Commun. Optim. Theory 2024 (2024) 28 https://doi.org/10.23952/cot.2024.28

g—?@ Communications in Optimization Theory

MATHRES Available online at http://cot.mathres.org

EFFICIENCY CONDITIONS FOR NONCONVEX MATHEMATICAL
PROGRAMMING PROBLEMS VIA WEAK SUBDIFFERENTIALS

TRAN VAN SU

Faculty of Mathematics, The University of Danang
University of Science and Education, Da Nang 550000, Vietnam

Dedicated to Professor Elijah Lucien Polak on the occasion of his 90th birthday

Abstract. In this paper, we study some new characterizations for the weak subdifferentials with lower Lipschitz
functions in real normed space and its applications to nonconvex mathematical programming problems having set,
inequality and equality constraints. First, some new properties of the weak subdifferential and the argumented nor-
mal cone are formulated. Second, the fuzzy sum rules, in general, in terms of weak subdifferentials are proposed.
Third, we derive some necessary and sufficient optimality conditions for having the global minimum. Finally,
some necessary and sufficient optimality conditions for the (weak) efficiency of such problems are obtained.
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1. INTRODUCTION

The current paper aims at contributing to the nonconvex mathematical programming theory
and the necessary conditions for having the global minimum. Our work here can be viewed as
the continuation of the scientists during the last twenty years concerning the weak subdifferen-
tials and augmented normal cones; see (2, 4, 5, 6,9, 12, 15, 16, 17, 18, 19, 20, 21, 22] and the
references therein. As far as we know, Subgradients play a crucial role in the constructing the
weak subdifferential notion and the augmented normal cone notion. Note that the weak subd-
ifferential and the augmented normal cone have a compatible relationship involving indicator
functions. The concept of weak subdifferential was first proposed by Kasimbeyli - Inceoglu
- Mammadov in Refs. [2, 9], which is an overview of the classical subdifferential notion in
real normed space. The concept of augmented weak subdifferential that we introduce for a
vector-valued mapping in Definition 2.7 has not been reviewed before; see [18] and the cited
references therein. We observe that the authors [18] provided only the concept of second-order
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classical subdifferential for a vector-valued mapping and then they obtained some properties
of second-order scalar subdifferentials. Thus, the definition 2.7 in our paper is really useful
and is a significant deterministic method to investigate nonsmooth nonconvex mathematical
programming problems in infinite-dimensional space. For this goal, some the fuzzy sum rules
for the augmented weak subdifferential and the weak subdifferential are formulated and then
they are employed in deriving necessary and sufficient optimality conditions for the (weak) effi-
ciency of a nonconvex mathematical programming problem having set, equality and inequality
constraints. Also, some important properties of the weak subdifferential, the augmented weak
subdifferential and the weak normal cone are studied in accordance with the class of lower
Lipschitz functions together with the class of indicator functions.

In recent years, finding some key properties of the weak subdifferential and the (augmented)
weak normal cone has been an important subject of study, as is shown in the works of Kasim-
beyli and Mammadov [1, 2] and some other related authors. The author [8] introduced only
the cononical generalized gradient notion and its applications to the nonsmooth mathematical
programs. However, to the best of our knowledge, in most papers in the content of the refer-
ence, some important characterizations of the weak subdifferential/ and normal cone as well
as the fuzzy sum rules are not discovered and, in our literature, in which those concepts are
considered, the necessary and sufficient optimality conditions for efficiency in any nonconvex
mathematical programming problem concerning lower Lipschitz functions are established. The
equivalent formulation between the weak subdifferential and the augmented normal cone is also
presented. We mention once again that the concept of weak subdifferential is provided based
on the use of supporting cones instead of supporting hyperplanes, which was introduced by
the authors in Refs. [3, 10, 11]. Such concept plays a crucial role in nonlinear analysis that
allows establishing necessary/and sufficient optimality conditions for efficiency in any noncon-
vex mathematical programming problems (see [7, 8, 13, 20, 21, 22] for more details). This is
the motivation for our work in the present literature.

The paper is organized as follows. The definition of weak subdifferentials, augmented normal
cones and some preliminaries results are provided in the next section. Some characterizations
of weak subdifferential and argumented normal cone along with some necessary and sufficient
optimality conditions via weak subdifferentials and (augmented) weak normal cones for global
minimum are presented in Section 3. Section 4 is devoted to establishing some necessary and
sufficient optimality conditions in terms of weak subdifferentials for the (weak) efficiency of a
nonconvex mathematical programming problem with set, inequality and equality constraints in
real normed space. Finally, Section 5 presents some conclusions.

2. PRELIMINARIES

Let X be a real normed space with a norm || - ||, and let X* be the topological dual of X. By
(€,x) we denote the value of the continous linear functional £ defined on X at the vector x € X.
Let C be a nonempty subset of X and x € C. Let 6(.,C) be an indicator function of C, that is,

0 if xeC,

8(x,C) =
CO=1 1 itxec

Let R" be a n—dimensional Euclidean space, R’ be a non-negative orthant cone of R", R} ,
be the topological interior of a non-negative orthant cone R | &7, be the set of all continuous
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positively homogeneous subadditive convex functions on R", R be the real numbers set, N be
the positive integer numbers set and let m,n, p,q € N. Let a vector-valued mapping k : X — R".
Then the domain, epigraph and hypograph of the mapping k|¢ are formulated respectively by

domk|c := {x € Clk(x) # 0},

epik|c :={(x,r) e CxR"|r € k(x) + R},

hypok|c := {(x,r) € C xR"|r € k(x) —R"_}.
Definition 2.1. ([2, 14]) Let [ be a real-valued function defined on X and x € X.

(1) I is called lower locally Lipschitz at x if there exist a neighborhood of X, say U, and a
non-negative Lipschitz constant L such that [(x) — [(X) > —L||x — || for every x € U. If
the above inequality holds for every x € X, then [ is called lower Lipschitz at x.

(11) [ 1s called calm at X if there exist a neighborhood of X, say U, and a non-negative calm
constant L such that |/(x) — [(X)| < L|jx — || for every x € U.
It is said that [ is Lipschitz around x if |/(x) — [(y)| < L||x —y|| for every x,y € U. Espe-
cially / is called locally Lipschitz on X, if for each X € X, there exists a neighborhood U
of X such that / is Lipschitz around x. If / is Fréchet differentiable at X, then its Fréchet
derivative at X is denoted by VI(X).

We remark that the class of lower locally Lipschitz functions is wider than the class of calm
functions and so is the class of locally Lipschitz functions.

Definition 2.2. ([1]) The augmented normal cone to C at X is the set
Ne(x) ={(8,r) eX" xRy | (§,x—X) —rllx—X| <0 (Vxe C)}.

Remark 2.3. Note that the augmented normal cone notion is extended from the usual normal
cone notion in Convex Analysis. The set NZ(X) is a nonempty closed convex cone. Observe
sup

that, if ||| < r, then
(6220 <n
xeC\{7} [x —X|

which ensures that (§,r) € N2(X). An augmented normal cone consisting of only such elements
is said to be trivial and formulated by N2™(%). It can be verified that N&(xX) D N2 (x). In the
case C = X, we have N¥™ (x) = N&(%).

Definition 2.4. ([2]) Let f : X — R be a function and X € X be a given point where f(X) is finite.
A pair (€,r) € X* x R is called the weak subgradient of f at X if

fx)—f(x) > (&,x—x) —r|lx—x|| forall x € X. (2.1)
The set

0" f (%) :=A{(8,r) € X* xRy [f(x) = f(X) 2 (§,x—X) —rlx—X|| (VxeX)}
is called the weak subdifferential of f at x. If " f(X) # 0, then f is called weakly subdifferen-
tiable at x. If (2.1) is valid only x € C, where C C X, then we say that f is weakly subdifferen-
tiable at X on C. One uses the symbol dY f(X) to instead of the weak subdifferential of f at ¥ on
C. It is not difficult to verify that 9" f(X) C d¥ f(X). Besides, if f is lower Lipschitz at ¥, then
there exists a non-negative Lipschitz constant L such that (0,L) € 8" f(X) and thus f is weakly
subdifferentiable at Xx.
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Example 2.5. Let a real-valued function f be defined on X, given for all x € X by

)= {o if [ <1,

[lxell i el > 1.
For the illustration let us may take X € C be arbitrary, where the set C is an unit ball of X,
means that C = {x € X|||x|| < 1} C X. Then 9" f(X) = N&(%). In fact, for every (§,r) € NA(%) is
equivalent to (&,x —X) — r|[x — || <0 (Vx € C). Since f(x) — f(X) = ||x|| > 0 forall x € X\ C
and f(x) — f(X) = 0, otherwise. Thus, (§,r) € NZ(X) is equivalent to (§,x —X) — r|lx —X| <
f(x)—f(x) (Vx € X), thatis (§,r) € 3" f(X), which completes the check.

Remark 2.6. ([2]) The nonempty set @" f(X) is closed convex in X* x R . Further, it yields
from Definition 2.4 that the pair (§,r) € X x R is a weak subgradient of f at X € X if and only
if there exists a continuous (super linear) concave function k£ : X — R defind by

k(x) = f(%) + (G, x = %) = rllx —%|| (Vx € X),

satisfies k(x) < f(x) for every x € X and k(X) = f(X), means that k supports f from below.
Therefore, it entails that if f is weakly subdifferentiable at X and (&,r) € 0" f(%), then the
graph of function k becomes a supporting surface to the epigraph of f on X at the point (, f(X)).

Especially, for the gradient of k at X, that is Vk(x), one can achieve that
xX—X
Vk(X) =& —rz, z=17——,
x — x|
which guarantees the bounded of the norm of Vk(X). This result will be useful in estimating the
subgradients for finding the extremal points of a nonsmooth function.

Definition 2.7. Let f : X — R be a vector-valued mapping and X € X be a given point. A triple
(E,Pr) € X* x (£, \{0}) x Ry is called the augmented weak subgradient of f at X if

(P, f(x)— f(x)) > (§,x—X) —r|lx—x]| forall x € X. (2.2)
The set
3 f(E) = {(&.Pr) €X*x(2,\ {0}) xRy

(P.f(x) = F(®) > (Ex—%) —rlx—5]| (VxeX)}

is called the augmented weak subdifferential of f atX. If 9V f(X) # 0, then f is called augmented
weakly subdifferentiable at x. If (2.2) is valid only x € C, where C C X, then we say that f is
augmented weakly subdifferentiable at X on C. One uses the symbol QXC f(%) to instead of the
augmented weak subdifferential of f atx on C. Itis not difficult to verify that ;" f(X) C 9/ f(%).

Example 2.8. Let a R*-valued mapping f be defined on R, given by f(x) = (x,2x,3x) for
all x € R. For the illustration let us take X := (0,0,0) € R®, C =R, and P := (P, P, P;) €
23\ {(0,0,0)}. Then

3
% 1%) = {(&.Pr) R (75 \{0.0.00)) xRy | |E = Rip| < v},

3
%icf®) = {(6.Pn) ERX (P {(0.0.0) xRu| § = Lin <1},

1=
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Indeed, for any (&,P,r) € R x (#5\{(0,0,0)}) xR, (§,Pr) € an(x) is equivalent to

(Gx) —rlx| < (.

Mw

iP)x (VxeR) i

~.
—

Similarly, we calculate that (§,P,r) € )~ f (%) is equivalent to the mequahty E-Y3 |iP<r,
as it was checked.
Definition 2.9. ([5,23]) Let®@ #K C X andx € X.

(i) A function/: X — R has a global minimum at X if /(x) > [(X), Vx € X.

(i’) A function /: X — R has a global maximum at X if /(x) < [(X), Vx € X.

(ii) A function/:X — R has a global minimum atx € K on K if /(x) > [(X) for all x € K.
(ii”) A function/:X — R has a global maximum atx € K on K if /(x) < (%) for all x € K.
(iii) A mapping / : X — R” has a weakly efficient solution at x € K on K if I(x) — [(X) &

—R" , forallx € K.
(iv) A mapping/:X — R" has an efficient solution at X € K on K if /(x) —I(x) & — (R \ {0})
forall x € K.

Remark 2.10. Obviously that condition (iii) implies condition (ii) and moreover this notions
are coincide in the case K = X and n = 1. If / has a global minimum at X € K, then / also has a
global minimum at X on K.

3. SOME BASIC CHARACTERIZATIONS OF WEAK SUBDIFFERENTIAL AND ARGUMENTED
NORMAL CONE

In this section, we study some fundamental characterizations of the weak subdifferential and
the augmented normal cone in real normed space.

Proposition 3.1. Let C C X and f : X — R be weakly subdifferentiable at x € C. Then
3" (%) + N&E) C 9"(f +8(.,C))(X) C ALS(). G.1)

Proof. Let (§,r) € 0" f(X) and (1,s) € N&(X) be arbitrary. For every x € X, it follows from the
definitions that

) = F®) 2 (€, x—F) — rlx =% + (m,x— ) —s|x 3],
which guarantees the following inequality
(f+8(.,0) ) — (F+8(.CHE = (& +1,x—%) — (r+5)llx—x].
Thus, (§ +n,r+s) € " (f+0(.,C))(X), means that the first inclusion in (3.1) is valid.
For the last inclusion in (3.1), we always have
I (f+8(.,C))(F) C AR (F+5(..0)E) = RS,

which follows the claim. O

Proposition 3.2. Let dimX < +oo, f: X — R be a function that attains a global minimum on
C C X atx € C. If —f is weakly subdifferentiable at X, then we have

9" (—f)(X) +NE(X) C NI (%) € NE(R) € o f (). (3.2)
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Proof. By the initial hypotheses, — f is weakly subdifferentiable at x. Making use of Proposition
3.1, we conclude that —f + §(.,C) is also weakly subdifferentiable at X. By taking (§,r) €
" (—f)(X) + N&(X). Under (3.1) it entails that (§,r) € 3" (—f+8(.,C))(%), and thus, one can
reach the following one

—f(x)+8(x,C)+ f(x) = 6(x,C) = (§,x—X) —rllx—x[|, (VxeX).
Since X € C and f attains a global minimum at X, it yields that

02> (=/)x) = (=) F) = (§,x=%) —rlx—x]|, (VxeC),

which ensures that ||£]| < r. Thus, (&,r) € NZ"(xX) C N&(X). Because f attains a global mini-
mum on C at X € C, it follows f(x) — f(X) > 0 for all x € C. Hence, for any (§,r) € N3(X) and
for any x € C, one can obtain that (§,x —X) — r||x —X|| < f(x) — f(X) and so is (3.2). Therefore,
we get the desired conclusions. O

Corollary 3.3. Let dimX < +oo, f: X — R be a function that attains a global maximum on
CC X atxeC.If f is weakly subdifferentiable at X, then we have

9" f(X) + NE(X) C N&™(X) C NE(x) C 9 (— ) (). (3.3)

Proof. Since f attains a global maximum on C at x € C, so is — f attains a global minimum on
C at x € C. In view of Proposition 3.2 with observing — f replacing f, we deduce that (3.3) is
fulfilled, which completes the proof. 0

Corollary 3.4. Let dimX < +oo, f: X — R be a function that attains a global maximum on
CC X atx eintC. If f is weakly subdifferentiable at X, then we have

9" f (%) + NE(E) C NE™ (3) = NE(®) C 9 (— 1) (®). (3.4)

Proof. Taking into account Corollary 3.3, it suffices to show that N2™(X) D N¢(x). Since X €
intC, there exists 0 > 0 such that the sphere Sg(x) = {x € X|||[x—X|| = 0} C C. On the contrary,
suppose that there is a pair (§,r) € N&(X) but (§,r) & N (%), means that ||£]| > r > 0. One
gets the right inequality (§,x —X) — r||x —X|| < 0 for every x € C, which guarantees that

(§x—X)—rlx—x[| <0
for every x € Sg5(x). Evidently,

X—X

<5, i >—r§0 (Vx € S5(x)),

[l — x|

or equivalently, (&,x) —r < 0 for all x € S;(0)). Thus, [|§]| < r, this is a contradiction and
completes the proof of Corollary 3.4. (]

Proposition 3.5. Let C C X and f : X — R be weakly subdifferentiable at x € C. Then

@ 1f (S, )anf(_) then ((G,—1),r) € N, (%, f(X)).
(i) If ((&,A),r) € ep1f| (X, ) with (X, 1) € epif|c, then |A| <r.
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Proof. Since C C X and f is weakly subdifferentiable at X € C, it yields that f is weakly subd-
ifferentiable on C at X € C, that is, the set 9 f(X) is not empty.

(i): Assume that (§,r) € 92 f(x), one gets for every x € X,
f(x)+8(x,C) = f(X) = 8(x,C) > (§,x—X) —rl|lx—X]|,

which implies that

(f+8(,C)Nx) = (f+6(.,C)(x) = (§,x=X) = r(llx—x] + [/ (x) = FF)]).
Therefore,
0=((6,—1), x=x,(f+8(.,C))(x) = (f+ (., C))(X)))
—rll(x =X, f(x) = (X))
which combined with the equalities epi(f + 0(.,C)) = epif|c and

Nepl(f+6 ( (f+6( ))( )) = gpif|c(x7f()_c))

prove that ((§,—1),r) € Nepifle (x f( )), as required.

(ii): Suppose that ((§,1),r) € Nepiflc (x,u) with (X, ) € epif]|c. Since X € C, by applying
the augmented normal cone notion, we arrive at the conclusion that A (s — ) — r|s — | <0 for
all (X,s) € epif|c. We always have f(X) < min{s, u} because (X, ), (X,s) € epif]c. In the case
when pu < s, it follows from the inequality above that A < r. In the case when s = f(X), it can
be verified that A > —r, and hence, |A| < r, which completes the proof. O

(VxeX),

Theorem 3.6. (Optimality conditions for global minimum) Let a nonempty subset K C C C
X,x€Kandletl: X — RU{+o0} be lower Lipschitz at x. We have the following assertions

(1) If | has a global minimum on K at X, then there exists a real number ro > 0 such that
(0,7) € 9"I(X) + Ni (%) for every r > rg.
(ii) If (0,0) € I"I(X) + N¢(X), then [ attains a global minimum on K at X.

Proof. Since [ is lower Lipschitz at X, it is weakly subdifferentiable at X, that is, 0" 1(x) # 0.

(i): Since [ attains a global minimum on K at X, it follows that /(x) > I(X) for every x € K.
To finish the proof, we assume to the contrary, that for every r > 0, there exists ro > r such that
(0,79) & 9"1(X) + N&(%). Because X € K C C, it is evident that (0,0) € N&(X) and so 9"I(X) C
d"1(X) + N§(x). Therefore, (0,r9) ¢ 0"I(X). By the weak subdifferential notion, there exists
xo € X \ {x} such that

l(X()) —l(f) < <0,X() —x> — r0||x0 —XH = —I’()HX() —)_CH. 3.5)

If xg € K\ {x}, then, it follows from (3.5) that /(xp) — [(X) < 0, which contradicts to f has a
global minimum on K at X. If xo € (X \ K) \ {X}, then one can achieve from (3.5) and ry > r that

I(x)—1
r§r0<(x)—_(xo) (Vr>0). (3.6)
[l — x|
By the initial assumption, / is lower Lipschitz at X, one can find a non-negative Lipschitz con-
stant Lo > 0 such that I(x) — [(X) > —Lo||x—X|| (Vx € X), which combined with (3.6) ensures

that r < Ly for every r > 0, this is a contradiction. In consequence, there exists rog > 0 such that
(0,7) € 9"1(X) + NE(x) for every r > rg.
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(ii): Suppose that (0,0) € 9"I(X) + Ng(x), which combined with (3.1) in Proposition 3.1
yields that (0,0) € d¢'I(x). Thus, [(x) —I(X) > O for all x € K, which terminates the proof. [

Corollary 3.7. Let a nonempty subset K C X, x € K and let | : X — RU{+oo} be lower Lipschitz
at X. Then, if | has a global minimum on K at X, then there exists a real number ro > 0 such that
(0,r) € 8"1(X) + Ng (%) for every r > ry.

Proof. The proof is straightforward from Theorem 3.6, as required. UJ

Theorem 3.8. (Optimality conditions via weak subdifferential) Let a nonempty subset K C
CcCX,xeKandlet f:X — R" such that for every P € &, Pyf be lower Lipschitz at X, where
Pof : X — Ris defined by (Pof)(x) := (P, f(x)), (Vx € X). We have the following assertions

(i) If f has a weakly efficient solution on K at X, then there exist P € 22,\ {0} and a real
number ro > 0 such that

y2—y1 ERY = P(y1) <P(y2), (3.7)
(0,r) € ™(Pof)(X) + N&(x) (Vr>rp).
(ii) If there exist P € &2, \ {0} such that
y2—y1 €ERY, = P(y1) < P(y2), (3.8)
(0,0) € 9" (Rof)(x) + Ng(x).
Then f has a weakly efficient solution on K at x.
(iii) If there exist P € &2, \ {0} such that
y2—y1 € REA{0} = P(y1) <P(y2), (3.9)
(0,0) € 9"(Pof)(X) + Ng (%)

Then f has an efficient solution on K at x.

Proof. By hypotheses, for any P € &, the scalar function Py f is lower Lipschitz at X, which
ensures it is weakly subdifferentiable at X, i.e., the set 3" (Pyf)(X) is not empty.

(1): Since f has a weakly efficient solution on K at X, it entails from Theorem 3.1 [6] that there
exist P € &, \ {0} such thatif yo —y; € R, then P(y;) < P(y2) and further (P, f(x) — f(X)) >
0 (Vx € K). Thus (P, f(x)) > (P, f(X)) (Vx € K). We have P,f attains a global minimum on K
at X, which combined with Theorem 3.6 (i) yields that there exists a real number ry > 0 such
that the system (3.7) above is fulfilled.

(ii): Assume that there is P € &, \ {0} satisfying the system (3.8). Then, we have (0,0) €
" (P f)(X) +Ng(x) which yields the existence of (&, r) € Ng(x) such that (§,r) € —9" (B f)(X).
For all x € K, it results that (P, f(x) — f(X)) > —((&,x—X) — r|x—X||) > 0. This together with
the result "y, —y; € R, = P(y1) < P(y2)” one can achieve that f(x) — f(¥) ¢ —R”., for all
x € K, means that x being a weakly efficient solution of f.

(iii): Analogously to the proof of case (ii) with observing that the hypotheses "y, —y; €
R\ {0} = P(y1) < P(y2)” one can reach the result f(x) — f(x) ¢ =R, \ {0} for any x € K,
i.e., X being an efficient solution of f, which completes the proof. 0
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Corollary 3.9. Let a nonempty subset K C X, X € K and let f : X — R" such that for every
P e P, Pyf be lower Lipschitz at X. Then, if  has a weakly efficient solution on K at X, then
there exist P € &, \ {0} and a real number ry > 0 such that

{ y2—yi €ERL, = P(y1) < P(y2),
(0,r) € 3"(Rof)(X) +NE(X) (Vr>rp).

Proof. Analogously to the proof of Theorem 3.8, and completes the proof. 0

Theorem 3.10. (Optimality conditions via augmented weak subdifferential) Letr a nonempty
subset K C X, x € K and let f : X — R" such that for every P € &2, Pyf be lower Lipschitz at
X. We have the following assertions

(i) If f has a weakly efficient solution on K at X, then there exist P € 22, \ {0} and a real
number ro > 0 such that

{ y2—y1 €RL, = P(y1) < P(y2), (3.10)

(0,Pr) € 9 f(x) (Vr=ro).
(ii) If there exist P € &2, \ {0} such that

{ y2—y1 €RY = P(y1) <P(y2),

- (3.11)
(0,P,0) € 9" f(%).

Then f has a weakly efficient solution on K at X.
(iii) If there exist P € 22, \ {0} such that

{ y2—y1 € REN{0} = P(y1) < P(y2),

12
(0,P,0) € R f(3). G12

Then f has an efficient solution on K at X.

Proof. Analogously to the proof of case (1) in Theorem 3.6, it is not difficult to very that if
[ : X — R has a global minimum on K at X, then there exists a real number ry > 0 such that
(0,r) € d™1(x) for all r > ry. Especially, for the case [ = Pyf, where P € &, \ {0}, one has
(0,r) € 3"¥1(x), i.e., for every x € K, one obtains (P, f(x) — f (X)) > —r|[x —X||. Thus, (0,P,r) €
d) f(X). Then, in a similar idea as for proving Theorem 3.8 (i), we assert that if f has a weakly
efficient solution on K at X, then there exist P € &, \ {0} and a real number ry > 0 satisfying
(3.10), and thus, (i) is fulfilled. On the other hand, we that (0,P,0) € d)' f(X) is equivalent to
(0,0) € 3" (Pyf)(x). Analogously to the proof of (ii) & (iii) in Theorem 3.8, the remain cases
can be verified. U

4. APPLICATIONS TO A NONCONVEX MATHEMATICAL PROGRAMMING PROBLEM

In this section, we derive some necessary and sufficient optimality conditions in terms of
weak subdifferentials for the efficiency of a nonconvex mathematical programming problem
with set, inequality and equality constraints in real normed space.
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Now, we consider the following nonconvex mathematical programming problem with set,
inequality and equality constraints:

min f(x) = (f1(x), (x),- -, fu(x))

subject to g;(x) >0, i=1,2,...,p,
hi(x) =0, j=1,2,....q,
xeC,

(MPPC)

where fi,gj X - R, i=12,....m; j=12,....,p; k=1,2,...,q are given real-valued
functions, and a nonempty subset C C X.

Definition 4.1. The feasible set of problem (MPPC) is denoted by K and is defined by
K:={xeClgjx)>0, j=12,...,p; h(x) =0, k=1,2,...,q}.
For each point x € K is called a feasible solution to the problem (MPPC).

For each x € X, we denote by
16) 1= (1), ()i ()
- <g1(x),...,gp(x),hl(x),...,hq(x),—hl(x),...,—hq(x)>

where [ = (I1,1,...,1 p+2q) : X — RP124 ig a vector-valued function. Then, the feasible set of
problem (MPPC) can be re-written as
K:={xeC|li(x)>0,i=1,2,...,p+2q}.

Definition 4.2. A vector X € K is said to be a weakly efficient solution to the problem (MPPC)
if f has a weakly efficient solution on K at x.

Definition 4.3. A vector X € K is said to be an efficient solution to the problem (MPPC) if f
has an efficient solution on K at Xx.

In order to treat necessary and sufficient optimality conditions for the efficiency of problem
(MPPC), the following fuzzy sum rules play an important role for our study in the sequel.

Theorem 4.4. Let single-valued functions f; : X — RU{+oo} be lower Lipschitz atx € X, i =
1,2,...,m and the non-negative real numbers 0,0, ...,04,. Then

(1) The functions f;, i = 1,2,...,m are weakly subdifferentiable atx € X .
(ii) The sum function Y | 0 f; is weakly subdifferentiable atx € X.
(ii1) The following inclusion holds true:

m m
Y 0" fi(x) c 9 ( Y aifi) (%) 4.1)
i=1 i=1

In addition, for any 0 # C C X, one also has

Y wdl fi(® C (Y af) (®). (4.2)
i=1 i=1
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Proof. (i): Because the functions f; : X — RU{+oo} are lower Lipschitzatx € X, i=1,2,...,m,
there exist non-negative Lipschitz constants L; such that (0,L;) € " f;(x), i=1,2,...,m. Thus,
they are weakly subdifferentiable at x € X.

(i1): We always have

filx) = fi(x) > —Li|jx—x| forallxe X, i=1,2,...,m.

Taking L =Y/" | o;, one can obtain the result that L > 0 because o; > 0, i =1,2,...,m. Addi-
tionally, it is evident that

Y aifie) = Y aifi(® = Y ai(fi(0) — £i®)
i=1 i=1 i=1
> — i o;L;||x —X|| = —L||x —X|| forallx € X.
i=1

By virtue of the lower Lipschitz function notion, )" | o; f; is lower Lipschitz at X, and so, this
sum function is weakly subdifferentiable at x.
(iii): By (ii), we get the set BW( "0 f,-) (x) is not null. It can be verified that
0;0" f;(x) C " (eifi) (%), i=1,2,....m. (4.3)

We claim by induction the relations of order m > 2. In fact, together (4.3) with Proposition 2
[9] guarantees that

19" 1 (%) + 029" f2(X) C " (0 f1)(X) + 9" (e f2)(X) C 9" (a1 fi + . f2)(X).

So, for m = 2 the inclusion (4.1) is fulfilled. Suppose that (4.1) is satisfied for every integer
positive number 2 < k < m, which means that the inclusion (4.1) holds for m = k, means that

k k
; ;0" f;(x) C 9"( ; o fi) (%).

For the case m = k+ 1, one can obtain the following result

k+1 k
Y @0 fi(x) =Y 00" fi(%) + 19" fir1 (%)
i=1 i=1

k+1

k
C 0" (Y 0ufy) () + 2" (@1 fern)® € (Y aifi) (3),
i=1 i=1
which the conclusion above can be verified. ]

We mention that the proof of the inclusion (4.2) is similar to the proof of the inclusion (4.1),
where X is replaced by C.

Theorem 4.5. Let vector-valued functions f; : X — R" and P, € &,, i = 1,2,...,m such that
P,y fi be lower Lipschitzatx € X, i=1,2,...,mand the non-negative real numbers 01,0, ..., Q.
Then

(1) The functions f;, i =1,2,...,m are augmented weakly subdifferentiable atx € X.
(ii) The sum function Y | a; f; is augmented weakly subdifferentiable atx € X .
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(ii1) The following inclusion holds true:

Y @dy fi(¥) C 95 () eifi) (%). 4.4)
i=1 i=1

In addition, for any 0 #+ C C X, one also has
Z al a Cfl Z alfl (45)

Proof. (i): By the initial assumptions one has the functions P, f; : X — R are lower Lipschitz at
X, i1=1,2,...,m, then there exist non-negative Lipschitz constants L; such that

(OvLi) € aW(Pl()fl)()_C)? = 1,2,...,1’1’1

or equivalently, (0,P,L;) € dY fi(x), i = 1,2,...,m. Therefore, f;, i =1,2,...,m are general-
ized weakly subdifferentiable at x € X.

(i1): We obtain that
(P, fi(x) — fi(X)) > —Li||x —%|| forallxe X, i=1,2,.
By puting L:=Y"", 04 >0isdueto o; >0, i =1,2,...,m. In addition, it is easy to verify that

Z OC; tOfl Z OC; lOfl Z Q; < 10fl (PIOJCI)(%))

> —Za,-L,'Hx—fH = —L||x—X|| forallx € X.
i=1

Consequently, the sum function Y7 | &;(P,f;) is lower Lipschitz at X and thus, Y, o f; is
augmented weakly subdifferentiable at x.
(iii): By using the inclusion (4.1) it follows that

le 0l fi(x) C A ( fl o f)) (®)

In fact, let (&, P, r;) € ) fi(X), i =1,2,...,m be arbitrary. It follows from the definition that
(&i,ri) € 0" (Pofi)(x), i=1,2,....,m

Also one can obtain that
f‘iai(cﬁi,Pi,ri) € ia,-ayf,- ) and Zoc, (&,ri) € Z(X, (Piofi)(X),
i= =
which combined with the fuzzy sum rule in Theorem 4.4 one can reach the result
Y.} (Paf) ) < 33 (X iR ) ()
which guarantees that .
il (&,ri) €9y ( Za, Pofi)(

Consequently,

3 (& B € a;”(iaiﬁxfc)

i=1
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and thus, the inclusion (4.4) is fulfilled. Finally, analogously to the argument above with observ-
ing the inclusion (4.2) replacing the inclusion (4.1), which entails the inclusion (4.5) is fulfilled
too and the conclusion follows. [

Next, we provide some necessary and sufficient optimality conditions for the (weakly) effi-
cient solutions of problem (MPPC) in terms of weak subdifferentials.

Theorem 4.6. (Necessary optimality condition) Let X € K and suppose that for any P € &,
the real-valued functions Pyf,g1,82,...,8p,h1,h2,...,hy are lower Lipschitz at X. Then, if X
is a weakly efficient solution to problem (MPPC), then there exist P € &, \ {0}, rop € R4,

n:= MM, Mp) ERYL and y:= (11,72, .., ) € R satisfying

0.7) € " (RN)E + Y 0" (mg)® + Y. 9" (1)) (®) - NeG) (r = r0)i (46)

i=1 j=1

2—y1 R, = P(y1) < P(y2); 4.7
nigi(x) =0, i=1,2,....p; (4.8)
¥ihj(%) =0, i=12,....q; (4.9)

Proof. Under all the hypotheses of Theorem 4.6, for all P € &7,,, by taking into account Theo-
rem 4.4 (1), we assert that the single-valued functions Py f,g1,82,...,8p,h1,h2, ..., hy are weakly
subdifferentiable at x. In view of Definition 4.2, the mapping f = (f1, f2, .-, fm) has a weakly
efficient solution on K at X. By taking into account Theorem 3.8 (i), there exist P € &, \ {0}
such that the implication (4.7) is fulfilled and a non-negative real number rg satisfying

(0,77) € 3" (Pof)(X) + N&(x) (Wrf > ). (4.10)

By picking ) := (01, M2,...,M)p) € Rﬁ satisfying (4.8) and then one can achieve the conclusion
that n;g; (i =1,2,...,p) have a global minimum on K at X. By directly applying Theorem 3.6,
there would exist ”ol >0(i=1,2,...,p) such that

(w%ewmmm+WMWWz&Mﬁszm
which yields without loss of generality that

= Z (0,rM) € Za nigi) (X) + N&(x) (Vré > 1 = Zro’ (4.11)
i=1 =
Then, in a similar idea to the proof above, there exist y(l = (}/1( ),yz( ),...,yé )) € Ri and
7’<2 ,72 ), ,7(52)) € Ri satisfying
NSO " OO
=) (0,r%) € Za X)+HNEE) (V=g =Y ), (412)
j=1 = J=1
1 5(2) K2 4 V('z
Z (0, ryl )€ Z 2" (— )(X)+Ne(x) (Vrt >y = Zroj ). (4.13)

—_

Bytakmg}/:y(l —y<2 cRe, rh —— —|—r andr0 _rO +r0 ', We have

Y@ = 7@ — P i@ =0, j=1,2,....q,
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which yields the condition (4.9) is fulfilled. Without loss of generality we can obtain from
Theorem 4.4 (iii) for the case m = 2 the following result

q
0,7 € Y 9" (y;h))(®) +NE(E) (V" > (). (4.14)
j=1
We set rg := r(I)J + rg + rg > 0, and without loss of generality one can reach the inclusion (4.6)
from the inclusions (4.10), (4.11) and (4.14), which completes the proof. O

To demonstrate the previous result, we may take an example as follows.

Example 4.7. Consider the nonconvex mathematical programming problem with set, inequality
and equality constraints:

minimize £(x) = (fi(x), (), fo(x))
subject to g;(x) >0,i=1,2;
hj(x) =0, j=1,2;
x = (x1,x2,x3) €C,

(MPPC1)

0 if xeC,
where C = {x € R3|[|x| < 1}, filx) = n
|lx|| otherwise,
0 if xeC, 0 if xeC,
fa(x) = . =
2||x|| otherwise, —2||x|]| otherwise,
o) sin(||x||z) if [|x]| <2, cos(lzy if ||x| <2,
X)) = et
81 — x|l otherwise, ||x|| otherwise,
0 if xeC, 0 if xeC,
hl(x) = 2 . = 2
l|lx|| + ||x||*  otherwise, —|Ix|| + ||x[|*  otherwise.

For the illustration let us consider X = (0,0,0). An easy computation gives that K = C,
and hence, X € K. It is not difficult to Verlfy that for every P € &5, the real-valued functions
Byf,g1,82,h1,h : R? — R are lower Lipschitz at X. In other words, for all x = (x1,x2,x3) € K,
one can achieve that (f1(x), f2(x), 3(x)) — (f1(%), /2(%), /(%)) = (0,0,0) € —R3 , , we mean
that x = (0,0,0) is a weakly efficient solution of (MPPC1). Applying Theorem 4.6, there exist
Pe 25\ {(0,0,0)}, o € Ry, n :=(n1,1m2) € RZ and y:= (71, ) € R? satisfying

2

2
(0,r) € 3" (Rof)(x)+ ) 0" (migs)(X) + Y, 0" (v;hj) (%) + NE(x) (Vr > ro); (4.15)
i=1

j=1

y2—y1 €RY = P(y1) < P(y2); (4.16)
nigi(x) =0, i=1,2; (4.17)
Yihj(X) =0, ji=12. (4.18)

In fact, in this setting, one can take P = (1,0,0) € 23\ {(0,0,0)},ro=0€ Ry, n = (0,0) € RZ
and y = (0,0) € R?. Then, (4.16), (4.17) and (4.18) are fulfilled automatically. The mapping
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Byf : R® — R? is given by (Pyf)(x) = fi(x) for all x € R3. Thus, the relation of (4.15) is
equivalent to the following one

2 2
(0,r) € " fi(x)+ Y. 0" (0)(x) + Y 0" (0)(x) + N&(x) (Vr>0). (4.19)
i=1 j=1

By virtue of Example 2.5, it leads to
9" fi(x) = Ne(x),
which combined with (4.19) yields that

2 2
(0,r) € ¥ 0" (0)®) + ¥ 9"(0)(®) + 2NE(®) (Vr >0). (4.20)
i=1 j=1

Itis plain that 9" (0)(%) = {(&.r) € RZ xRy | €[] < 7}, (0,0) € {(£,r) € R x R[] <1},
(0,0) € 2N{(x), and thus,

2 2
(6 €RxRAIEI <7} € £"Om+ L") +20(),
= Jj=

For every r > 0, one has (0,r) € {(&,r) € R¥ xR |||€]| < r}. which proves the relation (4.20),
as it was checked.

Corollary 4.8. Let x € K and suppose that for any P € &, the real-valued functions Pyf,
81,82, ---,8&p, M, ha,... ,hy are lower Lipschitz at X. Then, if X is a weakly efficient solution
to problem (MPPC), then there exist P € 2,,\ {0}, ro € Ry, 1 := (N1,M2,...,M,) € R and
Y=, - Y) € R satisfying (4.7), (4.8), (4.9) and

0.1 € RNE +Y. " e @ + Y. 0" (rh)® + N (r=rm).  @2D)
= j=1

Proof. It is an immediately corollary from Theorem 4.6, and the claim follows. 0

Theorem 4.9. (Sufficient optimality condition for weak efficiency) Let X € K and suppose
that there exist P € 2, \ {0}, N := (M1, M2,...,Mp) € —RE and y:= (1, 1,...,Y,) € RY such
that all the following assertions are fulfilled:

(1) The real-valued functions Pof,1181,M282,---,Np&p, Y1h1, Voha, ..., Y;hy are weakly sub-
differentiable at x.

(i1) Ifyz—yl € R{'H_, then P(yl) <P(y2).

(ii1) The following relations hold true:
p

q
(0,0) € 9" (Pof) () + ) 0" (Migs) (x) + ), 9" (1)) (%) + NE(3), (4.22)
i=1 j=1
Th'gi()_c) =0, i=1,2,....p. (4.23)
Then, X is a weakly efficient solution to problem (MPPC).
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Proof. Assume that all the assumptions of Theorem 4.9 are fulfilled. Then, under (i) the sum
function Ryf + Y7 nigi + Z(]].ZI Y;jh; is weakly subdifferentiable at X, which yields that the set
I (Pof + X1 nigi+ Z;’-Zl yjh;)(X) is not empty. Since K C C, it holds that N3(X) C Ng(X).
Thus, under the relation (4.22), we have

(0,0) € 3" (Bof) () + éawgi)@) ' ilawwjh»m ENE).

J:
Making use of the fuzzy sum role in Theorem 4.4 and then this combined with the previous
relation ensures that

(0,0) € " (Bf + Y migi+ Y 1) (®) + NE(D).

q
i=1 j=1
In view of Proposition 3.1, one can reach the following result

P q
(0,0) € I (Rof + ) migi+ ), ¥ihj) ().
i=1 j=1

By applying the weak subdifferential notion and moreover for every x € K guarantees that
ni(gi(x) _gl(x)) S 07 = 1,27 Y 4 and '}/J(h](X) _hj(x)) = 07 .] = 1727 ..., We have

PAW) — @) > (Bf + Y migi+
i=1 i

= J

q
Yih;)(X) >0,
=1

q
» Yihj)(x)

)4
—(Pof+ Y. migi+
i=1 j

or equivalently,

(P f(x) = f(x)) 2 0.
Under the condition (ii), one can obtain that f(x) — f(X) € —R’} for every x € K. Thus, X is a
weakly efficient solution to problem (MPPC) and completes the proof. U

Theorem 4.10. (Sufficient optimality condition for efficiency) Let x € K and suppose that

there exist P € Py \ {0}, 0 := (M, M2,...,Np) € —RE and y:= (0, %,..., %) € RY such that
all the following assertions are fulfilled:

(1) The real-valued functions Pof,1181,M282,---Np&p, Y1h1, Voha, ..., Y,hy are weakly sub-
differentiable at x.

(i) If y2 —y1 € R’.\ {0}, then P(y1) < P(y2).

(i) The following relations hold true:

)4 q
(0,0) € " (R f)(X) + Y. 9" (nigi) (X) + Y. 3" (1) (X) + N&(%), (4.24)
i=1 j=1
nigi()_c) =0, i=1,2,...,p. (4.25)

Then, X is an efficient solution to problem (MPPC).
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Proof. Analogously to the proof of Theorem 4.9, which can be verified that

(P, f(x) = f(x)) = 0.
Under the condition (i), one can achieve that f(x) — f(x) € —R"* \ {0} for all x € K. Therefore,
X is an efficient solution to problem (MPPC) and terminates the proof. [

We remark that the results obtained in Theorem 4.9 and Theorem 4.10 are still true if the
augmented normal cone NZ (%) is removed and replaced by an other cone Ng (X).

5. CONCLUSION

In this paper, we have established some new important characterizations for the weak subdif-
ferential and provided the fuzzy sum rules for the (augmented) weak subdifferentials involving
the class of lower Lipschitz functions. Additionally, we presented some necessary and sufficient
optimality conditions for the weakly efficient solution and the efficient solution of a nonconvex
mathematical programming problem having set, inequality and equality constraints in terms of
the weak subdifferentials. It is important to remark that our obtained results in this paper have
not been fully discovered yet. In the future, these necessary and sufficient optimality conditions
may be used to construct algorithms for finding the (weakly) efficient solutions of a clas of
nonconvex mathematical programs via the weak subdifferentials notion.
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