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SUBOPTIMALITY CONDITIONS FOR MATHEMATICAL
PROGRAMS WITH EQUILIBRIUM CONSTRAINTS

TRUONG Q. B.A(')l, PANKAJ GUPTA? and BORIS S. MORDUKHOVICH?3

Dedicated to Phan Quoc Khanh

Abstract. In this paper we study mathematical programs with eﬁuilibﬁum constraints
(MPECs) described by generalized equations in the extended form

0 € Glz,y) + Qav),

where both mappings G and () are set-valued. Such models arise, in particular, from certain
optimization-related problems governed by variational inequalities and first-order optimality
conditions in nondifferentiable programming. We establish new weak and strong subopti-
mality conditions for the general MPEC problems under consideration in finite-dimensional
and infinite-dimensional spaces that do not assume the existence of optimal solutions. This
issue is particularly important for infinite-dimensional optimization problems, where the
existence of optimal solutions requires quite restrictive assumptions. Our techtiiques are
mainly based on modern tools of variational analysis and generalized differentiation re-
volving around the fundamental extremal principle in variational analysis and its analytic
counterpart known as the subdifferential variational principle.

Keywords: Mathematical programs with equilibrium constraints, variational analysis,
nonsmooth optimization, extremal principle, subdifferential variational principle, gener-
alized differentiation, coderivatives.

1 Introduction

This paper concerns the study of a broad and important class of parametric optimization
problems unified under the name of Mathematical Programs with Fquilibrium Constraints
(MPECs) that can be generally described as follows:

minimize wo(z,y)

subject to pi(r,y) <0, i=1,...,m,
wilm,y) =0, i=m+1,...,m+r, (1.1)
(an) €, '
y € S(z),

where y € Y stands for the decision variable while £ € X signifies the parameter, which
is also included into the optimization process. The most characteristic feature of problems
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(1.1) is that, together with more conventional functional constraints of the equality and in-
equality types defined by {extended-)real-valued functions ; as well as geometric constraints
given by sets {1, they contain parameterized constraints in the form y € S{z) described
by set-valued mappings 9: X = Y. The latter constraints often arise as solution maps
to lower-level parametric optimization problems (as in bilevel programming), or sets of La-
. grange muitipliers/Karush-Kuhn-Tucker vectors in first-order optimality conditions, or solu-

Y

tion sets to various complementarity problems and variational /hemivariational /quasivariational

inequalities, etc. In general, constraints of this type describe certain equilibria; that’s where
the name comes from. In numerous publications (see, e.g., books [15, 17, 22 and the refer-
ences therein) the reader can find more examples, discussions, and various qualitative and
numerical results for particular classes of MPECs written in form (1.1) with underlying
specifications of equilibrium constraint mappings S. '

It has been well recognized that a convenient model for describing equilibrium con-
straints in MPECs is provided by Robinson’s framework of generalized equations

S(x)={yeY|0eg(z,y)+Qy)} (1.2)

originally introduced in [24] for the case when the set-valued “field” mapping @: Y = Y™
is parameter-independent and is given as the normal cone mapping Q(y) = N(y;0) to a.
convez set © C Y, while the “base” parameter-dependent mapping g: X xY — Y™ is single-
valued. This particularly covers the classical variational inequalities and complementarity
. problems. Other iniportant equilibrium models (e.g., guasivariational inequalities) admit
adequate descriptions in somewhat more general framework of type (1.2) with parameter-
dependent fields Q = Q(z,y); see, e.g., [12, 19] and the references therein.

However, there are broad classes of MPECs (1.1) whose equilibrium constraints cannot
" be described in form (1.2) while require the extended generalized equation framework

S(z) ={y € Y} 0 € Glz,y) + Q=) }, (1.3)

where both base and field mappings are sei-valued. Let us mention two particular classes
of equilibrium constraints that can-be written in the extended form (1.3) while not in the
previously developed forms of generalized equations.

e Consider the so-called set-valued/generalized variational inequalities defined by:
find y € © such that thereis y* € G{x,y) with (¥",u—y) >0 forall ue©, (14)

where G: X x Y = Y™, we refer the reader to the handbook [28] for the theory and
applications of (1.4) and related problems. It is easy to see that model (1.4) can be written in
form (1.3) with Q(y) = N(y; ©). The classical case of parameterized variational inequalities
-corresponds to (1.4} with a single-valued mapping G =g: X xY — Y*.

e Consider a parametric problem of nonsmooth constrained optimization in the form:
minimize @(z,y} subject to y € O,

where ¢: X x Y — IR 1= (—00, 0] is a lower semicontinuous function and where © C Y is
a closed set. Then general firsi-order necessary optimality conditions for this problem can
be written as

0 € Oyp(z,y) + N(y; ©) (1.5)



via appropriate subdifferentials of ¢ with respect to y and normal cones to ©, where Oy
and N(-;©) reduce to the corresponding constructions of convex analysis if ¢(z,-) and
- © are convex; in the latter case condition (1.5) is known to be necessary and sufficient
for optimality. We refer the reader to [14] for more discussions and various results on
model (1.5), which is obviously a particular case of (1.3) with G(z,y) = Gyp{z,y) and
Q(y) = N{y; ©). Furthermore, MPEC problems with equilibrium constraints of type (1.5)
relate to the so-called optimistic version of nondifferentiable bilevel programming; see [4] for
more detajls and recent results in this direction.

As usual in optimization theory, the mainstream of studying various classes of MPECs
consists of deriving necessary optimality conditions associated with appropriate notions of
stationarity; see particularly [1, 2, 7, 15, 17, 19, 22, 29] and the references therein. However,
ag it is pointed by Young [30], any theory of necessary optimality conditions is “naive” unless -
the eristence of optimal solutions is guaranteed. The latter issue is far from being trivial for
important classes of MPECs and related problems, especially in infinite-dimensional spaces,
imposing rather restrictive requirements on the initial data; see, e.g., [2, 15, 12, 17, 28] for
various results and discussions,

On the other hand, there is an alternative route in optimization theory and applications,
which allows us to avoid difficulties with justifying the existence of optimal solutions while
providing an efficient approach to the study of qualitative aspects of optimization and the
development of numerical slgorithms. This approach is based on deriving suboptimality
conditions that give “almost necessary conditions” (up to an arbitrary ¢ > 0) for “almost
optimal (suboptimal) solutions”, which eutomatically exist.

The first systematic. results of this type go back probably to Ekeland’s seminal paper
{5] being among the strongest motivations to develop his now classical variational principle.
Based on this principle, it is shown in [5] that, given any ¢ > 0, there is an e-minimizer T
to a smooth function ¢: X — IR on a Banach space X that satisfies an e-counterpart of the
Fermat stationary rule:

|Ve@)|| <e. (1.6)

Suboptimality conditions of type (1.6) and their appropriate (more involved) extensions
and analogs have been further developed for and applied to various kinds of constrained
optimization-related problems in (8, 9, 10, 14, 21, 17, 26, 27] and their references, although
.this direction in optimization theory is somehow underestimated and not sufficiently ex-
plored. In particular, we are not familiar with eny suboptimality conditions for MPECs.

The prirhary goal of this paper is to derive suboptimality conditions for general MPECSs
given in the form '

minimize wol(z, )

subject to wilz,yy <0, i=1,...,m,
wilz,yy=0,i=m+1,...,m+r (1.7)
(z,9) €9,

0 € G(z,y) + Qz,9),

which corresponds to (1.1) with the equilibrium constraints y € S{z) defined by solution
maps to the extended generalized equations (1.3). Following the terminology of [17, 21],
where suboptimality conditions are derived for mathematical programs with no equilib-
rium constraints, we distinguish between the two generolly independent forms of subop-
timality conditions: weak and strong. The weak form of suboptimality conditions holds



under very mild assumptions on the initial data involving however weak® neighborhoods
from the corresponding dual spaces in their formulations. The strong form of subopti-
mality conditions imposes more requirements while provides stronger results with the re-
placement of weak* neighborhoods by small dual balls, i.e., it establishes the underlying
estimates in suboptimality conditions in the norm topology versus the week* topology of
dual spaces. Furthermore, strong subeptimality conditions are expressed via lémiting nor-
mals/subgradients/coderivatives of the initial data instead of Fréchei-like constructions in
the weak form. The limiting constructions are robust and enjoy comprehensive rules of full
calculus in contrast to the Fréchet ones; see Section 2 for more discussions and references.

Qur approach to deriving suboptimality conditions is based on extremal/variational
principles of variational analysis whose versions needed in the paper are recalled in Section 2.
We significantly modify the scheme developed in [17, 21] to be able to apply it to establishing
suboptimality conditions for the MPECs under consideration. As a by-product of the new
scheme, we also improve the results obtained in [17, 21] for mathematical programs with
_no equilibrium (just functional) constraints.

The rest of the paper is organized as follows. Section 2 contains some preliminaries from
variational analysis and generalized differentiation needed for the formulation and justifica~
tion of the main results. Section 3 is devoted to deriving weak suboptimality conditions for
MPECs (1.7}, while in Section 4 we present strong suboptimality conditions for the general
MPECs under consideration and discuss some of their specifications.

The notation used throughout the paper is basically standard; see [16, 17, 25]. Recall
that IV := {1,2,...} and that B and IB* stands, respectively, for the closed unit ball of
the space X in question and of its topological dual X*. Given a nonempty set £ C X, we
denote by §{x; 2} the indicator function of Q equal to 0 if x €  and oo otherwise.

2 Tools of Variational Analysis

For the reader’s convenience, we briefly overview in this section some underlying construc-
tions and principles of variational analysis and generalized differentiation widely used in the
sequel. We mainly follow the recent book by Mordukhovich [16], where the reader can find
all the details and commentaries. The main framework of our study is the Asplund space
setting. Thus we assume, unless otherwise stated, that all the spaces under consideration
are Asplund, i.e., such Banach spaces whose separable subspaces have separable duals. The
class of Asplund spaces is sufficiently large particularly including every reflexive Banach
space and every Banach space with a separable dual; see, e.g., [23, 16] for more details,
discussions, and references. The definitions and properties presented below are adjusted
to the case of Asplund spaces; see [16] for their modifications and analogs in more general
Banach space settings. '

Given a nonempty subset {2 of an Asplund space X, we define the prenormal/Fréchet
normal cone to ) at T € Q by

N(z0) = {m € X" AT k) 0}, (2.1)

liz =

lim sup
[

z
where the symbol z 2 % means that = — ¥ with = € . While the set N (7)) Cc X*is

always convex, it may be empty at boundary points T € {2 and does not possess satisfac-
tory pointwise calculus rules while enjoying the so-called fuzzy calculus; see [3, 16] for more
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details and references. The situation is dramatically improved when we consider the follow-
ing “sequential robust regularization” of (2 1) known as the basw/hmztmg/Mordukhomch
normal cone to Q at E €

N(@: Q)= {z* € X*

Q _ w*
3 sequences xp — T and z} — T*

with x,’gelv(xk;ﬂ) for all keJN},

(2.2)

where z}, WL g signifies the sequential convergence in the weak* topology of X*. Despite
being nonconvex (actually due to this), the basic normal cone (2.2) and the associated
coderivative/subdifferential constructions given below satisfy comprehensive pointwise rules
of full calculus; see [16] for probably the complete account in Asplund spaces and partly in
the arbitrary Banach space setting.

Given further a set-valued mapping F': X = Y with the graph

gph F = {(z,y) € X x Y|y € F(z)},
define its (basic, normal) coderivative at (Z,7) € gph F by
D'FE, D) = {z" € X*| @", ~y") € N((z.7);gph F) }, - (23)
which is a positively homogeneous mapping of y*; we always omit § = F(T) in (2.3) if

F = f: X — Y is single-valued. It easily follows from (2.2) that the coderivative (2.3)
admit the sequential limiting representation

3 (@ we) — (77) and (2f,97) 5 (%,y*") a5 k— oo
with y, € F(zx) and z} € ﬁ*F(:ck, w)(¥E), ke IN},

D'F@E ) = {o* e X7

where the Fréchet-type coderivative D*F is defined similarly to (2.3) with the replacement
of the basic normal cone N by its Fréchet counterpart N from 21). HF=fX->Y
is strictly differentiable at T with the derivative Vf(Z): X — Y (this is automatic when
f € C! around this point), we have : '

D*f@)y*) = D' f@)y*) = {VF(@)*y*} forall y* Y™

Considering an extended-real-valued function ¢: X — IR finite at %, define its Fréchet
subdifferential at T (known also as the regular or viscosity subdifferential of ¢ at T) by

A

¢ o3) — o®) — (&% 7 - T)

= * > .
Bp(T) == {:c eX llillgl ] 0} E (2 4)

and the (basic, limiting, Mordukhovich) subdifferentiel of  at T by:
8p(Z) = {z* € X*| 3 sequences zy 4z ¥, z* with zi € 5!,0(:1:;;)}, (2.5)

where = % T stands for = — T with ¢(z) — ¢(F). We also need in what follows the singular
subdifferential construction for ¢ at T defined (sequentially) by

8%p(z) = {e* € X*| Ja B, A | 0, of 5 2" with 2} € MBo(ar)), (2.6)



which. reduces to {0} if ¢ is locally Lipschitzian around . If ¢ is lower semicontinuous
around T, there are the following useful geometric representations

Bi(®) = D", (@, 0(@) (1), 8p() = D'Ey(%,0(2)) (1), 8%(F) = D*Ep %, () (0) (2.7)

of the subdifferentials (2.4)—(2.6) via the corresponding coderivatives of the epigraphical
multifunction £,: X = IR associated with ¢ and defined by

Eo(z) = {pn e R| p2> p(x)} with gph&, = epiyp;

see, respectively, Theorem 1.86, Theorem 1.89, and Theorem 2.38 from the book [16].

We conclude this section with formulating two underlying results that play a crucial
role in deriving the suboptimality conditions for MPECs obtained in this paper. The first -
result, known as the subdifferential variotional principle, is established by Mordukhovich
and Wang [21] (see also {16, Theorem 2.28]) as an analytic description of the fundamental
extremal principle of variational analysis; see [16, Theorem 2.20] and the related material
of [16, Chapter 2] with the commentaries and references therein.

Theorem 2.1 (subdifferential variational principle). Let¢: X — IR be a lower semi-
continuous function bounded from below on X. Then for everye >0, v >0, and 2 € X
satisfying @w(zo) < infx @ + € there are T € X and z* € Op(E) such that

Tzl <v, @@ <ipfe+e and [o¥)| < =

The next result, known is the weak fuzzy sum rule, is established by Fabian [6] as a
consequence of the Borwein-Preiss smooth variational principle (see {3, 16]} by the method
of separable reduction. It also follows from the extremal principle; see [16, Corollary 2.29]
and {17, Lemma 5.27] and the discussions therein.

Theorem 2.2 (weak fuzzy sum rule). Let p;: X — R, i=1,...,n, be lower semicon-
tinuwous functions on X. Then for everyT € X, n >0, 2% € 5((;;1 + ...+ ¢n) (F) ond for
any weak® neighborhood V' of the origin in X* there are x; € T+ nIB and x} € 5(,9’,;(9:1;) such
that |pi(x;) = wi(F)| <n foralli=1,...,n and

n
z* € ij‘ +V.
i=1

3 Weak Suboptimality Conditions

In this section we derived weak suboptimality conditions for MPECSs (1.7) under very general
assumptions on the initial data. We begin with the following lemma giving weak subopti-
mality conditions for mathernatical programs with only the geomeiric constraint:

minimize @o(z) subjectto x € EC X (3.1)

where g1 X — IR with infz g > —oc. We say that z € Z is an e-optimal solution to the
constraint problem (3.1) if

wo(z) < infipg +&.

6 .



Obviously for any & > 0 the set of e-optimal solutions to (3.1) is nonempty. The result below
is actually a specification of [17, Theorem 5.29] for problems with no functional constraints.
Nevertheless, for completeness and the reader’s convenience we present a simpiified proof
of this lemmna in the case needed in what follows. '

Lemma 3.1 (weak suboptimality conditions for problems with geometric con-
straints). Suppose that po is lower semicontinuous on the set of e-optimal solutions
to problem (3.1} for ¢ > 0 sufficiently smeall and suppose that the constraint set Z is
closed. Then given an arbitrary weak™ neighborhood U of the origin 0 € X*, there ex-
ists € > 0 such that for every 0 < & < & and every 2-optimal solution T to (3.1) there are
(%o, xm, 2,25} € X X X x X* x X* satisfying the relationships

lzo — Z|| < € with |eo(xzo) — ¢o(F)| <6, [lz= -7 S¢ with z= €E, (3.2)

zh € Biog(zo), zt € N(ze;E), 0€azh+zh+U. (3.3)

Proof. Foranyv € X and y> 0 we consider a family of wesk* neighborhoods of the origin
in X* defined by

| -U(?;qr) = {m* e X

[(z*,v)] < 7};_

this family forms a base of the weak™ topology on X*. Then picking an arbitrary weak*
neighborhood U in the theorem, find ¥ > 0, p € IV, and v; € X with |jv;|| =1as1 <j<p
satisfying the inclusion -

)
U2y cU. . (3.4)
j=1
and show that the conclusions of the theorem hold for every e such that
0 <& <&:=min{7,1}.

To proceed, take any T € E with ©o(F) < infzyp + €2 and find € (0,£) such that
wo(T) < infz g + (€ — 7). Observe that for the function

p(z) :=wolz) + 8(5;E), z€ X, _ (3.5)

we have (%) < infx @ + (e — )2 Applying now the subdifferential variational principle
from Theorem 2.1 to the above function ¢ with the parameters

2

e:=(e—n)* and v:i=g—7p

and taking into account the structure of ¢ in (3.5), we get v € Z and u* € 5(;:(11,) satisfying
the relationships

-z <e-n |wil<e—n<F yolu) <info+(e—n)?<ifpo+e—n (36)

which imply, by the (¢ — n)*-optimality of Z to problem (3.1), that |wo(u) — @o(T)] <€ ~17.



Next apply the weak fuzzy sum rule from Theorem 2.2 to u* € 5{,9(11:) for the sum of two
functions in (3.5) with the weak* neighborhood '

p
= ﬂ Ulvs;7)

of the origin in X* and the number n > 0 chosen above. In this way we ﬁnd elements :
(w0, zz, 2§, z5) € X x X x X* x X* such that

lleo — ull <7 with o(=0) — wo(u)] < m, ez —u| <7 with 2= €5,

3.7
z} € Boolzo), ok € N(zs; _.), and w* € zj+aL+ V. ( _ )

Taking finally into account the relationships in (3.4) and (3.8), the above construction of the
" weak* neighborhood V, and that ||u*|| < 7, we arrive from (3.7} at the demred conclusions
(3 2) and (3.3) and thus complete the proof of the lemma. ‘ JAN

The next theorem provides week suboptimality conditions for the general class of MPECs
(1.7), where all the spaces under consideration are Asplund. :

Theorem 3.2 (weak suboptimality conditions for MPECs). Consider MPEC (1.7)
defined by 0;: X xY - Rasi=0,....om+r, Q CXxY,G X xY = Z, and
Q: X xY =3 Z. Assume that the functions ¢; are all finite and lower semicontinuous for
i =0,...,m while continuous fori = m+1,...,m+ r on the set of c-optimal solutions
to (1.7) for each € > 0 sufficiently small and that the sefs Q, gph G, and gph Q are locally
* closed around the poinis under consideration. Let U be an arbitrary weak® neighborhood
of the origin in X* x Y™, and let v be an arbitrary posz'tive number. Then we can find a
number € > 0 such that for every e € (0,E), every e?-optimal solution (Z,7) to (1 T, and
every T € G(Z,7)N ( — Q(Z,7)) there are elements

(.Tg‘,, Yi, T, Y. TQ, UG 2GH T Y@y 2Q, A‘i? ﬂf,yf:-’u'”?'z, ys*:e, $*Ga ya'l zaaza,yaa Za)

asti=0,...,m+r from the corresponding spaces, with Ao = 1, satisfying the relationships
(o, v0) — (E.T)| <€ with |po(Zo,%0) ~ $o(E,T)| <&, (3.8a)
(@i, 9:) ~ @9 <&, i=1,...,m, _ (3.8b)
(s, %) — (F,0)|| <& with |@i(zs, 1) — @ilZT,T)| <&, i=m+1,...,m+r, (3.8¢)
(26,96, 26) — (Z.7.2)| < € with (zg,ye,2c) € gph G, (3.8d)
Iz ¥q,20) — (@ T Z)|| <& with (2q,uq,2q) € gphQ, (3.8¢)
l(zq,u0) — @D <& with (z0,y0) € 2, - (381
(w8, 98) € Deo(wo,30),  (xh,%) € N{(wa,y0)i©), (3.8g)
(2, y7) € MDyi(mi,yi) with A >0, i=1,...,m, - (3.8h)
(x1,97) € M[Bpilzi, i) U B(—@i) (i, w:)] with >0, i=m+1,...,m+r, (3.8)
(& vE) € D*Glac,ye,26)(=8), (25, %) € D"Clzq.yq, 20)(25) (3.8))
with 25 € 2%, zg € Z%, and |z — 25l £ 7, : (3.8k)
m+r
0€ > (#5,u) + (a5, v8) + (20, v) + (h,90) + U. | (3.81)
i=0



Proof. Our approach to deriving the suboptimality conditions formulated in the theorem
employs the following procedure, Construct first a mathematical program of type (3.1)
with only the geometric constraint given by a set intersection in such a way that this -
problem is equivalent to the general MPEC (1.7) under consideration. Applying then the
suboptimality conditions from Lemms 3.1 to the designed problem (3.1), we need to express
them constructively in terms of the initial data of (1.7). This will be done by using the weak
fuzzy sum rule from Theorem 2.2 and the efficient descriptions of Fréchet normals to graphs -
and epigraphs of functions established in {16, Section 2.4] on the base of variationael/eztremal
principles. Details follow, h

Consider the product space W := X x Y x R™" x Z endowed with the standard sum
norm on the product. It is well known [23] that W is Asplund as a product of Asplund
spaces. Define the following subsets of W by

Q"i = {("an.ra's Z) € W
Q= {(miyia‘!z) EW
QG = {(w,y,a, Z) ew

(z.y,04) €epig}, i=1,...,m,
(:c,y,av;) Egph‘pi}: i=m+1,...,m+r,
(x,y, 2} € gph G},

Qg = {(z, y,0,2) EW | (z,y,—2) € gth} - (3.9 _
m—r ' .
Qu=0xRTx{0}xZCW, E:=()% nQGnQQnﬂg,
’ i=1
where ¢ = (e11,.. ., %mt+r) € JR™TT, where JR™ stands for the nonpositiv'e orthé,nt of R™,

and where 0 € R". It is easy to see that all these sets are locally closed around the points in
question due to the semicontinuity/continuity/closedness assumptions made in the theorem.
Observe also that for every feasible solution (x,v) to MPEC (1.7} we have :

(z,y,0,2) € E with a = (p1(z,9),..., om+r(7,y)) and any 2 € Gz, y)N (~Qlz,y))

by the construction of E in (3.9). Conversely, the inclusion (x, ¥, e, z) € Z implies that (z, )
is a feasible solution to MPEC (1.7), since

0i(z,y) S <0 for i=1,...,m, (pi(m,y)=ai=0 for i=m+1,...,m+r,
z-z2=0€G(z,¥) +Qz,y), and (z,y) €0

due to the set structures in (3.9). Furthermore, define @p: X x Y x JR™F7 x % — R by
Golz,y,a,2) 1= (pg(:r, y) for all (z,y,0,2) €W (3.10)

and construct a mathematical program of type (3.1) with only the geometric constraint
given by the set E from (3.9) as follows:

minimize $p(z,y,e,2) subject to (z,y,a,2) € E. C(3.11)

Having (%,7) € XY, denote @ := (¢1(Z.7),-- ., ¥m+r(T, 7)) € IR™" and pick any element
Z e G(Z,7)N ( Q(:c, y)) By construction we get that (%,7) is an e-optimal solution to
MPEC (1.7) if end only if (Z,7,%,Z} € W is an e-optimal solution to (3.11).

Fix an arbitrary number + > 0 and take an arbitrary weak® neighborhood U of the origin
in X* x ¥* from the formulation of the theorem. Let us construct a weak* neighborhood
V of the origin in W* by

V=

V) X BR™" x y(}int B*), (3.12)

9



where B* stands for the closed unit ball in Z*. Applying now Lemma 3.1 to problem
(3.11) with the neighborhood V from (3.12) and taking into account the structures of P
and V in (3.10) and (3.12), respectively, we find £ > 0 such that for every € (0,8/3) and
every e2-optimal solution (Z,¥,a,%) to (3.11)—corresponding to the designated ?-optimal
solution (%, 7) to MPEC (1.7)—there are elements

ok m ¥ ok k% = *
(woyyt),ao,zoafﬁs,y&GE:ZEJQ:%:%,%JEE yE7a‘EazE) EWxWx Wix W

satisfying the following relationships

(o, %0, a0, z0) — (%,5,8,Z)|| < & with  |o(zo, v0) — @o(Z, T} < &, (3.138)
I(zz,y5, 02, 22) — (F,%, 8,2}l < & with (zg,vg, 05, 25) €E, - (3.13b)
(x5, 15, 0,0) € 8Bo(wo, w0, a0, 20) = Oewo(za, vo) x {0},  (3.13¢c)
(zk, y5, 0k, 25) € N{(z5, ys, az, 22); E) with §22] < /2, (3.13d)
0€ (zd,15) + (=5, v2) + R‘-:TEU' (3.13e)

It is easy to observe from the intersection structure of the set E in {3.9) that inclusion
(3.13d) can be equivalently written as

m+r

(z&, y&,a%,28) € 5( Z 3( ) + 0(5Qg) + &(-;Qqg) +-5(-; QQ)) (z=, ¥z, 03, 25). (3.14)

Ca=l
Taking the Fréchet subg‘fadient (=%, y%, ag, z5) in (3.14) and applying to it the weak fuzzy
sum rule from Theorem 2.2 with the neighborhood V' defined in (3.12) and with any fixed
number 1 = € € (0,€/3) from above, we find elements
(Ei’ gm aia TG UG 2G: TR YQ 20, TQH YN, E:”g:,‘ka )‘i: m*G’7 yz;'} za, ‘TB* ya’ 25: :1:5, ya)

as i = 1,...,m + r satisfying the following relationships, where az; stands for the i-th
component of the vector ag € JR™ from (3.13): ‘

(s, 5 85) — (22 ym, 0m)|| < & (Fiy By 82) € epiogs, i=1,...,m, (3.152)
”(E-g,@;;,ai)— (wg,yg,agi)” <eg, (E,;,@;',ai) Egph(pz', i=m+1,...,m+r, (3.15b)
za,ve, we) ~ (z=,y=, 22} S & (=@ v, wq) — (z=,y=,22)|| <&, (3.15¢)
||(:Cg,.yg) —(zg,y2)|| <& with (zq,yq) € Q, (3.15d)
&, 7, -X) € N((&. % @)sepigs), i=1,...,m,  (3.15€)
(Z,7,-N) € N((:, 5, 8);gph ), i=m+1,...,m+r (3.15f)
(2, vh) € N((za,90)9), (25,98 —28) € N((ze, y6, 2¢):gph G), (3.15g)
("TE! yaiza) € ﬁ((mQ1 Yo, ZQ); gph ("Q)) with ||25 - 2'5 + 25“ < 7/21 (315h)
m-r
(@5, y8) € Y (B, + (@8, v5) + (x5, vd) + (@h, vh) + s U- (3.151)
=1 .

Let us further elaborate conditions {3.15). Consider first the relationships for inequality
constreints and fix ¢ € {1,...,m} in (3.15a) and (3.15¢). It is easy to check, due to the
definition of Fréchet normals in (2.1) and &; > ¢;(Z;,%;), that (3.15e) implies the inclusion

(ZF. 47, —Xz') € fv((fﬂﬂz‘sl@},%(ﬁ:@}.));epi p;) with >0, (3.18)
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and thus there are the two possible cases in (3.16): X >0and & = 0.

If X; > 0 in (3.16), we immediately get (Z%,%) € A 6(,9,(252,@'2) from (3 16) due to the
first relationship in (2 7) hence by (3.13b) and (3.15a) we arrive at conclusions (3. Sb) and
(3.8h) of the theorem with (s, ¥s, As, 2F, ¥F) 1= (T, ¥, A, T a7, v

" The other case of A; = 0 in (3.16) means that (% (x7,97) is a horizontel Fréchet normal to
the epigraph of @; at (Z;,¥;). Using [16, Lemma 2.37] on the description of such normals in
Asplund spaces, we find (z;, 13, As, 75, ¥F ) € X XY x Rx X* x Y™ satisfying the relationships

Iz, ) — @B <&, (2h,95) € @9 + iV

~ 3.17
')\iaoa and (E:ay:)E)\zB‘Pz(fFu%), ?,—1,...,?'1’?;, ( ) )

which imply those in (3.8h) in the case under consideration.

Next we elaborate the relationships for equality constraints in (3.15) and fix an index
i€ {m+1,...,m-r}in (3.15b) and (3.15f). Again, explore the two possﬂ:)le cases in
(3.15f): X; # 0 and X; = 0.

If A; # 0, we get from [16, Theorem 1. 80] that (3.15f) yields

(5,7%) € M [Bpil @i 7o) U B~ i) (&, 55)] with M = |\,

which justifies (3.81) with (z;,w, =}, v) = (&, %, 27, 47). If X =0 in (3.15f), this means
that (Z},¥7) is a horizontal Fréchet normal to the graph of ¢; at (T;,%;). Using the descrip-
tion of such normals for continuous functions on Asplund spaces from [16, Theorem 2.40(i)],
we find elements (z;, v, As, :152 J Ui} € X xY x R x X* x Y™ satisfying the relationships

(e 36) — (&, G} < & (:1y1)€(mz’yi)+m+r+1U A 20,

oA 3.18
(Q:Z)y:) & )\z [8()01,(-’17'“ y’i) Ua( (192)(1.%1 yi)! t=m + 1 M + 7y ( )

which imply those in (3.8i) in this case.

Considering finally the inclusions and estimates in the above relationships (3.13) and
(3.15) for the cases of geometric and equilibrium constraints and taking into account the
construction of the Fréchet coderivative in Section 2, we easily arrive at the correspond-
ing condition in (3.8d)—(3.8g) and (3.8j) of the theorem from those in (3.13) and (3.15).
Estimate (3.8k) for the equilibrium constraints follows from

26 — 23] < (=& — 25 + 28) — % < |26 ~ 25 + 2zl + 15 <v/2+7/2 =~

due to (3.13d) and (3.15h). Furthermore, the relationships in (3.8a) and (3.8g) for the cost
function of (1.7) are implied directly by those in {3.13a) and (3.13c); the cost f‘llIlCtlDIl is
not involved in the conditions of {3.15).

To complete the proof of theorem, it remains to justify the generalized Fuler equation
(3.81) involving the given weak® neighborhood U of the origin in X* x Y. We get this by
combining relationships (3.13e), {3.151) with those for (z,3}) in (3.17) and (3.18). JaN

Remark 3.3 (qualified suboptimality conditions with no constraint qualifica-
tions). As we see from Theorem 3.2, the suboptimality conditions for MPECs obtained
therein are in the qualified/normal form, which means that Ap = 1 for the multiplier corre-
sponding to the cost function g} see (3.8g) and (3.8]) in comparison with {3.8h) and (3.8i).
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" This is a new result even for problems with just functional (no equilibrium) constraints
derived in [17, Theorem 5.29], which contains conditions in the non-qualified (Fritz John)
- form: :

mtr
(3, v8) € MoBo(z0,30), D Ai=1, X 20 forall i=0,...,m+r (3.19)
=0

instead of the qualified ones with Ag = 1 in the counterpart of Theorem 3.2 for problemns with
no equilibrium constraints. It is easy to check that Theorem 3.2 implies its non-qualified
version with conditions (3.19). Indeed, letting. '

s Y
)\:=1+;)\¢, A(}::X’ A¢:=-f for i=1,...,m+r,
_‘T* ' — ~¥._$*G~* EZ? ok "‘EFZ _25—4_25
5;5‘.——)-:'— for i=0,...,m+r, IH: ) = = et

in the suboptimality conditions of Theorem 3.2, we arrive the non-qualified version of this
theorem with conditions {3.19).

At the first glance it looks rather surprising that we get qualified conditions with no
constraint quelifications. The key here is that the conditions obtained are not pointwise
but fuzzy, i.e., they inveolve all points from a neighborhood of suboptimal solutions as well
as dual elements measured by an arbitrary small number ¢ > 0. We can see from the
proof of Theorem 3.2 that deriving such conditions benefits from the possibility of limiting
subgradient representations of horizontael normals to epigraphs and graphs of functions,
which are based on variational principles; see [16, Subsection 2.4.2] for more details.

Remark 3.4 (comparison with another approach). It is worth mentioning that the
proof of suboptimality conditions in [17, Theorem 5.29] for standard mathematical programs
with no equilibrium constraints :

minimize wo(x) subject to xz €N C X,

wi(z) €0,i=1,...,m, and gi{z)=0,i=m+1,.... m+r, (3.20)

‘employs a different device in comparison with that of Theorem 3.2 above. The former is
based on considering the auxiliary unconstrained minimization problem

m+r
minimize @o(x) - §(z; Q) + Z §(z;$%), zeX,

g=1
equivalent to (3.20}, where the sets £, are defined by
Q= {.’1’3 € X‘ p;(x) SO}, i=1,...,m; §4:= {E‘E X| wilx) =0}, i=m+1,...,m+r

To adopt this scheme in the case of equilibrium-type constraints given by 0 € G(z) + Q(=z),
we need to involve the set (G +Q)~1(0), which is essentially more complicated to handle and
often fails to be elosed even when both mappings G and @ are assumed to be closed-graph.
Observe that the closedness requirements are necessary to employ variationel arguments.

‘Remark 3.5 (implementation and applications of weak suboptimality condi-
tions). Theorem 3.2 deals with a general MPEC model particularly including problems
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with equilibrium constraints described by set-valued/generalized variational inequalities,
solutions sets to lower-level problems in hierarchical optimization; see, e.g., Section 1 above
and {1, 17] for more examples and discussions. To implement suboptimality conditions
obtained in this way and to apply them to particular models, we need to calculate the
corresponding coderivatives that appear in (3.8). It has been partly done in [1, 17] and
the references therein in the case of necessary optimality conditions obtained via our basic.
coderivative (2.3), which enjoys comprehensive pointwise rules of full calculus and has been
“computed for broad classes of mappings arising in many important applications. The situ--
ation is more complicated with the Fréchet-like constructions used in Theorem 3.2, which
satisfy & much modest amount of pointwise/exact calculus; see [16] and also [18] for recent
results in this direction. However, the latter constructions possess many useful rules of fuzzy
calculus in -Asplund spaces (see, e.g., {3, 11, 16, 20] with more references and discussions),
which are appropriate to be employed in the fuzzy framework of suboptimality conditions.

4 Strong Suboptimality Conditions

In this section we derive new suboptimality conditions for MPECs (1.7} in the strong form,
which—as discussed in Section 1-is different from the weak form of suboptimality condi-
tions in the following two major aspects:

‘(a) the strong form provides estimates of dual elements in the strong/norm topology
instead of the weak* topology of the dual spaces in question as in the weak work;
{b) the strong form uses our robust limiting subgradient, normal, and coderivative con-
structions instead of the Fréchet-like constructions in the weak form.

The strong form undoubtedly offers significant advantages over the weak form—even in
- finite dimensions, where there is no differenice between wesk and strong topologies of dual
spaces—due to essentially more developed calculus for the limiting constructions and their
efficient computation for various classes of sets and mappings important in applications;
see {16, 17] and the discussions in Remark 3.5 and Remark 4.4. On the other hand, strong
suboptimality conditions require more assumptions in comparison with weak ones: quali-
fication conditions in both finite and infinite dimensions and’ the so-called SNC properties
[16], which are automatic in finite-dimensional spaces.

Recall that a set 8 C X is sequentially normally compact (SNC) at T € Qif the following
implication holds:

[zx 32 %0, zfeMau)] = |zl —0 as k—oo (41

for any sequences involved in {4.1). Further, we say that an extended-real-valued function
w: X — R is sequentiolly normally epi-compact (SNEC) at T with @(Z) < oo of its epigraph
epiy C X x IR is SNC at (Z,(Z)). Besides the obvious validity of both SNC and SNEC
properties in finite-dimensional spaces, Q0 is SNC at T if it is compactly epi-Lipschitzian
around this point in the sense of Borwein and Stréjwas, while ¢ is SNEC at T if it is
directionally Lipschitzian around this point in the sense of Rockafellar; in particular, when
it is locally Lipschitzian around T—see [16] for more details and references and for other
sufficient conditions for the fulfillment of the SNC and SNEC properties. Furthermore,
these and related properties .of sets, mappings, and functions enjoy well-developed SNC
calculus ensuring their preservation under various operations. Note that SNC calculus is
also based on variational/extremal principles of variational analysis; see [16].
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To derive strong suboptlmahty conditions for MPECs (1.7}, we start—mmﬂarly to Sec-
tion 3—with such eonditions for problem (3.1} involving only the geometmc constraint given
by a closed set £ € X. The following result is a specification and a small modification of
[17, Theorem 5.30] for this case, while we present its simplified proof for completeness and
the reader’s convenience.

Lemma 4.1 (strong suboptimality conditions for problems with geometric con-
straints). Let po be lower semicontinuous on the sets of e-optimal solutions to problen
(8.1) for all ¢ > 0 sufficiently small, and let B be closed. Assume also that either oy is
SNEC or Z is SNC and that the qualification condition ‘

po@) N (- N(&;Z) = {0} )

is satisfied on the afore-mentioned set. Then for every € > 0 sufficiently small and every
gz-aptz'maz solution T to (3.1) there is an e2-optimal solution T to this problem such that

|E-2l <e and |35 +52] <6 (43)
for some T € Opo(ZT) and T € N(T; 2
Proof. Consider the uncor_lstrained problem
minimize @(z) = @o(z)+ d(z;E), =z €KX, {4.4)

equivalent to (3.1) and observe that Z is an £2-optimal solution to (4.4). Applying the
subdifferential variational principle from Theorem 2.1 with the parameters

e:=z and vi=¢

to the function ¢ in (4.4), we find an e*-optimal solution Z € E to (4.4)—and hence to the
original constrained problem (3.1)}—satisfying conditions (4.3) with a subgradient

z* € 8lpo+6(5D)(). (4.5)

Using now the sum rule for the basic subdifferential in (4.5), which holds under the SNC
. and qualification conditions imposed in the theorem (see [16, Theorem 3.36]), we get

Bo(E) C Bpo(®) + B5(E;Z) = Bipo(3) + N(&, ),
and thus arrive from (4.5) at the second condition in (4.3). ' A

Note that we automatically have the suboptimality conditions of the lemma if g is
locally Lipschitzian on the sets of e-optimal solutions to (3.1). Indeed, in this case both the
SNEC and qualification condition (4.2) are satisfied.

The next theorem provides strong suboptimality conditions in the qualified form for
general MPECs (1.7) in Asplund spaces. Denote

= (AL, Amar) € R™T and A= {XA e R™| )\120 forall i=1,...,m}:
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Theorem 4.2 (strong suboptimality conditions for MPECs). Let the sets €2, gph G,
and gph @ be closed, and let the functions y; be lower semicontinuous for i=20,...,m and
continuous fori =m+1,...,m+r on the set of e-optimal solutions to MPEC (1.7) for all .
€ >0 sufficiently small. Suppose also that the following two groups of conditions hold on
the latter set of e-optimal solutions:

(a) The SNC conditions:
—either g ts SNEC and all but one of the sets epiy; for i = 1,...,m, gphy; for .
i=m+1,...,m+r, gphG, gph @}, and @ are SNGC; ‘
—aor all of the sets epiy; fori=1,...,m, gphy; fori = m+1,...,m+r, gphG,
gph @, and Q are SNC: : '

(b) The gualification condition: the only zero elements

(x5, u0) = .. = (Thrqrs y:n_,_r) = (25, ¥5) = (m’&,y’é) = (20, ¥n) =0, XA=0, z*=0
satisfy the relationships

(25, 15) € 0po(z,y), A€A, (x},4f) € D*Ey(x,y,04)(N) for i=1,...,m
("E:!y‘;‘) € D*zp,-(sc, y)()\'é) fO'n‘“ i=m+1,... , ("EB! y?}) € N((‘T-l y)l Q);
(zg¥p) € DGz, y, 2)(2"), (25,¥5)) € D*Q(=, yrZ)(z*),_ and
m~+r
(mﬂ’yﬁ + Z z?yf, + ($Gs yG) + ("EQ:yQ) + (wﬂ:yﬂ)
=1
whenever a; > pi(z,y) fori=1,...,m and z € G(z,y) N { = Q(z,v)).

Then given any number € > 0, for every e2-optimal solution (Z,7) to MPEC (1.7) and
every Z € G(Z,7) N ( ~ Q(T, 7)) there is an c2-optimal solution (Z,7) to this problem and
7€ G(E,9) N (- QF,9)) such that

I@5) - @Dl <e, IF-7<e, and (46)
mtr

@5 + > @550 + @236 + @, 5) + @50 < ¢ ")
i=1 .

where the dual elements (EEE,@‘O*,EI,@“;,E&E,%,&*Q,%,%,%) sotisfy the relationships

(T5. W) € 0po(2,9), (3, 08) € N(E,0):9),

@) € DEn (0,500 with 3> i@, %20, i=1,....m s
(E:,@"{)GD*% 290G with NeR, i=m+1,...,m+r, T
(5%.05) € D'G(,5,2)(2), (25.7%) € D"Q(E 1y:""z)(zQ) with ||z — 25| <.

Proof. We start proceeding similarly to the proof of Theorem 3.2 and consider the op-
timization problem (3.11) with only the geometric constraint equivalent to MPEC (1.7),
where the constraint set = C W and the cost function $p are defined in (3.9) an (3.10),
respectively. Taking an e?-optimal solution (Z,7) to MPEC (1.7) from the formulation of
the theorem and picking any Z € G(Z, %) N ( — Q(T, 7)), we conclude similarly to the proof
of Theorem 3.2 that (%,%,8,Z) € W with @ := (¢1(Z,7),...,9m+(Z,7)) is an £%-optimal
solution to problem (3.11). Applying now the strong suboptimality conditions (4.3) from
Lemma 4.1 to the designated ¢2-optimal solution (Z,7,&,%) to problem (3.11) and taking
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into acéount the structure of Q:'b in (3.10), we find an £%-optimal solution (%,%,3,2) € W to
this problem and dual elements

(@55 € 0pol@ ) and (82,82.05,5) € N(@5:2.958)  (49)

satisfying the relationships .

PP P N

”(:E ¥, 0,2 ( !g a, )“ <e and ”(330,’!;0,0 0) + (E':ay’-'-‘-la:‘!z"')“ < £ (410) |

provided that the qualiﬁcation condition

(6=p0(2,4),0,0) N [ - N((z,,0,2);E)] = {0} (412)

coming from (4.2) holds on the set of e-optimal solutions to problem (3.11) for all € suffi-
ciently small and that either gy is SNEC, or Z is SNC on this sef.

To proceed further, we need to represent the basic normal cone N(-;E) in (4.9) and
(4.11) in terms of the initial data of MPEC (1.7} and also to express the SNC condition for
E via requirements imposed on the initial data of (1.7}. It can be done by using efficient
rules of generalized differential and SNC calculi developed in [16], which are both based on
the eztremal principle of variational analysis.

Indeed, by the intersection rule for basic normals from [16, Corollary 3.5] we have for
the set intersection Z in (3.9) that

m+r

N({m y,0,2);E) C ZN((w Y@, 2); %) + N{(z,,4,2); Ng)
V(e 0296) + N (@30, )

provided that ell but one of the set §2;, i = 1,...,m + 7, fg, Qg, and 2 are SNC at
{z,y,a,z) and the qualification condition

| wfe V@), i=1,...m+r, wheNwas), wheNw),
! m+4r
WQGN(W Qa), > w} +wG+wQ+wQ—0]=>w =uwh=wh=wh=0

gl

is satisfied for w = (z, y, a, 2) from above. By the set structures in (3.9) and the coderivative
definition in (2.3) we can easily conclude that the latter qualification condition reduces to
the one formulated in part (b) of the theorem. On the other hand, by [16, Corollary 3.81]
the intersection set Z is SNC at {z,y,a,2) if allsets ), i = 1,...,m +r, g, flg, and
are SNC at the point under the validity of the qualification condition (b).

Combining this with (4.9)-{4.11), taking into account the particular structures of the
sets in (3.9), and adjusting the corresponding notation, we arrive at the suboptimality
conditions (4.6)—(4.8) and thus complete the proof of the theorem. The reader can easily
reproduce all the corresponding details. TN

Remark 4.3 (specifications of strong suboptimality conditions under additional
assumptions). If for some i € {1,...,m} the function ¢; is continuous at the points
in question, then without loss of generality we con let o; = wi(z,y) in the qualification
condition (b) of Theorem 4.2 and &; = @;(Z,7) in suboptimality conditions (4.8) for the
corresponding inequality constraint. In this case the coderivative terms in (b) reduces to
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either Xifyp;(z, y) for A; > 0 or 8%¢p;(z, y) for A; = 0, and similarly in (4.8); see the formulas
in (2.7) justifying these representations. Furthermore, if all 3,7 = 1,...,m+r, are Lipschitz
. con¥inuous around the points in question, then the coderivative conditions corresponding
to the inequality constraints in (4.8) can be equivalently replaced by ‘

N0pi(%,7) with X; 20, i=1,...,m,
while the coderivative conditions for the equality constraints can be replaced By _
il [0eu@ P UB(— i) @ D)), i=m+1...,m+n;

similarly for the qualification condition (b) in Theorem 4.2. Moreover, the sets epie; for
i=1,...,7m and gphg; for i = m+1,...,m + r are automatically SNC in this setting.
Thus we get back to [17, Theorem 5.30] established for Lipschitzian functional constraints
with no constraints of the equilibrium type. :

Remark 4.4 (implementation and applications of strong suboptimality condi-
tions). The strong suboptimality conditions obtained in Theorem 4.2 in terms of our
basic/limiting normals, subgradients, and coderivatives can be applied to a broad range of
problems with specific structures due to full calculus available for them and due to efficient .
computing these constructions in numerous settings important for applications; see {16, 17]
for more results, discussions, and examples. Actually, there is no much difference between
implementation and applications of necessary optimality conditions for MPECs (see, e.g.,
[1, 2, 7, 17, 29] and their references) and the strong suboptimality conditions established
in this paper. We can particularly handle in this way complementarity problems, varia-
tional inequalities and their extensions, problems of bilevel programming, etc., by using
- second-order subdifferentials of extended-real-valued functions as in [1, 17].
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