follow. Hence (zo, To, vo) satisfies complex Kuhn-
Tucker efficiency conditions for problem (TP). [

4. Conclusion

In this paper, the notions of Fritz John and Kuhn-Tucker saddle point have been introduced, and the
criteria of the saddle point have been established for a generalized form of the multi-objective programming
problem in complex space taking into consideration the two parts of the objective vector. The efficient
solutions of the problem has been characterized in terms of saddle points whether the functions are
differentiable or not. The results generalize the parallel ones in real and complex spaces.
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