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1 Introduction

In this paper we consider optimization problems in the form
(P) min f(z) st. x €C,
where the feasible region C is
C={zeX:h(z)=0,...,hp(z) =0,¢91(x) <0,...,g4(x) <0}. (1.1)

Unless otherwise indicated we assume throughout this paper that f, h;(i =
1,...,p),9;(j =1,...,¢9) : R™ — R are Lipschitz continuous around the point
of interest and X" is a nonempty closed subset of R™.

In 1948, Fritz John [14] proposed the now well-known Fritz John neces-
sary optimality condition for smooth optimization problems with inequality
constraints only. In 1967, Mangasarian and Fromovitz [20] extended the Fritz
John condition to smooth optimization problems with equality and inequality
constraints (i.e. X = R™). For the smooth case, Fritz John condition asserts
that if * is a local optimal solution of problem (P) with X = R™, then there

exist scalars A7, ..., Ay and pg, - - -, py not all zero, satisfying p7 > 0 for all j =
0,1,...,q and
P q
0= sV f(@) + Y N Vhi(a®)+ > 15 Vg;(x*), (1.2)
i=1 j=1
0= pjg;(="), (1.3)

where Vo(x) denotes the gradient of the function ¢ at z. Condition (1.3)
is referred to as the complementary slackness condition (CS for short). We
call a multiplier (A7, -+, A;, pi, -+, py) satisfying the Fritz John condition
(1.2)-(1.3) with p§ = 1 and p§ = 0 a normal multiplier and an abnormal
multiplier respectively. It follows from the Fritz John condition that if there
is no nonzero abnormal multiplier then there must exist a normal multiplier.
This simple corollary from the Fritz John condition leads to the so-called No
Nonzero Abnormal Multiplier Constraint Qualification (NNAMCQ for short)
or the so-called Basic Constraint Qualification for the Karush-Kuhn-Tucker
(KKT for short) condition to hold at a local minimum. It was Mangasarian
and Fromovitz who first pointed out that the Fritz John condition can be used
to derive the KKT condition under the condition that the gradient vectors

Vhi(z*),i=1,...,p
are linearly independent and there exists a vector d € R™ such that
Vhi(z)Td=0 i=1,...,p, ng(:c*)Td <0 jeA(h,

where A(z*) := {j : g;(2*) = 0} is the set of active inequality constraints at
x*, using the fact that the above condition is equivalent to the NNAMCQ by
the Motzkin’s transposition theorem. The above condition is now well-known
as the Mangasarian-Fromovitz Constraint Qualification (MFCQ).
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The first but weaker versions of the enhanced Fritz John conditions were
considered in a largely overlooked analysis by Hestenes [13] for the case of
smooth optimization problem without an abstract set constraint. A version of
the enhanced Fritz John condition first given by Bertsekas in [2] for a smooth
problem with X = R"™ states that if z* is a local optimal solution of problem
(P) with & = R™, then there exist scalars AJ,..., A\S and pg > 0,--- ,uz >0
not all zero satisfying (1.2) and the following sequential property: If the index
set U J is nonempty, where I = {i[\} # 0}, J = {j # 0[u] > 0}, then there
exists a sequence {2} C X converging to x* such that for all k,

f(@®) < f(@*), Arhi(zF) >0, Viel, ,u;gj(mk) >0, Vjed (14)

Condition (1.4) is stronger than the complementary slackness condition (1.3)
since if p} > 0, then according to condition (1.4), the corresponding jth in-
equality constraint must be violated arbitrarily close to z*, implying that
gj(z*) = 0. For this reason, the condition (1.4) is called the complementarity
violation condition (CV for short) by Bertsekas and Ozdaglar [4].

Since the enhanced Fritz John condition is stronger than the classical Fritz
John condition, it results in a stronger KKT condition under a weaker con-
straint qualification than the MFCQ. The enhanced Fritz John condition has
been further extended to the case of smooth problem data with a convex ab-
stract set constraint in Bertsekas [2] and with nonconvex set in Bertsekas and
Ozdaglar [4] and Bertsekas, Nedié¢ and Ozdaglar [3].

The first result on the enhanced Fritz John condition for nonsmooth prob-
lems with no abstract set constraint can be found in Bector, Chandra and
Dutta [1] where the classical gradient is replaced by the Clarke subdifferen-
tial. Duality results for convex problems in terms of the enhanced Fritz John
condition have also been studied by Bertsekas, Ozdaglar and Tseng in [6].
One of the main results of this paper is an improved version of the enhanced
Fritz John condition for problem (P) with Lipschitz problem data based on
the limiting subdifferential and limiting normal cone. Even in the case of a
smooth problem, our improved enhanced Fritz John condition provides some
new information. In our improved CV, we have an extra condition that the
sequence {z*} can be found such that the functions f,h;(i € I), g;(j € J) are
proximal subdifferentiable at z* (see Definition 2). Note that our improved CV
is stronger than the original CV for the smooth problem since a continuously
differentiable function may not be proximal subdifferentiable (a sufficient con-
dition for a function to be proximal subdifferentiable is C'*, i.e. the gradient
of the function is locally Lipschitz).

Based on the enhanced Fritz John condition, Bertsekas and Ozdaglar [4] in-
troduced the so-called pseudonormality and quasinormality as constraint qual-
ifications that are weaker than the MFCQ. Since our improved enhanced Fritz
John condition is stronger than the original enhanced Fritz John condition
even in the smooth case, our pseudonormality and quasinormality conditions
are even weaker than the original pseudonormality and quasinormality respec-
tively and are much weaker than the NNAMCQ (which is in general weaker
than the MFCQ in the nonsmooth case).
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In recent years, it has been shown that constraint qualifications have strong
connections with certain Lipschitz-like property of the set-valued map C :
RPF4 = R™ defined by the perturbed feasible region

Cla, B) :i={z € X : h(z) = a, g(x) < B},

where h := (h1,...,hp), 9 = (g1,...,9q). For the case of a smooth optimiza-
tion problem with X = R™, by Mordukhovich’s criteria for pseudo-Lipschitz
continuity ( [24,25]), MFCQ (or equivalently NNAMCQ) at a feasible point z*
is equivalent to the pseudo-Lipschitz continuity (or so-called Aubin continuity)
of the set-valued map C(«, 8) around (0,0, 2*). Calmness of a set-valued map
(introduced as the pseudo upper-Lipschitz continuity by Ye and Ye [33] and
coined as calmness by Rockafellar and Wets [29]) is a much weaker condition
than the pseudo-Lipschitz continuity. It is known that the calmness of the
set-valued map C(«, 8) around (0,0, z*) is equivalent to the existence of local
error bound for the constraint region, i.e., the existence of positive constants
¢, ¢ such that

de(z) < c([h(z)]1 + g7 (x)[h) VYo € B(a",8) N X, (1.5)

where d¢(z) denotes the distance of x to set C, g™ (z) := max{0, g(z)} where
the maximization is taken componentwise, || - || denotes the one norm and
B(x*,0) denotes the closed ball centered at x* with radius 6. In this paper
we show that either pseudonormality or quasinormality with regularity on
the constraint functions and the set constraint implies that the set-valued
map C(e, 8) is calm around the point (0,0,z*). Hence pseudonormality and
quasinormality are much weaker than the NNAMCQ.

NNAMCQ plays an important role in the sensitivity analysis. In particular
it is a sufficient condition for the value function of a perturbed problem to be
Lispchitz continuous (see e.g. [17,18]). In this paper we apply our improved
enhanced KKT condition to derive an estimate for the Fréchet subdifferential
and the limiting subdifferential of the value function. We provide a tighter
upper estimate for the Fréchet subdifferential and the limiting subdifferentials
of the value function in terms of the quasinormal multipliers. As a conse-
quence we show that the value function is Lipschitz continuous under the
perturbed quasinormality condition which is a much weaker condition than
the NNAMCQ.

We organize our paper as follows. In the next section, we review the pre-
liminaries for nonsmooth analysis that will be used in this paper. We derive
the improved enhanced Fritz John condition in Section 3. New constraint qual-
ifications, the enhanced KKT and the relationship between pseudonormality
and quasinormality are given in Section 4. Section 5 is devoted to the sufficient
condition for the existence of local error bounds. In Section 6, the results is
applied to the sensitivity analysis to provide a tighter upper estimate for the
subdifferential of the value function.
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2 Preliminaries

This section contains some background material on nonsmooth analysis and
preliminary results which will be used later. We give only concise definitions
and results that will be needed in the paper. For more detailed informa-
tion on the subject our references are Borwein and Lewis [7], Borwein and
Zhu [8], Clarke [10], Clarke, Ledyaev, Stern and Wolenski [11], Loewen [19],
Mordukhovich [25] and Rockafellar and Wets [29].

We first give the following notations that will be used throughout the paper.
We denote by B(z*,€) the closed ball centered at z* with radius ¢ and B the
closed unit ball centered at 0. For a set C, we denote by intC, cIC, coC its
interior, closure and convex hull respectively. For a function g : R" — R, we
denote by gt (z) := max{0, g(z)} and if it is vector-valued then the maximum
is taken componentwise. For a cone N, we denote by A'* its polar.

For a set-valued map ¢ : R" = R", we denote by limsup, ,, ®(z)
and liminf,_,,, &(z) the Kuratowski-Painlevé upper (outer) and lower (in-
ner) limit respectively.

Definition 1 (Subdifferentials) Let f : R" — RU {+o0} be a lower semi-
continuous (l.s.c.) function and xzo € domf = {x € R" : f(z) < +o0}. The
proximal subdifferential of f at xg is the set

Jo > 0,7 >0 s.t. }
f(x) > f(wo) + (&0 — mo) — o||lv — 20| Va € B(xg,n) [

The Fréchet (regular) subdifferential of f at xq is the set

8Ff(l'0) — {f cR" - hgl_:glf f(xO + h) _}-]:(“770) — <£’h> > O} )

A" f(xo) == {5 eR™:

The limiting (Mordukhovich or basic) subdifferential of f at xq is the set

Of(zo) == {£ € R™ : ay, — x0, and & — & with &, € O f(zy)}
= {£ e R": Jap — o, and & — & with &, € 07 f(x1)} .

The singular limiting (Mordukhovich) subdifferential of f at ¢ is the set

0™ f(xg) := {f e R” : dap, — xg, and tpéy — £ with & € 3Ff(a:k),tk 4 O}
= {f € R™ : Jap, — mo, and ti&, — & with & € aﬂ—f(l'k%tk J 0}

Let f : R® — R be Lipschitz near xo. The Clarke subdifferential (generalized
gradient) of f at xq is the set O° f(xo) = cleod f(zo).

When f is strictly differentiable (see the definition, e.g. in Clarke [10]), 0 f(x¢) =
0°f(xo) = {Vf(z0)}. A Ls.c. function f is said to be subdifferentially regular
( [25, Definition 1.91]) at x¢ if 0f (x) = OF f(w0). It is known that for a locally
Lipschitz continuous function, the subdifferential regularity is the same as the
Clarke regularity (see [10, Definition 2.3.4] for the definition).

The following facts about the subdifferentials are well-known.
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Proposition 1 (i) A function f : R™ — R is Lipschitz near xo and 0f(xo) =
{C} if and only if [ is strictly differentiable at xo and the gradient of f at
o 1$ equal to (.
(i) If a function f : R™ — R is Lipschitz near xo with positive constant Ly,
then Of (xo) C LyciB.
(i1i) A l.s.c. function f : R™ — RU {+oo} is Lipschitz near xo if and only if
9% f(xo) = {0}.
(iv) Let a € R. Then

{0} a<0 {-1}a<0
Omax{0,a} =< [0,]]a=0, dal=<¢ [-1,1] a=0 .
{1} a>0 {1} a>0

Definition 2 (Proximal subdifferentiability) Let f : R™ — RU{+oo} be
a l.s.c. function and xo € domf. We say that f is proximal subdifferentiable
at xo if O™ f(xg) # 0.
Definition 3 (Normal cones) Let 2 be a nonempty subset of R™ and xy €
clf2. The convex cone

Ni(zo) == {€ €R": 30> 0 s.t. (£, — mo) < ollz —z0|* Vz € 2}
is called the prozimal normal cone to §2 at xg. The convexr cone

NE (z0) = {5 € R™: limsup &z =) < 0}

s—aoae? [T — ol
is called the Fréchet (regular) normal cone to £2 at xg. The nonempty cone

Na(zo) := limsup N5 (z0) = lim sup N5 (o)
T—To T—xg
is called the limiting (Mordukhovich or basic) normal cone to 2 at xog. The
Clarke mormal cone is the closure of the convex hull of the limiting normal
cone, i.e., N§(xg) = clcoNg(zo).

We say a set (2 is regular if N5 (z) = N(x) for all z € £2.

Proposition 2 (Calculus rules) (i) Let f : R™ — R be Lipschitz near xg
and g : R = RU {400} be l.s.c. and finite at xg. Let a, 8 be nonnegative
scalars. Then  O(af + Bg)(xo) C adf(zo) + LOg(xo).

(it) [27, Corollary 3.4] Let f : R™ — RU{+o0} be Ls.c. near xg and g : R — R
be Lipschitz near xg. Assume that 0F g(xg) # 0 for all x near xo. Then

I(f — g9)(xo) C Of(x0) — Og(xo).

(iii) Let @ : R™ — R"™ be Lipschitz near x¢ and f : R™ — R be Lipschitz near

o(xo). Then
A(f o @)(w0) C Ugeos (o) 0(E, ) (0)-

(iv) Let f:R™ — R be Lipschitz near x* and C be a closed subset of R™. If x*
is a local minimizer of f on C, then 0 € Of (z*) + Ne(z*).

(v) Let f:R™ — R be Fréchet differentiable at * and C be a closed subset of
R™. If x* is a local minimizer of f on C, then 0 € V f(z*) + N&' (z*).
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3 Enhanced Fritz John necessary optimality condition

For nonsmooth problem (P), the classical Fritz John necessary optimality con-
dition is generalized to one where the classical gradient is replaced by the gen-
eralized gradient by Clarke ( [9], see also [10, Theorem 6.1.1]). The limiting
subdifferential version of the Fritz John condition was first obtained by Mor-
dukhovich in [23] (see also [30, Corollary 4.2] for more explicit expressions).
The following theorem strengthens the limiting subdifferential version of
the Fritz John conditions by replacing the complementary slackness condition
with a stronger condition [Theorem 1(iv)], and hence their effectiveness has
been significantly enhanced. Although [Theorem 1(iv)] is slightly stronger than
the complementarity violation condition of Bertsekas and Ozdaglar [4], for
convenience we still refer to it as the complementarity violation condition

(CV).

Theorem 1 Let z* be a local minimum of problem (P). Then there exist

scalars (g, ATy -y Apy 415+ -+, by, Satisfying the following conditions:

(i) 0 € p5of(x*) + 320, 0N ha)(@*) + 32514 145095 (") + N (2*).

(i) p; >0, forallj=0,1,...,q.

(iil) pg, ATy - An, 115, 1y are mot all equal to 0.

(iv) The complementarity violation condition holds: If the index set I U J is
nonempty, where I = {i|\} # 0}, J = {j # 0|u > 0}, then there ezists
a sequence {x*} C X converging to x* such that for all k,

FEr) <f@*), Nhi@®) >0, Viel,  pjgi(a*) >0, Vi€,
and f,h;(i € I), g;(j € J) are all prozimal subdifferentiable at x*.

Proof Similar to the differentiable case in Bertsekas and Ozdaglar [4], we use
a quadratic penalty function approach originated with McShane [21] to prove
the result. For each k = 1,2, ..., we consider the penalized problem

(F) min FH@) = f(0)+ 5 D (@) + 5 (o @) + g lle — o P

st. v € XN B(z%e€),

where € > 0 is such that f(z*) < f(x) for all feasible z with € B(z*,¢).
Since XN B(z*, €) is compact, by the Weierstrass theorem, an optimal solution
x* of the problem (Py) exists. Consequently
PR+ g iw*(x’“))z . i< (k)2 4 [k — a2 = )
g £ 2 24 2 T=
j=1

i=1
< FHa") = f(o"). (3.1)
Since f(x*) is bounded over z € X N B(z*,€), we obtain from (3.1) that

lim |hi(x")| =0, i=1,...,p, lim [gf (x*)|=0, j=1,...,¢q
k—o00

k—o0
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and hence every limit point Z of {x*} is feasible; i.e., # € C. Furthermore,
(3.1) yields

Dk — o < f@m), ok (3.2)

FEH) + 3

So by taking limit as k — co, we obtain
= 1 = * (12 *
f@)+glz =27 < fz7).

Since T € B(z*, €) and Z is feasible, we have f(2*) < f(Z), which combined
with the preceding inequality yields ||Z — 2*|| = 0 so that Z = z*. Thus, the
sequence {x;} converges to x*, and it follows that x* is an interior point of
the closed ball B(z*, €) for all k greater than some k.

For k > k, since x* is an optimal solution of (P;) and x* is an interior
point of the closed ball B(x*, €), we have by the necessary optimality condition
in terms of limiting subdifferential in Proposition 2 (iv) that

),

0 € OF" () + N (x").

Applying the calculus rules in Proposition 2 (i),(iii) to F*(x*) we have the
existence of multipliers

& = khi(x"), ¢ =kl (") (3:3)

such that

p

0€0f(") +D_0(Eh) (") + 3 (g (x") + (=" —a") + Na(x"). - (34)

i=1

Denote by

q

oF = |1+ i@fv + D (C2,

i=1 j=1
1 g S
ug::(s—k, )\f:zé—k, i=1,....p, ,uf::(s—;, ji=1...,q. (3.5)

Then since 6¢ > 0, dividing (3.4) by 6%, we obtain for all k > k,

P q

1 *

0 € pgof(r) + > 0 *) + ) phog; (=) + g(xk —z7)
i=1 j=1

T N (). (3.6)
Since by construction we have
P q
(u6)* + (P + ) (W) =1 (3.7)

i=1 j=1
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the sequence {uf, A%, ..., )\’;, 7L ,u’;} is bounded and must contain a sub-
sequence that converges to some limit {p5, AT, ..., Ay, 3, oo, s}
Since h; is Lipschitz near x*, we have

8()\fhi)(xk) - 8[()&-“ - )\f)hi](xk) + 8()\;%1-)(5&’“) by Proposition 2 (i)
C Ly, INF = Xf|elB + O(A\fhy)(x®) by Proposition 1 (ii),

where Lp, is the Lipschitz constant of h;. Similarly,

p60f (M) C Lylpg — pglelB + pgd f (<),
w509, (x") C Ly, 1§ — p5]elB + 1599, (x"),

where Ly, L, are the Lipschitz constants of f, g;. Hence we have from (3.6)
that

p q
0.€ J0f (=) + SO h) () + D 15005 () + o (x* — )
j=1

i=1

p q
(Ll — myl + D LA = X[+ D Lo, |k — p3])clB + N ().

i=1 =1

Taking limit as k — oo, by the definition of the limiting subdifferential and the
limiting normal cone (or the fact df is outer semicontinuous [29, Proposition
8.7]), we see that g, A} and p; must satisfy condition (i). From (3.3) and
(3.5), ugy and p} must satisfy condition (ii) and from (3.7), p, Af and p} must
satisfy condition (iii).

Finally, to show that condition (iv) is satisfied, assume that I U J is
nonempty (otherwise there is nothing to prove). Since )\f — A as k — oo
and A\ # 0 for i € I, for sufficiently large k, AF have the same sign as \}.
Hence we must have A \¥ > 0 for all i € I and sufficiently large k. Similarly
I ,uf > 0 for all j € J and sufficiently large k. Therefore from (3.3) and (3.5)
we must have A\!h;(x*) > 0 for all i € I and W95 (x*) > 0 for all j € J and
k > Ky for some positive integer K. Consequently since I U J is nonempty,
it follows that there exists either 4 € I such that h;(x*) # 0 or j € J such
that g;(x*) # 0 for all k > Ky and hence from (3.1) we have f(x*) < f(a*)
for all £ > Kj. It remains to show the proximal subdifferentiability of the
functions f,h;(i € I),g;(j € J) at x*. By the density theorem in [11, Theo-
rem 3.1], for each x* with k& > K, there exists a sequence {x*'} C X with
lim;_y0e x*! = x* such that f, hi,g; are proximal subdifferentiable at xkol,
Since

FEP) < f@%), Nhi(x") > 0.Vie I, pigi(x*)>0, Vje
we have that and for all sufficiently large [,

FEPD < f@®), Ahi(xM) >0, Viel, g >0, Vi€l
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For each k > Ky, choose an index I such that [y < ... <l;_1 <l and

lim xPb = 2*.
k— 00

Consider the sequence {z*} defined by z* = x(Fotk).(otn) k=12, ... Tt
follows from the preceding relations that {z*} C &,

Jim b =at, f@h) < f(@7), Afhi(@¥) > 0Vie I, pigi(a) >0,Vj € J,
— 00

and f,h;(i € I), g;(j € J) are all proximal subdifferentiable at z*. [ |

The condition (iv) is illustrated in Figure 1.

level sets of f

Fig. 1 Existence of u* and {zF}

4 Enhanced KKT condition and weakened CQs

Based on the enhanced Fritz John condition, we define the following enhanced
KKT condition.
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Definition 4 (Enhanced KKT condition) Letz* be a feasible point of the
problem (P). We say the enhanced KKT condition holds at x* if the enhanced
Fritz John condition holds with ug = 1.

Theorem 2 Let x* be a local minimum of problem (P). Suppose that there is
no nonzero vector (A, ) € R? x R% such that

0e Za()\lhl)(a?*) + Zujﬁgj(x*) + Nx(z*), (4.1)

and the CV condition defined in [Theorem 1(iv)] hold. Then the enhanced KKT
condition holds at x*.

Proof Under the assumptions of the theorem, (i)-(iv) of Theorem 1 never hold
if pg = 0. Hence ug must be nonzero. The enhanced KKT condition then holds
after a scaling. [ ]

Note that the condition in Theorem 4.1 is not a constraint qualification
since it involves the objective function f. However Theorem 2 leads to the
introduction of some constraint qualifications for a weaker version of the en-
hanced KKT condition to hold. In the smooth case, the pseudonormality and
the quasinormality are slightly weaker than the original definitions introduced
by Bertsekas and Ozdaglar [4].

Definition 5 Let * be in the feasible region C.

(a) x* is said to satisfy NNAMCQ if there is no nonzero vector (\, ) € RPXRZ_
such that (4.1) and CS holds: p;g;(z*) =0 for all j =1,...,q.

(b) x* is said to be pseudonormal (for the feasible region C) if there is no
vector (A, p) € R? x RL and no infeasible sequence {x*} C X converging
to x* such that (4.1) and the pseudo-complementary slackness condition
(pseudo-CS' for short) hold: if the index set I U J is nonempty, where I =
{i|Ai # 0}, J = {jlu; > 0}, then for each k

p q
Z)\ihi(xk) + Zujgj(xk) > 0,
j=1

i=1

and hi(i € I), gj(j € J) are all prozimal subdifferentiable at z* for each k.

(¢) x* is said to be quasinormal (for the feasible region C) if there is no nonzero
vector (A, 1) € RP xR and no infeasible sequence {z*} C X converging to
x* such that (4.1) and the quasi-complementary slackness condition (quasi-
CS for short) hold: if the index set I U J is nonempty, where I = {i|\; #
0}, J = {jluj > 0}, then for alli € I, j € J, N\ihi(z*) > 0 and p;g;(z*) >
0, and h;(i € I), g;j(j € J) are all prozimal subdifferentiable at x* for each
k.
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Since Quasi-CS = Pseudo-CS = CS§, the following implications hold:
NNAMCQ = Pseudonormality = Quasinormality.

The first reverse implication is obviously not true. [4, Example 3] shows that
the second reverse implication is not true either. We will show later that under
the assumption that Ay (x*) is convex, quasinormality is in fact equivalent to
a slightly weaker version of pseudonormality.

In [4, Proposition 3.1] Bertsekas and Ozadaglar showed that any feasible
point of a constraint region where the equality functions are linear and in-
equality functions are concave and smooth and there is no abstract constraint
must be pseudonormal. In what follows we extend it to the nonsmooth case.

Proposition 3 Suppose that h; are linear and g; are concave and X = R™.
Then any feasible point of problem (P) is pseudonormal.

Proof We prove it by contradiction. To the contrary, suppose that there is a
feasible point * which is not pseudonormal. Then there exists nonzero vector
(A, 1) € R? x RY and a sequence {z¥} C X' converging to z* such that (4.1)
and the following condition hold: for each k

Z Nihi (2%) + Zujgj(xk) > 0. (4.2)
i=1 j=1

By the linearity of h; and concavity of g;, we have that for all x € R™,
hi(@) = hil@*) + Vhy(a") (@ —a*) i=1,...,p,
gj(z) < gj(z™) + ij(x —2%) V¢ €dgi(e¥),j=1,...,q.

By multiplying these two relations with A; and p; and by adding over ¢ and j,
respectively, we obtain that for all x € R™ and all §; € dg;(z*),j=1,...,q,

> Aihi(x) + ) pigi()
j=1

i=1

-

Il
=

<

Nihi(2*) + Y g (@) + D NVhi(a™) + > &) (@ — %)
=1 i=1 j=1

?

- |

M=

q
NVhi(a*) + 3 ) (@ — o)
1 j=1

.
Il

where the last equality holds because we have
q
Aihi(x*) = 0 for all 4 and Zujgj(x*) =0.
j=1

By (4.1), since Ngm(z*) = {0} there exists {5 € dg;(z*),j = 1,...,q such
that

P q
Z )\1Vh,(:z:*) + Z ujé;‘ =0.
=1 j=1
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Hence it follows that for all x € R™,
P q
> Aihi(x) + Y pigi(x) <0
i=1 j=1

which contradicts (4.2). Hence the proof is complete. ]

Definition 6 Let z* be a feasible point of problem (P). We call a vector
(A p) € RP x Ri satisfying the following weaker version of the enhanced KKT
conditions a quasinormal multiplier:

(1) 0. € af (") + 327y O ha) (&™) + 325y 1509, (x") + N ().
(ii) There erists a sequence {x*} C X converging to x* such that the quasi-CS
as defined in Definition 5 holds.

Since the only difference of the quasinormality with the sufficient condition
given in Theorem 2 is the condition f(x*) < f(x*), it is obvious that the quasi-
normality is a constraint qualification for the weaker version of the enhanced
KKT condition to hold and hence the following result follows immediately
from Theorem 2 and the definitions of the three constraint qualifications.

Corollary 1 Let x* be a local minimizer of problem (P). Then if x* satisfies
NNAMCQ, or is pseudonormal, or is quasinormal, then the weaker version of
the enhanced KKT condition holds at z*.

It is known that NNAMCQ implies the boundedness of the set of all nor-
mal multipliers (see e.g. [15]). In what follows, we show that the set of all
quasinormal multipliers are bounded under the quasinormality condition.

Theorem 3 Let z* be a feasible point for problem (P). If quasinormality holds
at x*, then the set of all quasinormal multipliers Mg(x*) is bounded.

Proof To the contrary, suppose that Mg(z*) is unbounded. Then there exists
(A", u™) € Mg(z*) such that ||(A™, u™)|| — oo as n tends to infinity. By defini-
tion of a quasinormal multiplier, for each n, there exists a sequence {xF};, C X
converging to x* such that

P q

0€0f(a")+ Y 0N hi)(a") + Y puidgi(a™) + Nx(a™),  (43)
i=1 j=1

M?ZOa ijlw-')qv

APhi(xh) > 0Vie I, plgi(ay)>0Vje

hi(i € I"),g;(j € J") are proximal subdifferential at =, (4.6)
where I" := {i: A} # 0} and J" := {j : p} > O}.
Denote by &" = m and (" = ”(Afir:ﬂm Assume without loss of

generality that (£7, u™) — (&%, p*) . Divide both sides of (4.3) by |[(A™, u™)||
and take the limit, we have

p q
0€ > 0 h) (@) + Y ¢ ag(a*) + Na(a®).
i=1 j=1
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It follow from (4.4) that ¢; >0, for all j = 1,...,q. Finally, let

[={i:g 40k  J={j:¢ >0}

Then I U J is nonempty. By virtue of (4.5), there are some Ny such that for
n > Ny, we must have £ h;(z¥) > 0 for all i € I and g‘;‘g](mﬁ) > 0foralljeJ.
Moreover by (4.6), h;(i € I"),g;(j € J") are proximal subdifferential at z¥.
Thus there exist scalars {7, ... 5o Clsee .,C;‘} not all zero and a sequence
{xF} C X that satisfy the preceding relation an so violate the quasinormality
of x*. Hence the proof is complete. |

Combining the proof techniques of Theorem 1 and [5, Lemma 2] in the
following proposition we can extend [5, Lemma 2] to our nonsmooth problem.
We omit the proof here.

Lemma 1 If a vector x* € C is quasinormal, then all feasible vectors in a
neighborhood of ©* are quasinormal.

In the following result we obtain a specific representation of the limit-
ing normal cone to the constraint region in terms of the set of quasinormal
multipliers. Note that our result is sharper than the result of Bertsekas and
Ozdaglar [5, Proposition 1] which gives a representation of the Fréchet nor-
mal cone in terms of the set of quasinormal multipliers for the case of smooth
problems with a closed abstract set constraint. The result is also sharper than
the one given by Henrion, Jourani and Outrata [12, Theorem 4.1] in which the
representation is given in terms of the usual normal multipliers.

Proposition 4 If T is quasinormal for C, then
P q
Ne(@) € Y 0Nha) (@) + Y 1;09;(T) + N () = (A, p) € Mo(2)
i=1 j=1

Proof Let v be a vector that belongs to N¢(Z). Then by definition, there are
sequences ' — # and v! — v with v' € NI (2!) and 2! € C.

Step 1. By Lemma 1, for [ sufficiently large, z! is quasinormal for C. By [29,
Theorem 6.11], for each [ there exists a smooth function ¢! that achieves a
strict global minimum over C at z! with —V¢!(z!) = vl. Since 2! is a quasi-
normal vector of C, by Theorem 2, the weaker version of the enhanced KKT
condition holds for problem

minp'(z) stz eC.
That is, there exists a vector (A, u') € RP x R% such that

P

vl € Z@(Aihz)(:cl) + Zq:,ué@gj(zl) + N (zh) (4.7)

i=1
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and a sequence {z"*} C X converging to z! as k — oo such that for all k,
Athi(ah%) > 0,V € I', phg;(at*) > 0,5 € J', and hi(i € I'), g;(j € J') are
proximal subdifferentiable at "%, where I' = {i: A} # 0}, J' = {j : u} > 0}.

Step 2. We show that the sequence {)\!, ..., )\é, ph, .. ,pfl} is bounded. To
the contrary suppose that the sequence {Af,..., AL ul, ..., pl} is unbounded.
For every [, denote

P q 1 l
)‘i . M .
5l: 1+Z(A’ZL)2+Z(H§)27 E’f:ﬁ77’:17"'7p’ C;Z(Si‘lj7 j:17"'7Q'
i=1 j=1
Then from (4.7) it follows that
ot p q
5 € Za(ffhi)(xl) + ZC;agj(Il) + N (ah).
i=1 j=1

Since the sequence {¢, ... ,f;,, ¢ ,Cé} is bounded, for the sake of simplicity,
we may assume that {£{,...,&), ¢l ... ¢y = {6, G # 0 as
I — oo. Taking limits in the above inclusion, similar to the proof of Theorem
1 we obtain

0€ Z@(&:m)(@ - Zc;agj@) + Nx (%),

where (; > 0 for all j = 1,...,¢ and &F,..., &, (7, ..., (5 are not all zero.
Let i € I" == {i : & # 0}. Since & — & # 0 as | — oo, £ # 0 and has
the same sign as & for sufficiently large I. Consequently since £h;(z!F) > 0
we have also & h;(z"*) > 0 for all sufficiently large ! and all k. Similarly
let j € J* := {j : ¢ > 0}, we have (Fg;(z"¥) > 0. Also similar to the
proof of Theorem 1, by using the density theorem we can find a subsequence
{zbk1} c {2b*} C X converging to Z as | — oo such that for all sufficiently
large [,
Ehi(at)y >0 viel*,  (g(aM)>0vje T

and h;(zF) (i € I*), g;(zbk1)(j € J*) are proximal subdifferentiable at z!:*i.
But this is impossible since T is assumed to be quasinormal and hence the
sequence {A\!, ..., )\;, ph, .. ,uf]} must be bounded.

Step 3. By virtue of Step 2, without loss of generality, we assume that
PN )\é,ull, . ,ufl} converges to {1, ..., Ap, ft1, ..., tbg} as | — oo. Taking
the limit in (4.7) as | — oo, we have

v e N (@) + Y 1;0g;(F) + N ().
i=1 j=1

Similar to Step 2, we can find a subsequence {z"*} C {z"*} C X converg-
ing to T as | — oo such that for all sufficiently large I, \;h;(zbF) > 0,Vi €
I, pgi(zb®) > 0,Vj € J, and h;(i € I), g;(j € J) are proximal subdifferen-
tiable at 2% where I = {i: \; # 0} and J = {j : u; > 0}. [ |
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From Propositions 4 and 2 (v), the following enhanced KKT necessary
optimality condition for the case where the objective function is Fréchet dif-
ferentiable (but may not be Lipschitz) follows immediately. Note that for a
Fréchet differentiable function which is not Lipschitz continuous, the limit-
ing subdifferential may not coincide with the usual gradient and hence the
following result provides a sharper result for this case.

Corollary 2 Let x* be a local minimizer of problem (P) where the objective
function f is Fréchet differentiable at x*. If x* either satisfies NNAMCQ,
is pseudonormal, or is quasinormal, then the weaker version of the enhanced
KKT condition holds.

We close this section with a result showing that quasinormality and a
weaker version of pseudonormality coincide under the condition that the nor-
mal cone is convex and the constraint functions are strictly differentiable at
the point x*. This result is an extension of a similar result of Bertsekas and
Ozdaglar [4, Proposition 3.2] in that we do not require the function to be
continuously differentiable at z*.

Proposition 5 Let x* € C. Assume that for each i =1,...,p, j =1,...,q,
hi(x), gj(x) are strictly differentiable at x*, and the limiting normal cone
Nx(x*) is convexr. Then x* is quasinormal if and only if the following weaker
version of pseudonormality holds: there are no vector (X, ) € R? x RY and
no sequence {x*} C X converging to x* such that

(i) 0€ 30 MiVh(a®™) + 377, 1 Vgs(a*) + Na(z%).
(ii) Ahi(x®) > 0 for all i and pjg;(z*) > 0 for all j, and if the index sets
TUJ # 0 where I ={i|\; #0} J = {j|p; >0} then

P q
> Xihi(@®) + > pigi(a*) >0,k
j=1

i=1
and h;(i € I), g;(j € J) are prozimal subdifferentiable at z*.

Proof 1t is easy to see that the weaker version of pseudonormality implies
the quasinormality. So what we have to do is to show the converse. To the
contrary, suppose that the quasinormality holds but the weaker version of
pseudonormality does not hold. Then there exist scalars Aq,..., Ay, ft1, ..., lig
and a sequence {z*} C X converging to z* such that (i)-(ii) hold. Condition
(ii) implies that A;h;(x*) > 0 for some 4 such that A; # 0 or p;g;(z*) > 0 for
some j such that p; > 0. We now suppose that such j exists (the case where
j does not exist but i exists can be similarly proved and we omit it here).
Without loss of generality, we can assume j = 1 and u; = 1 (otherwise we can
normalize it) such that (i) holds:

— (Vg1 (z*) + Z AiVhi(z*) + Z ,ungj(x*)> € Nx(z*). (4.8)
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Since g1 (z*) > 0 for all k, pua, .. ., f1g, A1, - - -, Ap are not all equal to 0, otherwise
it would contradicts the quasinormality of x*. Besides, because Nx(z*) is
closed and convex, by [4, Lemma 2.2] there exists a vector d € Ny (z*)* with
(d,Vgi(xz*)) <0, (d,Vg;(z*)) > 0 for all j = 2,...,q, such that u; > 0 and
(d, \;Vhi(z*)) >0 for all i = 1,...,p, such that \; # 0.

In the remaining part of the proof, we show that the scalars u; =1, us, .. .,
Hags A1, - - -, Ap achieved above satisfy condition: A\;h;(a*) > 0 Vi € I := {i :
i # 0}, pjigi(a®) >0 Vje J:={j=2,...,q: p; >0} which would contra-
dicts the fact that * is quasinormal. Since g; and h; are strictly differentiable
at x*, the gradients coincide with the limiting subdifferentials, i.e.,

V(pig;)(x") = lim py for some pj € 07 (9) (")
V(A\ihi)(z*) = klim g? for some oF € 9™ (\;h;) ().
—00

By [29, Theorem 6.26, Theorem 6.28], for vector d € Ny (z*)* and the sequence
2 converging to x* constructed above, there is a sequence d* € Ty (z*) such
that d* — d. By virtue of 2¥ — 2*, d* — d and (d, V(u;9;)(z*)) > 0 for all
J=2,...,q, with p; >0, (d, V(\;h;)(z*)) > 0foralli=1,...,p, with \; # 0,
we have that, for all sufficiently large k, (d*, pf) >0 forall j =2,...,q, with
pi >0, (d* o) > 0foralli=1,...,p, with \; # 0. Since d* € Tx(a*), there
exists a sequence {z*!} € X such that, for each k, we have z*! # 2 for all I

and k,l k k
bl & ¥t — d

) % _>
R A

hi, g; are proximal subdifferentiable at z*!. Since p¥ € 97 (u;g;)(z*) C

as | — oo,

OF (1;9;)(x%), by definition of the Fréchet subdifferential, for some vector se-
quence v converging to 0, and for each j = 2,...,q, with u; > 0,

1595 () > pigi(a®) + (2P — 2k, pk) 4+ o(||a™ — 2)
dk
> p5 el + v, )|t — 2F|| + o(||a™! — o)

where the second inequality above follows from the assumption that y;g; (z*) >
0, for all j and z*. It follows that, for I and k sufficiently large, there exists
P! € X arbitrary close to ¥ such that ujgj(xk’l) > 0 and, g; are proxi-
mal subdifferentiable at 2! for all j = 2,...,q, with w; > 0. Similarly, for
and k sufficiently large, there exists 2%! € X arbitrary close to 2* such that
Aihi(x®1) > 0 and, h; are proximal subdifferentiable at z*! for alli = 1,...,p

5 Sufficient conditions for error bounds
In this section we show that either pseudonormality or quasinormality plus

the subdifferential regularity condition on constraints implies the existence of
local error bounds. Our results are new even for the smooth case.
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In order to derive the desired error bound formula (1.5), let us first rewrite
the constraint region (1.1) equivalently as follows:

C={zeX: (@)L +lg"(x)]: = 0}. (5.1)

By [31, Theorem 3.3], to prove the desired error bound result we only need
to derive the following estimation.

Lemma 2 Let z* be feasible for problem (P) such that pseudonormality holds.
Then there are §,¢ > 0 such that

% <ligl Ve e o™ (Ih(@)lh +llg™ (@)l +0x(2)), € B(2",6/2)N X,z ¢ C,

where d¢c(x) denotes the indicator function of the set C at x.

Proof To the contrary, assume that there exists a sequence {z*} — z* with
zF e X\ C and & € 9™(||h]l1 + [lgT|l1 + dx)(z") for all k& € N such that
l€¥]]1 — 0. By the calculus rule in Proposition 2 (i), (iii) and Proposition 1
(iv), we can find bounded multipliers (1, \¥) with ¥ > 0 such that

q q
€ €D ONR) (¥) + ) phdg;(aF) + N (2*) (5.2)
i=1 j=1
for all k € N. Hence, we may assume without loss of generality that it converges
to a limit (A, p). Taking the limit as & — oo in (5.2) yields

0€ D00 () + > dg;(a") + Ne(a).

k
%

In addition, by the existence of A
enough, it is easy to see that

, ¥ and Proposition 1 (iv), for k large

Nihi(zF) >0Vi=1,...,p, ,ujgj(xk) >0Vvji=1,...,q.

Since ¥ ¢ C for all k, at least one functional constraint has to be violated
infinitely many times. Using again Proposition 1 (iv), it is easy to see that there
exists at least one multiplier A; or p; not equal to zero, and the corresponding
product is strictly positive for all k£ such that the constraint is violated, i.e. if
constraint h;(z*) = 0 is violated for infinitely many k, we may have \; # 0
and A\;h;(z%) > 0 for all those k, if the constraint g;(z*) < 0 is violated for
infinitely many k, we may have p; > 0 and pjg;(z*) > 0 for all those k.
Therefore
P q

D b)Y pigi(*) >0

j=1

i=1

at least on a subsequence. Moreover by the density theorem h;(i € I), g;(j € J)
can be selected to be proximal subdifferentiable at z*. This, however, implies
that pseudonormality is violated in z* since z* is chosen from X, a contradic-
tion. |
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Using the local error bound result of [31, Theorem 3.3], we obtain the
following error bound result.

Theorem 4 Let z* be feasible for problem (P) such that pseudonormality
holds. Then the local error bound holds: there exist positive constants ¢ and §
such that

de(x) < c(|[h(@)]ls + llg™ (2)]1) Vo € B(z",0)N X.

By Clarke’s exact penalty principle [10, Proposition 2.4.3] we obtain the
following exact penalty result immediately.

Corollary 3 Let x* be a local minimizer of problem (P). If pseudonormality
holds at x*, then x* is a local minimizer of the penalized problem.:

min f(z) + a([[h(z)]l + (g7 (z)[l1)
st. re X,

where o > Lyc, Ly is the Lipschitz constant of f and c is the error bound
constant.

Notice that Corollary 3 even works for nonstrict local minima z* in the
nonsmooth case. However, we find that the exact penalty result in [4, Propo-
sition 4.2], established in the smooth case, requires z* to be a strict local
minimum, and it is stated in [4, Example 7.7] that this assumption might be
crucial. The example is the following:

min f(z1,22) =z s.t. h(x,20) == zo/(2? +1) = 0.

The feasible points are of the form (x1,0) with 1 € R. And each feasible point
is a local minimum. Since the gradient Vh(x1,x2) is nonzero, every feasible
point is quasinormal. The authors claim that pseudonormality at a nonstrict
local minimum may not imply the exact penalty since for any ¢ > 0,
inf {2+ claa|/|27 + 1]} = —oo,
(z1,22)ER?

which shows that a local optimal solution of the original problem is not a
global optimal solution of the penalized problem. However this example is
not a counter example since (z1,0) is a local minimum of the function x5 +
c|lza|/|z? + 1] for large enough ¢ > 0. Since the limiting subdifferential agrees
with the classical gradient when a function is strictly differentiable, we stress,
that not only did we extend the exact penalty result in [4] to a more general
case, but we also improved their result in another way. We have now answered
positively the open question raised in [16] in which the authors ask whether or
not the proof technique based on error bound and the exact penalty principle
of Clarke (which is completely different from the one used in [4]) can be used
to prove the exact penalty result in [4] with a nonstrict local optimum.

The following example shows that the converse of Theorem 3 does not
hold. Since when the objective function is Lipschitz continuous, the existence
of an exact penalty function implies the exact penalty. It also shows that the
existence of an exact penalty function does not imply pseudonormality.
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Example 1 Consider the locally Lipschitz optimization problem

min f(z) = [z1] + |22]
st glx)=|z1] —22 <0
r€ X = {(x1,12): 2% + (z2 +1)2 <1},

At the only feasible point x* = (0,0), dg(x*) = {((,-1)| -1 < ¢ < 1} and
Nx(z*) = {t(0,1)|t > 0}. However, if we choose i = 1 and a sequence {x*}
located in X where for each k =1,2,..., 2¥ = (cos(5 — ), —1+sin(F — 7%)),
we have 0 € pdg(x*) + Nx(2*) and pg(z*) > 0 for all k > 1. This implies x*

is not pseudonormal. However it is easy to see that the error bound holds:
de(z) < |z1| — 22 = |21]| + | 22| Ve e X,
where C = {(0,0)}.

Naturally, after showing that pseudonormality implies the existence of lo-
cal error bound, we would like to explore the relation between quasinormality
and the error bound property. In [22, Theorem 2.1], under the assumption that
the constraint functions are C''*, Minchenko and Tarakanov show that quasi-
normality implies the error bound for a smooth optimization problem with
X = R™. In what follows, we will show that quasinormality implies the error
bound property for our nonsmooth optimization problem (P) under the condi-
tion that the constraint functions are subdifferential regular and the abstract
constraint set is regular. Since a smooth function must be subdifferentially reg-
ular, our results show that the condition of C''* for the constraint functions
in Minchenko and Tarakanov [22, Theorem 2.1] can be removed.

Theorem 5 Assume in the constraint system (1.1) that X is a nonempty
closed regular set. Further let x* € C, assume h;(xz) are continuously differen-
tiable, g;(x) are subdifferentially regular around x* (automatically holds when
g; are convex or C' around x*). If * is a quasinormal point of C, then there
exist positive numbers ¢ and &, such that

de(z) < c([h(z)1 + g™ (x)[h) Vo € B(z",8) NX. (5:3)

Proof By assumption we can find dp > 0 such that h,;(x),g;(z) are subdif-
ferentially regular for all z € B(z*,dp). Since the required assertion is always
true if x* € intC, we only need to consider the case when x* € 9C. In this
case, (5.3) can be violated only for z ¢ C. Let us take some sequences {x*}
and {z"} , such that x* — z* x* € X\ C, and 2% = [[.(x*), the projection
of x* onto the set C. Note that 2% — z*, since ||2* — x*|| < ||x* — 2*||. For
simplicity we may assume both {x*} and {z*} belong to B(z*,dy) N X.
Since x* — 2% € NF (2%) ¢ NF (2*), we have
p o XP—gF
R

€ NE (2%).
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Since z* is quasinormal, from Lemma 1 it follows that the point 2* is also
quasinormal for all sufficiently large k and, without loss of generality, we may
assume that all ¥ are quasinormal. Then, by Proposition 4 there exists a
sequence {¢F ... ,5{5,({“, .. .,Ck} with C]? > 0, such that

" erth +Z<kagj ) 4+ N (zF), (5.4)

=1

and there exists a sequence {z¥!} C X, such that 2% — 2% as | — oo and
for all I = 1,2,..., &hni(a®) > 0 for i € I*; (fgj(xk’l) > 0 for j € JF,
where I¥ = {i : ¢ # 0} and J* = {j : ¢§ > 0}. As in the proof of Step
2 in Proposition 4, we can show that the quasinormality of x* implies that
the sequence {&F,... ,55, Ck, ..., C(’;} is bounded. Therefore, without loss of
generality, we may assume {&F, ... ,§£, Cr Cf;} converges to some vector
{65,655 ¢, -+, ¢} Then there exists a number My > 0, such that for all
k, (€%, ¢RI < Mo.

Without loss of any generality, we may assume that x* € B(z*, %‘J) NX\C
and z¥ € B(z*,d9) N & for all k. Setting (&%, (%) = 2(¢¥, ¢¥), then from (5.4)
for each k there exist p;? € dg;j(2%),Vj =1,...,q, and w* € Nx(z*) such that

k k k
x® —x xk — xF " % &
= Vhi( 20",
[xF — 2k || [xF — o +Z€ +ZC j 2w
We obtain from the discussion above that
ka _ ka _ <Xk - xk’xk - mk>
[|xcF — ¥

~ (= *Zé VKD,
(=

o _X,C” +Z§ Vhi

MQ

Cp? —|—2wk,xk —J)k>

Il
—

‘MQ

Il
_

M@

S

<gkw( x —a:>+zq:< Chpk x _x>+o(||xk—xk|\)

1 =1

& (hi(x*) = of|Ix" — a*1))

.
Il

M

1

+Z<k(g] — olllx* = 2*)) + o(x* — 2*|)
q
<o Sl + Y os(xt \+2\Z§ +Z<’“+1\ (= -
i=1 j=1
p q
<o 3o ebh) + 30 s + Sl — ot
i=1 j=1

G xb = ak) + o(|x* — o)

™)
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where the first inequality comes from the fact that X is regular, the third
one arises from the subdifferential regularity assumption of h;(x) and g;(z) in
B(z*,dp) N X, and the last one is valid because without loss of generality, we
may assume for k sufficiently large,

1
k k k k
o(||Ix" —x < X' —T
(I = 1) < gy I — o1
since x* — 2% — 0 as k tends to infinity. This means

de(h) = [ — 2| < aMo (D Inh) + D gf ().

Thus, for any sequence {x*} C X converging to =* there exists a number ¢ > 0
such that

de(x") < c(|AG)Il + gt (P)lh) VR =1,2,....

This further implies the error bound property at z*. Indeed, suppose the con-
trary. Then there exists a sequence X* — z*, such that ¥ € X \ C and
de(ZF) > c(|h(EF)|1 + |lgT (&%)|]1) for all k = 1,2,..., which is a contradic-
tion. |

A natural question to ask is: Is the quasinormality strictly stronger than
the error bound property. This question has been answered positively in [22,
Example 2.1], with a smooth optimization problem without an abstract set
constraint.

6 Sensitivity analysis of value functions

In this section we consider the following perturbed optimization problem:
P(a) min f(z,a) st. x¢€C(a),

with .
Cla) ={x € X : h(z,a) =0, j(z,a) <0}, (6.1)

where X is closed subset of R™, f :R™ x R"* — R,ﬁ :R™ x R" — RP, g :
R™ x R™ — RY are Lipschitz continuous around (Z, a).

In practice it is often important to know how well the model responds
to the perturbation a. For this we need to consider, for instance, the value
function V(a) related to the parametric optimization problem:

V(a) = a:enclfa) f(Iv a’)ﬂ (62)

with the solution map S(-) defined by

S(a):={x €C(a): V(a) = f(z,a)}. (6.3)
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In the recent paper [28], Mordukhovich, Nam and Yen obtain some new
results for computing and estimating the Fréchet subgradient of the value func-
tion in parametric optimization (6.1)-(6.1) with smooth and nonsmooth data
using normal multipliers. In the following result we estimate the Fréchet sub-
differential of the value function by using the quasinormal multipliers instead.
Since the set of quasinormal multipliers are smaller than the set of normal mul-
tipliers, our estimate provides a tighter bound for the Fréchet subdifferential
of the value function.

Let M{(Z,a) denotes the set of vectors (A, y1,7) € RP x Ry x R such that

0€rdf(z.a)+ > O\ (Z,a) + Y 103;(Z.a) + (0,7) + Nx(Z) x {0}

i=1 =1

and there exists a corresponding sequence {(z*,a*)} C X x R™ converging to
(z,a) such that \;h;(z*,a*) > 0 for all i € I := {i: \; # 0}, pjg; (=%, a*) >0
for all j € J := {u; > 0}, and hi(i € I),§;(j € J) are proximal subdifferen-
tiable at (2%, a") for each k.

Theorem 6 Let V(a) be the value function as defined in (6.2) and T € S(a).
Assume also that (ZT,a) is quasinormal for the constraint region

{(z,a) € X xR" : h(z,a) =0, §(z,a) < 0}.
Then one has the upper estimation:
oFV(a) c {—v: (A ) € My(z,a)}. (6.4)

Proof There is nothing to prove if 0V (a) = . Let v € 9¥V(a) # 0. Then
by definition of the Fréchet subdifferential, for arbitrary x > 0, there exists
0, > 0 such that

V(a) —V(a) > (y,a — a) — klla — al| Va € B(a, dy).

By definition of the value function, for every z € C(a), we have f(z,a) > V(a)
and hence for all z € C(a), f(x,a) — {y,a —a) + k|la —a|| > f(z,a)
Thus, (z,a) is a local optimal solution to the optimization problem

min f(z,a) = (y,a—a) + xlla —a

s.t. iLi(:c,a):O, i=1,...,p,
gj(x’a)go7 jzl""7q7
(x,a) € X x R".

Since (Z,a) is quasinormal by assumption, by the enhanced KKT condition
(Theorem 1), there exist a vector (A, ) € R? xR% and a sequence {(z*,a"*)} C
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X x R™ converging to (Z,a) such that the following conditions hold:

0€df(z,a)+ Y O(Nhi)(@,a) + > 1;09;(z,a) +

i=1 j=1

Naxrm (T, @) — (2) + K (g) : (6.5)

)\iﬁi(azk,ak) >0Viel, ujgj(xk,ak) >0Vj e,
hi(i € T),3;(j € J) are proximal subdifferentiable at (z*, a*).
The desired upper estimation follows since x is arbitrary. |

We now give a tighter estimate for the limiting subdifferential of the value
function in terms of the quasinormality.

Theorem 7 Let V(a) be the value function as defined in (6.2). Suppose that
the growth hypothesis holds, i.e., there exists § > 0 such that the set

{z € X :h(z,a) =a, §(z,a) < B, f(x,a) <M, (o, B) € OB}

is bounded for each M € R. Assume that for each T € S(a), (z,a) is quasi-
normal for the constraint region

{(z,a) € X xR": h(z,a) =0, §(z,a) <O0}. (6.6)

Then the value function V(a) is l.s.c. near a and

v c |J {—r:(w) € My(z,a)}
zeS(a)

o*via) c |J {—v: (\my) e Mi(z,a)}.
zeS(a)
Proof By [17, Theorem 3.6], the value function V(a) is lower semicontinuous
near ¢ under our assumption.

Step 1. Let v be a vector that belongs to dV (@), by definition there are
sequences a' — @ and v' — v with v/ € 9FV(a!). By the growth hypothesis,
for | sufficiently large, we may find a solution z! € S(a'). Following [10, The-
orem 6.5.2], without loss of generality we may assume z' converges to an
element T € S(a). Since (Z,a) is quasinormal and it is a limit point of the
sequence {(z!,a!)}, by Lemma 1 we find that for sufficient large I, (z!,a') is
also quasinormal for the constraint region (6.6) and hence from Theorem 6 it
follows that for each [ there exist a vector (A, u') € RP x R% and a sequence
{(z"* a"*)} € X x R™ converging to (z!,a!) as k — oo such that

/4 q
(0,0') € 9f (@' a') + Y~ O(Nha) (' a') + ) uh0g; (' ') + N (') x {0},
i=1 j=1
(6.7)
Abi(a"F a"F) > 0vie I, phg(a" a"*) > 0vje T, 6.8
hi(i e 1", 4;(j € J') are proximal subdifferentiable at (z"*, a""), (6.9)
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where I' := {i: Al # 0}, J' := {j : pi; > 0}. Similar as in Step 2 of the proof
of Proposition 4, we may obtain the boundedness of the multipliers sequence
PN T )\i,, uh, .. ,ufl}. Therefore, without loss of generality, we may assume
I T /\é,ull, . ,uf]} converges to {A1,..., Ay, ti1, ..., tq . Taking the limit
on both sides of (6.7), similar to Theorem 1, we obtain

(0,v) € Of(,a) + > O(Niha)(Z,a) + > p;09;(%, a) + N (z) x {0}.

i=1 j=1

Also we find a sequence {(2z*, abF1)} € X x R™ converging to Z as | — oo and
is such that for all [, /\iﬁi(xl’kl,al’kl) >0,Yi € I, pig;(zbk ab®) > 0,vj € J,
and h;, g; are proximal subdifferentiable at 2" where I = {i|\; # 0} and
J = {jluy > 0},

Step 2. Let v € 9°V(a). By definition there are sequence a! — @, v' €
0FV(a') and #' | 0 such that t'v! — v. Similar as in Step 1, for each [ there exist
a vector (A, ') € R? x RY and a sequence {(z*,a"*)} C X x R" converging
to (2!, a') such that (6.7)-(6.9) hold. Multiplying both sides of (6.7) by ' we
have

l

P q
(0,t'0') e t'af (!, at) + Za(tl)\iili)(xl,al) + Ztluéagj(xl, a')
i=1 j=1

+Nx(z) x {0}. (6.10)

Since (7, @) is quasinormal for the constraint region (6.6), similarly as in Step 2
of the proof of Proposition 4, the sequence {t'\}, . .. ,tlAé, thul, ... ,tlufl} must
be bounded as [ — oo. Without loss of generality assume that the limit is
{AM,-o o Ap i1, - o, g} Talking limits in (6.10), we have

P q
(0,v) € Y Nidhi(z,a) + > p;09;(x, a) + N () x {0}.
i=1 j=1
The rest of the proof is similar to Step 1. ||

From Theorem 7 we derive the following very interesting result which sig-
nificantly improves the classical result in that our sufficient condition is the
perturbed quasinormality which is much weaker than the classical condition
of NNAMCQ (see e.g. [17, Corollary 3.7]).

Corollary 4 Let V(a) be the value function as defined in (6.2). Suppose that
the growth hypothesis holds at each T € S(a).

(i) Assume that (Z,a) is quasinormal for the constraint region (6.6). If

U {—v: O\ € My(z,a)} = {0}, (6.11)
zeS(a)
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()

(iii)

then the value function V(a) is Lipschitz continuous around a with

b£ov@ c |J {—v:\wy) e My(z,a)}.
zeS(a)

In addtion to the above assumptions, if

U {—v: O\ € My(z,0)} = {7}
z€8(a)

for some (\,[i,7) € Mé(i‘,d), then V is strictly differentiable at a and
VV(a) = —7.

For the functions ¢ = f7 iﬁi,gj, suppose that the partial limiting subdif-
ferential property holds at (Z,a):

6¢(§77&) = az¢(i'7 a’) X 6a¢(:i'7 El).
Also assume that (Z,a) is quasinormal for the constraint region (6.6). If

U D 0u0hi)(@.a) + > 1j0ad;(2.a) = (1, 2) € MY(z,a) ¢ = {0}
j=1

zeS(a) | =1

(6.12)
then the value function V(a) is Lipschitz continuous around a and
X P R q
0+oviac | 0uf(@,a) + ) 0a(Nihi)(7,8) + Y pida; (2, a)
zeS(a) i=1 j=1
(M,A)ekl(lg(i,a)
(6.13)

where M&(E, a) denotes the set of perturbed quasinormal multipliers which
are the set of vectors (A, ) € RP x RY such that

0e Tamf(jv d) + Zaz()‘zilz)(ja d) + Zujamgj(i'7a) +NX(j)

i=1 j=1

and there exists a corresponding sequence {(z*,a*)} C X x R™ converg-
ing to (&,a) such that \hy(z*,a*) > 0 for all i € I := {i : \; # 0},
115G (x*, a®) > 0 for all j € J := {p; > 0}, and hi(i € I),§;(j € J) are
prozimal subdifferentiable at (z*,a”) for each k.

Suppose that the partial limiting subdifferential property at (Z,a) holds as
in (ii) and Mg(i,&) = {0} for each z € S(a). Then the value function
V(a) is Lipschitz continuous around a and (6.13) holds.



Nonsmooth Enhanced KKT Condition 27

Proof (i) It follows from Theorem 7 that

U {=v: \ ) € My(z,a)} = {0}

z€S(a)

implies that 0V (a) = {0}. We conclude that the value function is Lips-
chitz around @ by virtue of Proposition 1 (iii). The assertion about the strict
differentiability then follows from Proposition 1 (i).

(ii) It is clear that under the partial limiting subdifferential property, (6.11)
is equivalent to (6.12). The conclusion then follows from applying Theorem 7
and Proposition 1 (iii).

(iii) follows immediately from (ii) and the fact that Mg (z,a) = {0} implies
the quasinormality of (Z, a). [ |
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