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Abstract

In this paper, we perform optimality conditions and sensitivity analysis for parametric noncon-
vex minimax programming problems. Our aim is to study the necessary optimality conditions
by using the Mordukhovich (limiting) subdifferential and to give upper estimations for the
Mordukhovich subdifferential of the optimal value function in the problem under considera-
tion. The optimality conditions and sensitivity analysis are obtained by using upper estimates
for Mordukhovich subdifferentials of the maximum function. The results on optimality con-
ditions are then applied to parametric multiobjective optimization problems. An example is
given to illustrate our results.
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1 Introduction

Optimization problems, in which both minimization and maximization processes are con-
sidered, are known in the area of mathematical programming as minimax problems. Such
kind of optimization problems is an important research focus in mathematics, economics,
and computer science (e.g., Chebyshev’s theory of best approximation [8], multiobjective
optimization [10], game theory [5, 30]....). According to Demyanov and Malozemov [8], the
minimax programming problems can be split into two classes which have their own interests:
discrete minimax problems and continuous minimax problems. The best approximation in
Chebyshev’s sense is a nonsmooth discrete minimax problem (see [8, p. 1]), while a matrix
game leads to a continuous minimax problem (see [8, p. 3], [30]).

Optimal value functions of parametric optimization problems play a crucial role in opti-
mal control and in the study of optimization problems. Investigations on the sensitivity of
parametric optimization problems are vital in optimization and variational analysis. They
allow us to understand behaviors of the optimal value function when parameters appear-
ing in the problem under consideration modify according to some perturbation via their
generalized derivatives/subdifferentials. Studies on differentiability properties of optimal
value functions in parametric mathematical programming are usually classified as studies on
sensitivity analysis of optimization problems. For nonconvex optimization problems, Mor-
dukhovich and his co-authors in [26], [20, Chapter 1], [25], Huong et al. [11], Jourani [17],
Penot and his co-workers in [16], [28, Chapter 4] have derived formulas for computing or
estimating the Fréchet (regular) subdifferential, Mordukhovich (limiting) subdifferential, G-
subdifferential of optimal value functions. While, by using sum rules which are known as
the Moreau-Rockafellar theorems and appropriate regularity conditions, the papers [1, 2, 11]
and the works [21, Chapter 3], [22], [23, Chapter 4] [24] have provided formulas for comput-
ing the subdifferential of convex analysis of optimal value functions in convex optimization
problems.

To solve optimization problems, one often uses optimality conditions, in particular, neces-
sary optimality conditions. Necessary optimality conditions help us solve problems through
manual calculations and are useful as stopping criteria in algorithms. It happens that the the-
ory of optimality conditions is strongly linked with sensitivity analysis, see, e.g., [4, Chapter
4] and [29, Chapter 3]. In fact, various results concerning optimality conditions were obtained
as products of research on sensitivity analysis.

In this paper, we are interested in discrete minimax problems. We aim at studying opti-
mality conditions and sensitivity analysis of parametric nonconvex minimax programming
problems. A major part of the topic on minimax programming problems is the study of opti-
mality conditions as well as duality results with both differentiable and non-differentiable
cases, see, e.g., [6], [8, Chapters 3, 4, and 6], [3], [9], [31], [32] and the references therein.
Namely, Chuong and Kim [6], Zhong and Jin [32] have studied optimality conditions and
duality in nondifferentiable minimax programming and vector optimization in an Asplund
space setting/a finite-dimensional space setting by using Mordukhovich subdifferentials and
some advanced tools of variational analysis. Among necessary conditions, the Lipschitz con-
tinuity of the functions is the main key. Meanwhile, Bao et al. [3] have considered minimax
optimization problems with inequality, equality, and geometric constraints in the setting of
nondifferentiable and non-Lipschitz functions in Asplund spaces. In detail, necessary opti-
mality conditions in terms of upper and/or lower subdifferentials of both cost and constraint
functions as well as necessary optimality conditions in the fuzzy form have been given.
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Related to the study of sensitivity analysis in parametric minimax programming problems,
the results in [7] are the first ones, following our knowledge. Namely, the authors in [7]
obtained a differential expansion of the optimal value function in the neighborhood of a
certain point (Theorems 1 and 2) under some suitable conditions. Until now, we have not
found any works which are investigated the sensitivity analysis of the parametric minimax
programming problems.

Qualification conditions are sufficient conditions for the validity of fundamental calcu-
lus rules in variational analysis, convex analysis, and optimization theory. For instance, the
well-known Moreau-Rockafellar theorem in convex analysis supplies the formula for com-
puting the subdifferential sum of two proper convex functions under the condition that one of
these functions is continuous at a point belonging to the domain of the other. Meanwhile, in
variational analysis, the Lipschitz continuity guarantees the sum rule for the Mordukhovich
subdifferentials. Metric qualification conditions which are formulated through the distance
functions were first studied and developed in the papers by Ioffe, Penot, Jourani and Thibault
[12, 16, 18] and recently by Huong et al. [11] for the nonconvex case. According to Ioffe
[14], the metric qualification condition is even less restrictive than the weakest qualifica-
tion conditions used in convex analysis. The relationship between the metric qualification
condition and other qualification conditions (e.g., the calmness qualification condition, the
subregularity qualification condition, the metric regularity condition, the uniformly lower
semicontinuity) was examined in [14, 15, 19]. These conditions play vital roles in deriving
intersection rules for normal cones see, e.g., [11], [13], [27], [28, Theorem 6.41]. The latter
rules play an important role in the study of optimality conditions and sensitivity analysis of
parametric optimization problems.

As mentioned above, we will study optimality conditions as well as sensitivity analysis
of parametric nonconvex minimax programming problems in this paper. Our main tools
are the sum rule for subdifferentials and subdifferentiation of maximum functions under
two kinds of qualification conditions: the metric qualification condition and the Lipschitz
continuity among other necessary conditions. More precisely, the formula for estimating the
Mordukhovich subdifferential of maximum functions is presented in [20, Theorem 3.46]
by employing the Lipschitz continuity of the component functions. Meanwhile, using the
metric qualification condition to investigate the Mordukhovich subdifferential of maximum
functions has not been mentioned in the literature. So we present here a detail proof for
the latter (Proposition 3.3). For estimating or computing the sum rule for subdifferentials of
nondifferentiable and non-Lipschitz functions in infinite-dimensional spaces, the sequentially
normally compact (SNC) property of sets together with normal qualification condition are
the main ingredients. However, it has been shown in [27, Proposition 3.7] that the metric
qualification condition is really weaker than the normal qualification condition. In other
words, the metric qualification condition is a very weak condition stated in terms of some
distance estimates and without any additional compactness assumptions. We then use these
results to characterize the necessary optimality condition for the problem under consideration
(Theorems 3.1 and 3.2). We also design an example to show that Theorem 3.1 where the metric
qualification conditions are required can be applicable, meanwhile, Theorem 3.2 based on the
Lipschitz continuity cannot. Moreover, it is worth emphasizing that the study of sensitivity
for parametric nonconvex minimax programming problems has not received much attention
since the first work by Darkhovskii and Levitin [7] in 1976. With wide applications of the class
of minimax programming problems, we hope that the contributions (Theorems 3.1, 3.2, 4.1
and 4.2 ) in this paper will promote to enrich the results on optimality conditions as well as
sensitivity analysis of the minimax programming problem.
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The remaining sections are as follows. Section 2 is for the problem formulation and some
auxiliary concepts in variational analysis from the books [20, 28]. Optimality conditions are
established in Sect. 3. These results are then applied to multiobjective optimization problems.
Section 4 is devoted to the study of differential stability of the parametric nonconvex minimax
programming problem under two kinds of qualification conditions: the metric qualification
condition and the Lipschitz continuity among other necessary conditions. The last section
provides some concluding remarks.

Throughout the paper, we use the standard notations in variational analysis; see e.g.,
[20]. The topological dual spaces of Banach spaces (X, || - [|x) and (Y, || - ||y) are denoted,
respectively, by X* and Y*. We write B(x, r) and By« for the open ball centered at x with
radius » > 0 and the closed unit ball of X*, respectively. The notation x; — x* means the

norm convergence to x* of the sequence {x}reny with N := {1,2,...}, while x; 2y xx
indicates the convergence to x* of {x} }xcw in the weak™ topology of X*.

2 Preliminaries

Let X and Y be two Banach spaces and let m be a positive integer number. We consider the
parametric nonconvex minimax programming problem

min max X, V), P
jn | e wr(x, y) (Px)
depending on thE parameter x, where G : X = Y is a given multifunction, K := {1, ..., m},

o X XY - R:=RU{—o00,+00}, k € K, are proper extended-real-valued functions.
Here and subsequently, we denote

Plx,y) = Igg?w(x, y)
for all (x, y) € X x Y. Then the optimal value function p: X — Rof (P,) is
= i f . , 21
p(x) yelg(x)w(x ») (2.1

where by convention, w(x) is defined to be o0 if x ¢ dom G. We define the solution map
M : X =2 Y of (Py) by
M(x) :={y € Gx) | n(x) = ¢(x, y)}.

Definition 2.1 For a given parameter x, a point y € G (x) is said to be a local optimal solution
of problem ( P,) if there exists a neighborhood U of y such that

px,y) =@, y) Yy e UNGK). 2.2)

If the inequality in (2.2) holds for every y € G(x), then y is called a global optimal solution
(or simply, optimal solution) of (Py). The latter means that y € M (x).

In this paper, we aim to investigate optimality conditions and sensitivity analysis of para-
metric minimax programming problem (Py). To do that, we need some concepts and results
from the books [20, 28].

For a set-valued map F : X = X*, the limiting construction

Lim sup F(x):= {x* € X*|3x;— X, xf = x* withxf € F(x),Vk € N}

X—>X
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is known as the sequential Painlevé-Kuratowski upper limit of F as x — X with respect to
the norm topology of X and the weak™ topology of X*.

. . . Q2
If £2 C X is a given subset, the notation # — x means thatu — x and u € £2.

Definition 2.2 (See [20, Definition 1.1]) Let £2 be a nonempty subset of X.
(i) For any x € £2 and ¢ > 0, the set of e-normals to §2 at x is defined by

~ [ . (x*, u —x)

Ne(x; £2) :i=1x" € X7 | limsup ——— < ¢;.
Q lu — x|
u—>x

The set N (x; 2) := ﬁo (x; £2) is called the Fréchet normal cone or the regular normal cone
to 2 atx. If x ¢ £2, we put No(x; £2) =@ forall ¢ > 0.
(i) Let x € £2. The set

N(x; £2) := Limsup N, (x; 2),
x—x,e]0

is called the Mordukhovich normal cone or the limiting normal cone to §2 at x. We put
Nx; 2)=0ifx ¢ £2.

It is clear that ﬁ(x; £2) C N(x; 2) for all 2 C X and x € £2. In the case, where 2 is
convex, the Mordukhovich normal cone and the Fréchet normal cone are coincident and they
coincide with the normal cone of convex analysis, i.e.,

NG 2)=NGE 2) = {x* e X* | (x*,x — %) <0, Vx € 22},

(see [28, Excercisi: 6, p. 174 and Proposition 6.6]).
Let f : X — R be an extended-real-valued function. The domain and epigraph of f are
given, respectively, by

dom f :={x € X | f(x) < 00}
and
epi fi={(x,0) e X xR |a > f(x)}.

One says that f is proper if dom f is nonempty, and if f(x) > —oo for all x € X. Recall
that f is lower semicontinuous (1.s.c.) at some x € X if for every real number r < f(x) there
exists some member V of the family A/ (x) of neighborhoods of x such that r < f(v) for all
v € V. Wesay that f is L.s.c. around x when it is L.s.c. at any point of some neighborhood of
x.If fisls.c.atevery x € X, f issaid to be l.s.c. on X. We observe that f is automatically
lower semicontinuous at X when f(x) = —oo; when f(x) = +oo the lower semicontinuity
of f means that the values of f remain as large as required, provided one stays in some small
neighborhood of x.

The upper semicontinuity (u.s.c.) of f is defined symmetrically from the lower semiconti-
nuity of — f. Obviously, the function f is continuous at x iff it is both lower semicontinuous
and upper semicontinuous at x.

Following [28, Proposition 1.15.], f is lower semicontinuous iff epi f is a closed set in
X xY.

Definition 2.3 (See [20, Definition 1.77]) Let f : X — R be an extended-real-valued func-
tion and let x € X. Suppose that f(x) is finite.
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(1) The set
Af(X) == {x" € X* | (x*, =1) € N((x, f(¥)); epi f)}

is said to be the Mordukhovich subdifferential or the limiting subdifferential of f at x.
(ii) The set

ITFE) = {x" € X" | (x*,0) € N((x, f(¥)); epi f)}

is called the singular subdifferential of f at x.
One puts 9 f(x) := 0% f(x) := @ when f(x) € {—o0, +00}.

Recall that the function f is Lipschitz continuous around x (cf. [20, p. 19]) if there are a
neighborhood U of x and a constant £ > 0 such that

|f () = FOD)I = Lllx = yll, Yx,y e U.

Since 9% f(x) = {0} if f is Lipschitz continuous around x (see [20, Corollary 1.81]),
the singular subdifferential occurs to be useful for the study of non-Lipschitzian functions.
Namely, it is utilized in establishing appropriate qualification conditions for subdifferential
calculus rules as in [20, Chapter 3].

If f is convex, the Mordukhovich subdifferential and the subdifferential of convex analysis
coincide, i.e.,

IfE@) ={x" e X* | fx) — f(X) = (x",x —X), Vx € X},

(see [28, Proposition 6.17(b)]).

Consider the indicator function §p; : X — R U {400} defined by 5 (x) = O for x € £2
and 5o (x) = 400 otherwise. We have a relation between the Mordukhovich normal cone
and Mordukhovich subdifferential of the indicator function as follows (see [20, Proposition
1.79]

N(x; 2) = 080 (%) = 0%68(X), Vi € 2.

Let F : X =2 Y be a set-valued map between Banach spaces. The graph and the domain
of F are given respectively by the formulas

gph F:={(x,y) € X x Y | y € F(x)},
dom F :={x € X | F(x) # 0}.

Recall that F is closed if gph F is a closed subset of X x Y.

Equipping the product space X x Y with the norm ||(x, y)|| := ||x|| + [|¥]l, by the above
notion of the Mordukhovich normal cone, one can define the concept of the Mordukhovich
coderivative (also called the limiting coderivative) of set-valued maps as follows.

Definition 2.4 (See [20, p. 40, 41]) The Mordukhovich coderivative of F at (x, y) € gph F
is the multifunction D*F (x, y) : Y* = X* given by

D*F(x,y)(y*) == {x* € X* | (x*, =y*) € N((x,)): gph F)}, Vy* € Y*.
If (x, y) ¢ gph F then we accept the convention that the set D* F (x, y)(y*) is empty for any
yte Y
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Given a nonempty subset §2 of a Banach space X, the distance function to §2 is given by

d(x,$2):= inf ||x —y|, xe€X.
yesR

Clearly, d(-, £2) : X — Ris a Lipschitz continuous function with modulus one.
We now recall the concept of the metric qualification condition.

Definition 2.5 Let C;, i = 1,2,...,m, be nonempty subsets of a Banach space X and

m

let x € C := () C;. We say that the sets Cy, Ca, ..., Cy satisfy the metric qualification
i=1

condition (MQC) at x if there exist two numbers y > 0 and § > 0 such that

d(x,C) <y[d(x,C1) +d(x,C) + ... +d(x,Cp)], Vx € B(X,$). (MQC)

The qualification condition (MQC) is the key factor for the main results of this paper.
They have appeared in several works under different names. For instance, in [27] the authors
named (MQC) the metric inequality, while it is called the linear coherence condition as in
[28, Theorems 4.75 and 6.41]).

We next represent the intersection rule for normal cones under the metric qualification
condition (MQC). It appeared in [28, Theorem 6.41], in [27, Theorem 3.8, (i) implies (iii)]
and in [11, Proposition 3.6 and Theorem 3.1]. Let us notice that the assumption X being an
Asplund space is indispensable, as shown by a counterexample in [27, p. 202]. Recall that
a Banach space is Asplund if every continuous convex function defined on an open convex
subset W of X is Fréchet differentiable on a dense G5 subset D of W (see [28, Definition
3.96)).

Theorem 2.1 Suppose that X is an Asplund space and Ci, i = 1,2, ..., m, are closed. If the
condition (MQC) is satisfied at X € C = (/.| C;, then
Nx;C)CNx;C1)+ N(&x; Ca)+ ...+ N(x; Cp).

We end this section with relevant concepts and results from [20].

Definition 2.6 (See [20, Definition 1.63] and [25]) Let M : X = Y be the solution map
of the parametric optimization problem (Py). One says that M is u-inner semicontinuous at

(x,y) € gph M if for every sequence x L ¥ there exists a sequence y;y € M (xj) converging
toyas k — 00.

The properties of the solution map considered in the above definition extend the corre-
sponding notions in [20, Definition 1.63] and adapt them to the solution map M of (Py).
The only difference is that the condition x; — x in [20] is replaced by the weaker condi-

tion xy L %. This does not cause any effect on the conclusions of [20, Theorem 1.108], as
observed in [25].

Definition 2.7 (i) A subset £2 in a Banach space X is called sequentially normally compact
(SNCQ) at x if for any sequences & | 0, xx £> Xand x € ﬁgk (xk; §2) one has

[x,’ck LIN 0] == [le,f|| — 0] as k — oo.

(ii) A function f : X — R is called sequentially normally epi-compact (SNEC) at  if its
epigraph is SNC at (x, f(X)).
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3 Optimality conditions
3.1 Optimality conditions for parametric minimax programming problems

Hereafter, unless otherwise specified, all spaces under consideration are Asplund spaces.
The first result of this section gives a useful representation of the coderivative for the
intersection

(FiINFHN...NEyXx) :=Fix)NFx)N...N F,(x)
of set-valued maps, which is important for applications to the subdifferentiation of maximum

functions.

Proposition3.1 Let F; : X = Y, i = 1,2,...,m be closed. Assume that the sets gph F1,
gph F», ..., gph F,, satisfy the metric qualification condition (MQC) at (x,y) € gph F1 N
gph F> N...N gph Fy,. Then, for any y* € Y* we have

D*(ﬂ E-)(x, nohc U [Z D*Fi(X, y)(y?)} :

i=1 m i=1
> =yt
i=1

Proof For every y € (N, F;)(¥), y* € Y*, take any x* € D*(N/L, F;)(x, y)(¥*). By the
definition of the coderivative, we have

(x*, —y*) € N((¥, 5); gph (F1 N F>a N ... N Fy)).

Clearly, gph (F1NF,N...NF,) = gph (F1)Ngph (F2)N...Ngph (F,). Under the validity
of (MQC), we apply Theorem 2.1 to get

(x*,—=y*) € > N((*.9): gph Fi).

i=1

The latter means that we can find (x/, —y/) € N((x,y);gphF), i = 1,2,...,m

L
such that x* = x{ + x3 + ... + x5 and —y* = —y — yJ — ... — y;. Therefore

m

x* € D*Fi(X, P)(y}) + D*F2(X, 1) (¥3) + ... + D*Fpy(%, ) () and y* = Y y¥, which
i=1

justify the claimed inclusion. O

Proposition3.2 Let F; : X = Y, i = 1,2, ..., m be set-valued maps. Assume that (x, y) €
M., (gph F;) and (X, y) € int (gph F}),i = 1,2, ..., m— 1. Then, for any y* € Y*, one has

D*(ﬂ E)(i, NG = D*Fu(E, ).

i=1
Proof Clearly, gph (F1 N F> N...N F,) = gph F1 Ngph F> N ... N gph F,. Hence,
N((x, 5); gph (F1 N FaN...N Fy)) = N((F, §); NiL,gph F;).

Since (x, y) € int(gph F;),i = 1,2,..., m — 1, there exists § > 0 such that B((x, y); §) C
gph F; foralli € {1,2,...,m — 1}. Hence,

B((X, 3); §)N( ML, gph F;) =[B((X, ¥); )Ngph F1 N ... N gph Fy,—1] N gph Fy
= B((x, y); ) N gph Fyy.
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This implies that
Ne((x, y); N2, gph F) = Ne((x, »); gph Fyn),

forany e > 0 and (x, y) € N/, gph F; satistying (x, y) € B((x, y); 6). Consequently,
N((&, 9): ML gph F;) = N((&. y); gph Fy,).

Therefore, D*( ML, F,-)()E, Y)(y*) = D*Fy, (x, y)(y*) for any y* € Y*. The proof is com-

plete. O

Given f : X — R, we associate with it the epigraphical multifunction E X =R
defined by

Ef(x):={reR| f(x) <r}

Note that gph E ¢ = epi f. Thus, for every x where f is finite, we can equivalently define
the Mordukhovich and singular subdifferentials of f at x through the coderivative of E f :

df(X) =D Ef (¥, f(¥))(1) and 3% f(X) = D*Ef (¥, f())(0). (3.D

The following proposition contains results for computing Mordukhovich and singular
subdifferentials of the maximum function ¢ in Asplund spaces. Given (x,y) € X x Y, we
define the sets

I(x,y) =tk e K| (X, ) = (X, )},

A%, §) = {(m, ) e = 0. M= 1L Ak(r(E. ) — 9(R. 5)) = o] :
keK

A 5) = {m, ) 1Y k= LA @r(R,5) — 9(F,5) = 0} :

keK

where we recall that ¢(x, y) := rkna% ok (x, y).
€
Proposition 3.3 Given (x, y) € X x Y. Let ¢y be L.s.c. fork € I(x, y) and be u.s.c. at (X, y)
fork € K\I(x,y). Suppose that there are y > 0 and § > 0 such that
d(((x,y),r),epi@)

<y Y d((x.y).r).epigr). Y(x, y) € B(E, 5).8).7 € Bp(F.5),8), G2
kel (%,7)

where ¢(x,y) := max_ ¢ (x, y). Then, one has
kel(x.5)

do(x.5) c | { Y o dgk(E.5). (... k) € AG, y)},

kel (.5)

%%, 5) C Y 0%p(E, ), (3.3)
kel (x,5)

where A o 0¢(X, ¥) is defined as Ad@(X, ¥) when A > 0 and as 9°¢(x, y) when . = 0.
Proof Let (x*, y*) € d¢(x, ¥). By (3.1), one has

(x*, y") € D*Ey((x, ), (¥, 1)) (D).
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Clearly, Ey(x, y) = [ ek Eg(x, ) forall (x, y) € X xY.Observe that ((X, y), ¢(x, y)) €
int (gph E, ) for any k ¢ I(x, y) due to the upper semicontinuity assumption. By Proposi-
tion 3.2, we have

D*Ey((%, 3), (%, ))(1) = D*(Nier(z.5) Eg ) (&, 7). 9(F, 7))(1)

= D"Eg((x, ), p(x, ) (D).
It follows from (3.2) that gph E, , k € I(X, ), satisfy the metric qualification condition
(MQC) at (x, y). In addition, since ¢, k € I(x, y), are l.s.c., itholds thatepi ¢k, k € 1(x, y),

are closed. In other words, gph Ey, , k € I(x, y), are closed. By (3.4) and Proposition 3.1,
we have

D*Ey((%, ), ¢(¥, (1) = D*Eg((X, y), ¢(¥, (1)

(3.4)

< Y Y DE (. 5), ¢(F, 7))

> =l | kel (R,)
kel (%,5)

Hence,
(%, ) C U{ Y DYEG((F ), E FDO0, Oty ) e/i(i,i)}-
kel (X.7)
So, there exist (A1, ..., An) € A(F,y) and (x}, y}) € D*Ey (%, 7), (X, 1)), k €
I(x,y), satisfying
@y = 0.
kel (X.7)

Foreach k € I(x, y), we have

(s Y0, =) € N(((X, 3), ¢(%, 3)); gph Eg ) = N(((X, ¥), ¢(X, )); epi ¢x).
By [20, Proposition 1.76], Ax > 0 for all k € I(%, %), i, (A1s....Am) € A, 7).

1
In the case, if Ay > 0, then )L—((x,f, ¥i), =1 € N(((x,y), ¢(¥,y)): epigy) and hence,
k

1
k—(x,f, yi) € 3¢ (X, ), or, equivalently, (x{, y;) € Axdgx(X,y). Otherwise, (x;, y;) €
k
0%@r(x, y). Therefore (x, y{) € A 0 dgx (¥, y) forall k € I(x, y) and (3.3) is proved.
The proof for singular subdifferential of ¢ is quite similar to that of the proof of (3.3), so
it is omitted. O

We are now in a position to give necessary optimality conditions for local optimal solutions
of problem (Py). By using the metric qualification condition, we obtain the first result as
follows.

Theorem 3.1 (Necessary optimality condition I) Let X € X. Assume that g (%, -), k €
I(x,y), are l.s.c. and G(x) is a closed set. If y € Y is a local optimal solution of prob-
lem (Px) and the following conditions hold:
(1) epi@(x, -) and G(x) x R satisfy the metric qualification condition (MQC) at (y, ¢(x, ¥)),
where ¢(x,y) := max_ @(x,y).
kel (x.5)
(i) @r(x,-), k ¢ 1(x,y), are u.s.c. at y and the sets epi gy (X, -), k € 1(x, ), satisfy the
metric qualification condition (MQC) at (y, ¢(X, ¥)).
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Then, one has

0elJY D Aodye® 5. (i hw) € AP { + NG GE).  (35)
kel (%.3)

Proof Given X € X. Let y be a local optimal solution of (P;). Consider the function ¥ :
Y — R given by ¥ (y) = @(%, y) + 86 x)(y), where 8¢ (x)(-) is the indicator function of
the set G(x). The latter means that Gz (y) = 0 for y € G(x) and §gz)(y) = +oo for
y ¢ G(x). It is not difficult to see that y is a local optimal solution of (Pz) if and only if the
function ¢ attains its local minimum at this point. By Proposition 1.114 in [20], one has

0€dy () =0(p&, ) + 6w () (D). (3.6)
This is equivalent to
0,—1) € N((3, v (3): epiyy) = N((3. 9(X, ¥) + 86 () epi (¢(X, ) + Sax)))-
It is not hard to show that epi (¢(x, -) 4+ dgx)) = epig(x, ) N (G(x) x R) and ¢(x, y) +
36 (y) = ¢(x, y). Consequently, we have
(0, —1) € N((3, ¢(x, 3)): epi (X, ) N (G(X) x R))
= N((3. ¢(X. 9): epi@(x, ) N (G(X) x R)),

where the last equality holds due to the upper semicontinuity of ¢y (x, -) for k ¢ I(x, y).
Under the assumption (i), we apply Theorem 2.1 to get

0, —1) € N((3, ¢(x, y)); epi (X, ) + N((, ¢(x, 3)); G(X) x R)
= N((, o(x, )); epig(x, ) + N((5, (X, §)); G(X) x R).

Thus, we can find

1. a7) € N((3, (X, y)); epig(X, ) 3.7
and
(3, @3) € N((7, (¥, 3)); G(¥) x R) (3.8)
such that (0, —1) = (y{, «}) + (5, o). This means that
- (3.9)
of +o5 =—1. (3.10)

On one hand, from (3.8) we get y; € N(y; G(x)) and of € N(p(x, y); R) = {0}. On the
other hand, from (3.7), (3.9) and (3.10) we obtain

OF, =1 € N((3, ¢(x, ¥)); epi (X, ).
The latter means that y} € d,¢(X, y). Therefore,
0 € dyp(E, ) + NGF; GE). (.11)

We now estimate dy,¢(x, y). By the assumption (ii), we apply Proposition 3.3 to obtain

ho@ H ] Do Modye(E 5), (... dm) € AR, F) ¢ (3.12)
kel (x,5)

Therefore, by combining (3.11) and (3.12) we derive (3.5), which completes the proof. O
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The next theorem provides a necessary condition for local optimal solutions of prob-
lem (P, ) under the condition related to the Lipschitz continuity.

Theorem 3.2 (Necessary optimality condition II) Let x € X. Suppose that G (X) is closed
and @ (x, -), k € K, are Lipschitz continuous around y € Y. If y is a local optimal solution
of (Px), then

0elJY D MG 5. hio.ohm) € AG ) p + NG GE).  (B13)
kel (7,5)

Proof We will use the proof scheme of Theorem 3.1 to prove this theorem.

Given x € X. Suppose that y is a local optimal solution of (P,). We first consider
the function ¥ := ¢(x,-) + 8G(x)(-). By the same arguments, we arrive at (3.6). Since
ok (X, -), k € K, are Lipschitz continuous around Yy, it yields that ¢ (x, -) is SNEC at x (see
[20, p. 121]) and ¢ is Lipschitz continuous around y. Moreover, as G (x) is closed, it follows
that §g(x) is I.s.c. at any y € G(x). Thus, by applying the sum rule for the Mordukhovich
subdifferential [20, Theorem 3.36] one gets

0€9Y(y) Cdyp(x,y) + 3dGE (¥)-

On one hand, we have 966 (z)(y) = N(y; G(x)). On the other hand, ¢ (X, -) are l.s.c. around
yfork € I(x, y)andu.s.c.atyfork ¢ I(x, y) due to the Lipschitz continuity of gi (X, -), k €
K. By Theorem 3.46 (ii) in [20], one has

o N =1 D Md@E ). 01, ..o0 k) € AR, §)
kel (x.7)

Therefore, we obtain (3.13). O

Remark 3.1 In [6], the authors study necessary optimality conditions for minimax program-
ming problems, where the constraint set is given by finite inequalities and equations under
the Lipschitz continuity and SNC assumptions. Here, we consider the parametric minimax
programming problems and we obtained two theorems on the necessary optimality conditions
for the problem in question. We use the metric qualification condition in the first one, and
the Lipschitz continuity assumption in the second one. The relationship between these two
conditions is still unclear. Interestingly, we have found a simple example in which Theorem
3.1 can be applied, but Theorem 3.2 cannot (see Example 3.1 below).

Remark 3.2 Inthe Asplund space setting, Bao et al. [3] have considered minimax optimization
problems with inequality, equality, and geometric constraints in the setting of nondifferen-
tiable and non-Lipschitz functions. More precisely, necessary optimality conditions in terms
of upper and/or lower subdifferentials of both cost and constraint functions as well as nec-
essary optimality conditions in the fuzzy form have been given. The qualification conditions
used in that paper is the SNC properties and the normal qualification condition

9, )N (= NG; GE) = {0}, (3.14)

It is worth noting that, the metric qualification condition (MQC) is really weaker than (3.14)
as proved in [27, Proposition 3.7].

‘We now establish a sufficient condition for optimal solutions of ( Py ) by using the convexity
in the next theorem.
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Theorem 3.3 (Sufficient optimality condition) Assume that x € X, y € G(X), and (X, y)
satisfies condition (3.5). If px (X, -), k € K, are convex functions and G(x) is a convex set,
then y is a global optimal solution of (Pz), that is, y € M (x).

Proof Since (X, y) satisfies condition (3.5), there exist (A1, ..., A,) € A(X,y) and y; €
At 0 Dy (X, 3), k € I(%, 7). such that
- > Y eNGGH). (3.15)
kel (%.5)

Suppose on the contrary that y is not a global optimal solution of (Px). Then, there exist
vy € G(x) such that

P(x,y) > (%, 9). (3.16)
By the convexity of G(x) and (3.15), we have

< > y}f,ﬁ—&>20. (3.17)

kel (X,5)
For each k € I(x, y), we consider two following cases.
Case 1. A > 0. Since y; € Ak 0 dy@r (X, y) = Akdy@r (X, y), one has

*

Y R
7]( € ay@k(-xv y)

Ak
By the convexity of ¢k (X, -), we have
y*
oe(X,9) — @k (%,9) = <7k y— §>,
k
or, equivalently,
Mlor(®,9) — g (@ 91 = (v, 9 = 3). (3.18)

Case 2. A\ = 0. In this case, y; € 8§?°(pk (x, ¥). Since (3.16), y € dom¢(x, -). Further-
more, by [2, Proposition 4.2], one has

3 @ (X, y) = N(y; domg(X, -)).
Hence, we have
(i, =¥ =0. (3.19)
Combining (3.17) and (3.19), we arrive at
< > yZ,9—§>Z —< > y}f,ﬁ—&>zo.
kel(Z,7),h>0 kel (%,5), =0
This and (3.18) imply that

Do ule® H) —@(E 9] =0,
kel (%,5),0>0
or, equivalently

D gk (E, 9) — gr (&, )1 = 0. (3.20)
keK
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On the other side, by (A1, ..., Ay) € A(X, y), we have
Y Me(E, F) = 9(F, 5) and ¢(X, $) = D Agr(F, H).
kekK keK

Now, taking (3.20) into account, we arrive at

P(x,9) = @(x, y),
which contraries to (3.16). The proof is complete. O
Remark 3.3 The sufficient optimality condition for minimax programming problems is inves-

tigated in [6] as well by imposing assumptions of L-invexity-infineness. Although the class
of L-invex-infine functions contains some nonconvex functions it is quite difficult to check.

Let us see an example to illustrate the results of this subsection.

Example 3.1 Let X = Y = R equipped with norm ||(x, y)|| := |x|+ |y| forany (x, y) € RZ.
Let C;y = {0} x (—o0, 0] and Cy = {0} x [0, +00) be two closed convex subsets in X x Y.
The corresponding indicator functions associated with C| and C, are

0 if(x,y)eC,

X, = ¢, (x, =
P1(x,y) i (x.y) 400 otherwise,

and

0 if (x, y) € Ca,

X, = ¢, (x, = i
2(x, y) e (x.y) +o00 otherwise.

Consider the problem (P, ) with

0 ifx=y=0,

X, = max X,Vy), X, =
@(x,y) {p1(x, y), p2(x, y)} Loo otherwise.

and

{yeR|y=>=x-2} ifx >0,
] otherwise.

Gx) = [

Let x = y = 0. Clearly, ¢x(x,-),k = 1,2 are l.s.c., and G(x) is a closed set. It is worth
emphasizing that ¢ (x, -), Kk = 1, 2 are not Lipschitz continuous around y. So we are not
applicable Theorem 3.2. We now check the assumptions of Theorem 3.1.

One has epi ¢(x, -) = {0} x [0, +00) and G(x) x R = [-2, +00) x R. Then, epi ¢ (x, ) N
G(x) x R =epig(x, ), and hence, for any (y, o) € R x R, we have

d((y, @), epip(x, ) NGE) x R) <d((y, ), epip(x, ) +d((y, o), G(X) x R).

In other words, the sets epi¢(x,-) and G(x) x R satisfy the metric qualification condi-
tion (MQC) at (0, 0) with § being arbitrary and y = 1. Similarly, it is not difficult to show
that epi ¢ (¥, -) and epi g2 (X, -) satisfy the metric qualification condition (MQC) at (0, 0)
with § being arbitrary and y = 1. Moreover, ¢k (X, -), k = 1, 2 are convex functions and G is
convex. Then, the necessary optimality conditions in Theorem 3.1 is the sufficient one. By a
simple computation, we get d,¢(0, 0) = 8§°g0(0, 0) =R, N(y; G(x)) = {0}. Consequently,
y = 01is a global solution of (Py).

@ Springer



Journal of Global Optimization (2024) 90:53-72 67

3.2 Applications to multiobjective optimization problems

This section is devoted to applying results on optimality conditions of the minimax pro-
gramming problem to a multiobjective optimization problem. More precisely, we employ the
necessary as well as sufficient optimality conditions obtained for the minimax programming
problem in the previous subsection to derive the corresponding ones for a multiobjective
optimization problem.

Consider the following parametric multiobjective optimization problem:

Mingn {(@1(x, ¥), ..., @m(x, ¥)) [y € G}, (MO Py)
depending on the parameter x, where R”! is the nonnegative orthant of R™.

Definition 3.1 Let x € X and y € G(x). y is a weakly Pareto solution of problem (M O P,)
if there is no y € G(x) such that

ok (x,y) < gr(x,y), Vk € K.
We will start with a necessary condition for weakly Pareto solutions of problem (M O Py).

Theorem3.4 Let x € X and y € G(X). Assume that all assumptions of Theorem 3.1 are

satisfied. I y is a weakly Pareto solution of (M O Py ), then there exists (ay, ..., o) € R,
> ap = 1 such that
keK
0e Z ag o dygr (X, y) + N(y; G(x)). (3.21)
kek

Proof Foreachy € Y and k € K, we put
Pr(X,y) = (¥, y) — ok (X, §).

Then, we will show that y is a local optimal solution of the following minimax programming
problem:

min max ¢ (X, y). 3.22
i meax or(X,y) (3.22)
To see this, define the function ¢(X, ) := maxzcg @k (X, ). Since, y is a weakly Pareto

solution of (M O Py), there is no y € G(x) such that
or(X,y) < gk (x,y) Vk € K.
The latter means that, for each y € G(x), there exists kg € K such that
iy (X, ¥) = @iy (X, ¥),
or, equivalently,
P, y) =@,y =0

for all y € G(x). Hence, y is a local optimal solution of problem (3.22). We now can apply
Theorem 3.1 to problem (3.22), where @ and ¢ play the corresponding roles of ¢ and ¢.

Then we find (a1, ..., @n) € RY, > o = 1 satisfying
keK

0e Zak 0 0y@r (¥, y) + N(; G(X)).
keK

Clearly, 3,@x (X, ) = dy@i (¥, ¥) for all k € K and we therefore get (3.21). O
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The necessary condition for weakly Pareto solutions of problem (M O P,) under the Lip-
schitz continuity is given in the next theorem.

Theorem 3.5 Let x € X and y € G(x). Assume that all assumptions of Theorem 3.2 are

satisfied. I y is a weakly Pareto solution of (M O Py ), then there exists (ay, ..., o) € R,
> ok = 1 such that
keK

0e Z akdypr (X, y) + N(y; G(X)).
keK

Proof Following the proof scheme in Theorem 3.4 and applying Theorem 3.2 instead of
Theorem 3.1 we derive the assertion of the theorem. ]

We close this section by the sufficient condition for optimal solutions of problem (M O P)
by using the convexity in the following theorem.

Theorem 3.6 Suppose that x € X and y € G(x). Assume further that ¢x(x, -), k € K, are

convex functions and G is a convex multifunction. If there exists (ay, . . ., o) € R, o=
keK

1

satisfying condition (3.21), then y is a weakly Pareto solution of problem (M O Py ).
Proof Similar to the proof of Theorem 3.4, we put
Q’Ek(fv )’) = Wk(f» )’) - Qﬂk(f» .)_])s ke Ka y e Y
and
ox, ) = max gy (x, ).

Clearly, @i (%, ), k € K, are convex functions. Thus, we apply the sufficient optimality
conditions in Theorem 3.3 to conclude that y is a global optimal solution of problem (3.22).
This means that

Px,y) =0 Vy e G,
or, equivalently,
max{gy (¥, y) — ¢k (X, )} 2 0 Vy € G().
Hence, there is no y € G(x) such that

(X, y) < g (x,y) Vk € K.

Consequently, y is a weakly Pareto solution of problem (M O P,). O

4 Sensitivity analysis

In this section, we will present upper estimates for the Mordukhovich subdifferential of the
optimal value function p of (Py). These estimations are established via the Mordukhovich
subdifferentials of ¢ and the Mordukhovich normal cone of gph G.
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Theorem 4.1 Consider the constrained problem ( Py ). Suppose that G has closed graph, ¢y,
k € I(x,y), are l.s.c., the optimal value function u given by (2.1) be finite at x € dom M
and 'y € M(x). Suppose further that:

(1) The solution map M is ju-inner semicontinuous at (X, y) € gph M;
(ii) epi@ and gph G x R satisfy the condition (MQC) at (X, y, ¢(X, y)), where ¢(x,y) :=

max_ i (x, y);
kel (x,y)
(i) @r(x,y), k ¢ 1(x,y), are u.s.c. at (x,y) and the sets epig, k € 1(x,y), satisfy the

condition (MQC) at (x, y, (x, y)).

Then x* € du(x), it is necessary that

@0elJl D Aodw@E 5. Ga....hn) € AR, F)
kel (x.5)

+ N((x, y); gph G).

4.1)

Proof Since the solution map M is p-inner semicontinuous at (X, ¥), applying [20, Theorem
1.108] for the unconstrained problem with ¢ + Sgph  being the objective function yields
the following inclusions

Iu(x) Cc{x* e X*| (x*,0) € d(p+ ‘Sgph )&, M} 4.2)
We now prove
3(¢ + Sgph 6)(F, ) C 3¢ (X, ) + ddgph (%, 7) (4.3)

under the validity of condition (ii). Indeed, take any (u*,0) € (¢ + ‘Sgph ¢)(x,y). This
means that

W*,0,~1) € N((}E, 5, (¢ + 8gph o) (¥, 3)); epi (¢ + sgphc)). (4.4)

As observed in the proof of Theorem 3.1, one has (¢ + ‘Sgph ¢)(*,y) =@(x,y)andepi(¢p+
(Sgth) =epip N (gph G x R). So, (4.4) is written as
@*,0,—1) € N((¥, 7, ¢(%, 7)); epig N (gph G x R)) “5)
= N((%, 5, ¢(x, 9); epig N (gph G x R)). '

Note thatepig = (] epigx. By conditions (ii), (iii) and Theorem 2.1, we have that
kel (%,5)

N((*, 7, ¢(x, 7):epig N (gph G x R)) C N((X, 3, p(X, 7)); epi §)
+ N((x,y, 9(x,)); gph G X R)

= N((x,y, p(x,y)); epip)
+ N((x,y, ¢(x, y)); gph G x R).

Combining this with (4.5) gives

@*,0,—1) € N((X, 3, p(¥, )); epig) + N((%, 3, ¢ (¥, 7)); gph G x R).
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Thus, we can find a triple (u], v}, a1) € N((X, ¥, ¢(%, ¥)): epi )) and atriple (u}, vy, a2) €
N((x,y, ¢(x,y); gph G x R) such that

u* =uj 4 ul;

0=vf+v5; (4.6)

-1l =a; + as.
As N((x,y,9(x,¥y));gphG x R) = N((x,y); gphG) x N(p(x,y)); R), it follows that
ar = 0. Hence, a1 = —1 from the last equation of (4.6). Consequently, (u}, v}, —1) €
N((x,y, (X, y)); epig)) and (u3, —vi) € N((X,y); gph G). In other words, (u}, v}) €

dp(x, y) and (u3, —v}) € 88gth()E, y). Combining the latter with the equations of (4.6),
one gets

(", 0) € 3p(, ) + Dgph 6 (F. ),

which proves (4.3).
‘We now rewrite (4.2) as follows

du(x) C {x* e X*| (x*,0) € dp(x, y) + 3gph ¢ (X, .

On one hand, under condition (iii), we get

dpE M =J{ D ModgE ). (... An) € A, F)
kel (x.7)

from Proposition 3.3. On the other hand, aagph ¢(X,y) = N((x, y); gph G). Therefore, we

arrive at (4.1). m]

Theorem 4.2 Consider the constrained problem ( Py ). Let the optimal value function p given
by (2.1) is finite at x € domM and y € M(x). Suppose that G has closed graph, ¢y
are Lipschitz continuous around (x,y) for k € K, and the solution map M is p-inner
semicontinuous at (X, y) € gph M. Then x* € du(x) if

@0 elJy D MIoE ), O d) € AL )

kel (%,5)
+ N((x,y); gph G).

Proof In the same manner as in the proof of Theorem 4.1, we also obtain (4.2). Since ¢y are
Lipschitz continuous around (X, y), so is ¢. It follows that ¢ is SNEC at (x, y) (see [20, p.
121]). In addition, Sgth is L.s.c. because of the closedness of gph G. So, by using the sum
rule for the Mordukhovich subdifferential [20, Theorem 3.36] one gets

d(9 +Bgph ¢) (%, ) C 0p(X, 3) + 88gph (¥, ).
Consequently,
u(®) C (x* € X* | (x*,0) € 9p(X, §) + d8gph ¢/(F, D)}

We note that 35gph ¢(X,¥) = N((x, y); gph G). Meanwhile, ¢ are l.s.c. around (x, y) for
i € I(x,y) and u.s.c. at (x,y) fori ¢ I(x,y) following the Lipschitz continuity around
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(x,y) for k € K of ¢. Thus, by applying Theorem 3.46 (ii) in [20], we obtain

dpE M =J1 D MI%E ), O, ...s k) € A, §)
kel (x.7)

Therefore, the proof is complete. O

5 Concluding remarks

In this paper, optimality conditions and sensitivity analysis for parametric nonconvex min-
imax programming problems are investigated. Namely, we study the necessary optimality
conditions by using the Mordukhovich subdifferential and give upper estimations for the
Mordukhovich subdifferential of the optimal value function u. The optimality conditions
and sensitivity analysis are obtained by using upper estimates for the Mordukhovich subd-
ifferential of the maximum function. The results on optimality conditions are then applied
to parametric multiobjective optimization problems. An example is given to illustrate our
results.
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