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MULTIPLIER RULES UNDER MIXED ASSUMPTIONS OF
DIFFERENTIABILITY AND LIPSCHITZ CONTINUITY*

JANE J. YET

Abstract. In this paper we study nonlinear programming problems with equality, inequality,
and abstract constraints where some of the functions are Fréchet differentiable at the optimal solu-
tion, some of the functions are Lipschitz near the optimal solution, and the abstract constraint set
may be nonconvex. We derive Fritz John type and Karush-Kuhn-Tucker (KKT) type first order
necessary optimality conditions for the above problem where Fréchet derivatives are used for the
differentiable functions and subdifferentials are used for the Lipschitz continuous functions. Con-
straint qualifications for the KKT type first order necessary optimality conditions to hold include
the generalized Mangasarian—Fromovitz constraint qualification, the no nonzero abnormal multiplier
constraint qualification, the metric regularity of the constraint region, and the calmness constraint
qualification.
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1. Introduction. The classical multiplier rule usually requires that the objective
function and the inequality constraints be differentiable, the equality constraints be
continuously differentiable at the optimal solution, and the abstract constraint set
be convex with nonempty interior (e.g., see Bazaraa, Sherali, and Shetty [1] and
Mangasarian [14]).

Over the last three decades, the classical multiplier rule was extended under two
different assumptions: differentiability and Lipschitz continuity.

On the one hand, the classical multiplier rule was extended in the direction of
eliminating the smoothness assumption while keeping the differentiability assumption.
In the case where there is no abstract constraint, based on a correction theorem, Halkin
[9] proved that the classical multiplier rule holds under the weaker assumption which
requires only that the equality constraints be Fréchet differentiable at the optimal
solution and continuous in a neighborhood of the optimal solution. Based on a multi-
dimensional intermediate value theorem, Di [7] derived some first order and second
order multiplier rules for nonlinear programming problems with equality, inequality,
and abstract constraints where all functions are Fréchet differentiable at the optimal
solution and continuous in a neighborhood of the optimal solution and the abstract
constraint set is convex.

On the other hand, in nonsmooth analysis the classical multiplier rule was gen-
eralized in the direction of replacing the differentiability assumption by the Lipschitz
continuity assumption. Under the assumption that all functions are Lipschitz near the
optimal solution and the abstract constraint set is closed, Clarke [3] derived a gener-
alized multiplier rule involving the Clarke generalized gradient and the Clarke normal
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cone. The Clarke generalized gradient of a function would reduce to the usual deriva-
tive only when the function is strictly differentiable (for example, when the function
is continuously differentiable). Hence, when all functions involved are continuously
differentiable and the abstract constraint set is convex, the generalized multiplier rule
of Clarke would recover the classical multiplier rule. However, the Clarke generalized
gradient of a Lipschitz continuous function may be strictly larger than the set which
consists of the usual derivative when the function is Fréchet differentiable but not
strictly differentiable. In the case when the abstract set is convex, Ioffe [11] showed
that the Clarke generalized multiplier rule can be sharpened by replacing the Clarke
generalized gradient by the Michel-Penot subdifferential which coincides with the
usual derivative when the function is Gateaux differentiable. Other results in this di-
rection also include Mordukhovich’s combined multiplier rule [16] and the Treiman’s
multiplier rule [19].

In this paper we study first order necessary optimality conditions for nonlinear
programming problems with equality, inequality, and abstract constraints where some
of the functions are Fréchet differentiable at the optimal solution, some of the func-
tions are Lipschitz near the optimal solution, and the abstract constraint set may be
nonconvex. For the above nonlinear programming problem with mixed assumptions
on differentiability and Lipschitz continuity, since a differentiable function may not
be Lipschitz continuous, the only applicable necessary optimality conditions in the
literature are fuzzy multiplier rules (see, e.g., Borwein and Zhu [2]). Although in a
finite dimensional space the fuzzy multiplier rule reduces to an exact multiplier rule,
it involves the singular subdifferential of the non-Lipschitz functions. Our purpose is
to derive exact (i.e., nonfuzzy) first order multipler rules which do not involve any
singular subdifferentials for the above problem where Fréchet derivatives are used for
the differentiable functions and subdifferentials are used for the Lipschitz continuous
functions.

To be more precise, we consider the following optimization problem:

(P)  minimize f(z)
subject to g¢;(z) <0, i=1,2,...,1,

hj(z) =0, j=1,2,...,J,
or(z) <0, k=1,2,... K,
Y(x) =0, 1=1,2,...,L,

where f,g;(: =1,2,....1),h;(j = 1,2,...,J), 0k =1,2,...,K), (Il = 1,2,...,L)
are the objective function and the constraint functions from a Banach space X to
R. Qs a closed subset of X and I,J, K, L are given integers. Generally one has
I1>1,J>1,K>1,L>1, but weallow I, J, K, or L = 0 to signify the case in which
there are no explicit constraints of the type.
Let Z be a local optimal solution to (P). Denote by I(Z) := {i : ¢;(Z) = 0} and
K(z) := {k : ¢5(Z) = 0} the index sets of the binding constraints. We always make
the following basic assumptions on the constraint functions.
(A) g;(i € I(Z)), h;(j = 1,2,...,J) are Fréchet differentiable at z and ¢,(¢ & I(Z))
are continuous at Z. ¢r(k € K(z)),v;(I = 1,2,...,L) are Lipschitz near &
and ¢ (k ¢ K(Z)) are continuous at Z.

Our main results include the following multiplier rules.

THEOREM 1.1 (Fritz John necessary optimality conditions for the case L = 0).
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Let T be a local optimal solution of (P) with L = 0. Suppose that f is either Fréchet dif-
ferentiable at T or Lipschitz near T, in addition to assumption (A), h;(j =1,2,...,J)
are continuous in a neighborhood of T, and there exists a vector that is hypertangent
(see Definition 2.4) to the abstract constraint set Q at T. Then there exist scalars
A>0,0; > 00 € I(Z)), 8;(j =1,2,...,J), v > 0(k € K(Z)) not all zero such that

J
0€X°f(@)+ > angi(:f)+Zﬂthj(f)+ > w0%ek(x) + N(z,9),

i€l (z) ke K (z)

where O° denotes the Michel-Penot subdifferential, V denotes the Fréchet derivative,
and N(z,Q) denotes the Clarke normal cone to § at Z.

Remark 1. Note that in the case where f is Fréchet differentiable at z, 9° f(z) =
{Vf(Z)} in the above multiplier rule. As it was shown by Fernandez [8], the continuity
assumption of the equality constraints h; in Theorem 1.1 cannot be removed.

THEOREM 1.2 (Fritz John necessary optimality conditions for the case I = J =
0). Let T be a local optimal solution of (P) with I = J = 0. Suppose that the
objective function f is Fréchet differentiable at T, ¢r(k € K(Z)), (1l = 1,2,...,L)
are Lipschitz near T and ¢ (k & K(Z)) are continuous at T. Then there exist scalars
A>0,v, >0k e K(x)),m(l=1,2,...,L) not all zero such that

L
0EAVAE) + Y w0or(z)+ Y mdp(x) + N(z,9),
=1

kEK (%)

where @ denotes the Clarke generalized gradient and N(x,Q) denotes the Clarke nor-
mal cone to Q at T. Moreover, if X is an Asplund space which is a Banach space whose
separable subspaces have separable duals (as is the case for reflexive spaces), under
the above assumptions, there exist scalars X > 0,y > 0(k € K(z)),m(=1,2,...,L)
not all zero such that

L
0€A\Vf(z)+ z YOr(T) + 0 (Z 77l1/)z> (7) + N(z,9),
=1

kEK (%)

where & denotes the limiting subdifferential and N(i‘,Q) denotes the limiting normal
cone to Q) at T.

As in smooth and Lipschitz optimization we also give constraint qualifications
under which the scalar A in the above theorems is nonzero such as the generalized
Mangasarian—Fromovitz constraint qualification (GMFCQ), the no nonzero abnormal
multiplier constraint qualification (NNAMCQ), the metric regularity of the constraint
region (metric regularity CQ), and the calmness constraint qualification (calmness
CQ).

We organize the paper as follows. In the next section we provide preliminaries
that will be used in the paper. In section 3, we prove Theorem 1.1, the Fritz John type
necessary optimality condition for the case where there are no Lipschitz continuous
equality constraints. In section 4, we introduce constraint qualifications, discuss the
relationship between the (GMFCQ) and (NNAMCQ), and prove that under constraint
qualifications such as the (NNAMCQ), the metric regularity CQ and the calmness
CQ, X in Theorems 1.1 can be taken as 1. An example is given to show that when
the objective function is not Lipschitz but only Fréchet differentiable, the metric
regularity CQ may not imply the calmness CQ. Hence the well-known relationships
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between these constraint qualifications may not hold when some of the functions
are not Lipschitz but Fréchet differentiable. However, it turns out that the Karush—
Kuhn—Tucker (KKT) conditions can usually be derived directly. We prove that unlike
the Fritz John type condition (Theorem 1.1), under the metric regularity CQ and
the calmness CQ the KKT condition holds even in the case where L # 0, and the
continuity assumption of the Fréchet differentiable equality constraints is not needed.
In section 5, we derive KKT type necessary optimality conditions for the case where
all constraint functions are Lipschitz continuous and the objective function is Fréchet
differentiable under the constraint qualification (NNAMCQ), the metric regularity
CQ, and the calmness CQ. Theorem 1.2, the Fritz John type necessary optimality
condition, then follows as an easy consequence.

2. Preliminaries. This section contains some background material on non-
smooth analysis which will be used throughout the paper. We give only concise defini-
tions that will be needed in the paper. For more detailed information on the subject,
our references are Clarke [4], Clarke, Ledyaev, Stern, and Wolenski [5], Loewen [13],
and Mordukhovich and Shao [17].

We first give the following notations that will be used throughout the paper. For
a vector v € R", v; is the ith components of v. For any Banach space X we denote its
norm by || - || and consider the dual space X* equipped with the weak-star topology
w™*, where (-, -) means the canonic pairing. As usual, B and B* stand for the open unit
balls in the space and the dual space in question. Note that int{2, cl{2, and cof) mean,
respectively, the interior, the closure, and the convex hull of an arbitrary nonempty
set 2 C X, while the notation cl* is used for the weak-star topological closure in X*.

For a set-valued map ® : X = X*, we denote by

lim sup ®(z)
T—T
the sequential Kuratowski—Painlevé upper limit with respect to the norm topology in
X and the weak-star topology in X*, i.e.,

limsup ®(x) := {z* € X*|3 sequences z, — 7,2} - x*,
T—T

with =, € ®(zx)Vk =1,2,...}.

We now give some concepts for various normal cones.
DEFINITION 2.1. Let Q2 be a nonempty subset of a Banach space X and let € > 0.
(i) Given x € clQ, the set

* I
(2.1) NE(z,Q) = {x* € X*| limsup M < e}
v—zacn € —

is called the set of Fréchet e-normals to Q at x. When € =0, the set (2.1) is
a cone which is called the Fréchet normal cone to Q at x and is denoted by
NE(z, Q).

(ii) Let & € cl). The nonempty cone
(2.2) ]\7(53,(2) := limsup N (z,Q)

r—T,e|0

is called the limiting normal cone to Q) at T.
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Using the definitions for normal cones, we now give definitions for corresponding
subdifferentials of a single-valued map.

DEFINITION 2.2. Let X be a Banach space and ¢ : X — R U {400} be l.s.c.
(lower semicontinuous) and finite at © € X. The sets

(2.3) 0 p(x) := {a* € X*|(z*, =1) € N ((z, p(x)), epig)},

a(p(.’[:) = {LE* € X*|($*7 _1) € N((x,go(m))@pigo)h
where epip = {(x,v) : v > p(x)} denotes the epigraph of v, are called, respectively,
the Fréchet e-subdifferential and the limiting subdifferential of ¢ at x. When € = 0,

the set (2.3) is called the Fréchet subdifferential of ¢ at x and is denoted by 0% o(z).
It is known that the Fréchet subdifferential has the following analytic expression:

(2.4) OFp(x) = {x € X*|liminf p(@) —ple) = @2l — ) 0} .

T’ —x ||£L'I — x||

Let X be any Banach space, € X, and ¢ : X — R be any continuous func-
tion. Then the Michel-Penot directional derivative of ¢ at Z in the direction v € X
introduced in [15] is given by

T+t —ox+t
" (z;v) := sup limsup p(@+tv+w)) = p(@ +tw)
weX )0 t

and the Michel-Penot subdifferential of ¢ at T is given by the set
O%p(z) == {x* € X*|(x*,v) < p”(F;v) Vv € X}.

It is known (see [15, Proposition 1.3]) that when a function ¢ is Gateaux differentiable
at T, 0°p(7) = {Vp(7)}.
The following properties of the Michel-Penot directional derivatives and the
Michel-Penot subdifferentials will be useful.
PROPOSITION 2.3 (see [15, 11]). Let X be a Banach space, x € X, and f be
Lipschitz near x with constant Ly. Then
(i) The function v — fZ(z;v) is finite, positively homogeneous, and subadditive
on X.
(i) As a function of v, f°(x;v) is Lipschitz continuous with constant Ly on X.
(iii) 9°f(z) is a nonempty, convex, weak*-compact subset of X* and ||z*|| < Ly
for every x* € 0° f(x).
Let X be any Banach space, £ € X, and ¢ : X — R be Lipschitz near z. Then
the Clarke generalized derivative of ¢ at Z in the direction v € X is given by

tv) —
900(96; v) := lim sup plz +tv) — o)
r—Z,t]0 t

and the Clarke generalized gradient of ¢ at T is given by the set
0p(z) == {z* € X*|(x*,v) < ©°(Z;v) Yv € X}.

Let © be a nonempty subset of a Banach space X and consider its distance
function, that is, the function dg(-) : X — R defined by

do(z) = inf{||lz — || : c € Q}.
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The Clarke tangent cone to €2 at Z is defined by
T(z,Q) = {v e X|d)(z;v) =0}
and the Clarke normal cone to §2 at Z is defined by polarity with T'(z, Q2):
N(z,Q) = {a" € X*|[(z*,v) <0 YvoeT(z,0)}.

DEFINITION 2.4 (hypertangent). Let X be a Banach space. A vector v in X is
said to be hypertangent to the set Q C X at the point x € Q if for some € > 0,

y+tweld Vye(z+eB)NQwev+eB,te(0,¢).

It follows easily that any vector v hypertangent to  at « belongs to T'(x, Q). It is
possible to have no hypertangents at all. However, it is clear that when €2 is a convex
set with nonempty interior, then any vector z* — x with =* € int{) is hypertangent to
Q at x.

It is known that in any Banach space X and for any ¢ > 0

NF(z,Q) C N(z,Q) € N(z,9),
AT p(T) C () C 3°¢(T) C dp(T)

and in any Asplund space, the following precise relationships hold [17, Theorems 2.9
and 8.11]:
(i) For any closed set 2 C X and T € €2 one has

N(z,Q) = limsup N¥'(z,Q),

T—T

N(#;Q) = cl*coN(z, Q).
(ii) For any function ¢ : X — R which is Lipschitz near T € X, one has

dp(z) = limsup 0¥ p(z),

T—T

p(z) = cl*codp(Z).

We now summarize the sum rules and chain rules for the various subdifferentials
in the literature. For convenience, we do not intend to quote the results under the
most general assumptions. Instead, we provide the results under the assumptions
we need in our paper. For example, since when Y is finite dimensional, a function
¢ : X — Y is Lipschitz near z € X is strictly Lipschitzian at Z in the sense of [17];
Propositions 2.5(ii) and 2.6(ii) are special cases of the results in [17].

PROPOSITION 2.5 (sum rules).

(i) (See, e.g., the proof of [6, Lemma 2.2].) Let X be a Banach space and T € X.

Let 1 : X — R be Fréchet differentiable at T and oo — RU {400} be finite
and l.s.c. at . Then

O (g1 +¢2)(7) = Vepr (7) + 07 p2(2).

(ii) (See [17, Proposition 2.5 and Theorem 4.1].) Let X be an Asplund space and
ze€X. Let p; : X - RU{+o0},i = 1,2, be l.s.c. at T and one of these
functions is Lipschitz near . Then one has

(o1 + 2)(Z) C D1 (7) + Dipa ().
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(iii) (See [4, Proposition 2.3.3].) Let X be a Banach space and T € X. Let
p;: X — R,i=1,2, be Lipschitz near . Then one has

A1 + 92)(T) C Ip1(T) + Dp2 ().

PROPOSITION 2.6 (chain rules).

(i) (See [5, Theorem 2.5].) Let X be a Banach space and T € X. Suppose that
¢ : X — R™ is Lipschitz near T and f : R™ — R is Lipschitz near ¢(Z).
Then

I(fop)(x) Ccl'coUpearipa) O™, 0)(T).

(ii) (See [17, Proposition 2.5 and Corollary 6.3].) Moreover, if X is an Asplund
space, then

I(f o)) C Uy*géf(w(;z))a@*a ©)(Z).

The following exact penalty results given by Clarke in [4, Proposition 2.4.3] will
often be used in the paper.

PrOPOSITION 2.7. Let C be a closed subset of X. Assume that f attains a
minimum over C at T € C and f is Lipschitz near T with constant Ly > 0. Then for
all K > Ly, the function g(y) = f(y) + Kdc(y) also attains a minimum over X at
Z.

3. Proof of Theorem 1.1. We need only to prove the theorem under the as-
sumption that there do not exist scalars a; > 0(i € I(%)),5;(j = 1,2,...,J), 7% >
0(k € K(Z)) not all zero such that

J
(31)  0€ Y aVg(@) + > BiVhi(@) + > wmd°¢k(x) + N(z,9).

i€l(z) j=1 kEK (%)

Indeed, if (3.1) is satisfied by some scalars a; > 0(i € I(Z)),3;(j = 1,2,...,J), 7% =
0(k € K(z)) that are not all zero, then by taking A = 0 we obtain the Fritz John
condition.

Case 1, J # 0.

Since Vh;(Z)(j = 1,2,...,J) are linearly independent by assumption (3.1), by
the correction theorem of Halkin [9, Theorem F], there exist a neighborhood U of Z
and a continuous mapping ¢ from U into X such that (Z) = 0,V((Z) = 0 and

(3.2) hj(x+((z)) = (Vhj(z),z—z) VYreU j=1,2,...,J.
We shall now prove that there is no v € intT'(z, ) such that

f2(@0) <0,

<v91 J_S),’U> < 07 i€ I(:E)a

<th(§3),v> =0, j=1,2,...,J,
¢y (Tiv) <0, k€ K(Z).

By contradiction, we assume that there exists v* € intT'(z,2) such that (3.3)-
(3.6) hold. Let

O(t) =z +tv* + (T +tv*) Vte[0,1).
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Then by virtue of (3.2) and (3.5), for all 7 € (0,1] small enough, h;(6(7)) = 0 for all
j=1,2,...,J. Since 6(0) = z, VO(0) = v*, by the chain rule,

lim gi(0(t)) — 9:(0(0))

t—0+ t

= (Vgi(),v*) Vie I(z).

Consequently, by virtue of (3.4),

L 9:(0(8) — gi(0(0))

t—0+ t

<0 Viel(z).

That is, for all 7 € (0, 1] small enough,
g:(0(1)) <0 Viel(z).

Since ¢y, is Lipschitz near Z,

¢r, (T;v*) = sup limsup Ok (T + 1V + w)) — dp(Z + tw)

Vk € K(Z).
weX v/ —v*,t|0 t

Consequently, by virtue of (3.6), we have for all 7 € (0, 1] small enough,
Ok(T + 70" + (T + 70%)) — P (T)

T

<0 Vke K(z).

That is, for all 7 € (0, 1] small enough,
or(0(1)) <0 Vk e K(z).

Similarly since f7(z,v) = (Vf(Z),v) when f is Fréchet differentiable, for all 7 €
(0,1] small enough, f(6(7)) < f(Z) by virtue of (3.3). By assumption, there exists
a hypertangent to Q at . By Rockafellar (see [4, Theorem 2.4.8]), the set of all
hypertangents to 2 at T coincides with the interior of the Clarke tangent cone to €2
at Z. So for all 7 € (0, 1] small enough,

(G + 7o)

x—i—tv*—I—C(x—l—Tv*):x-i-T{v*—i- ]eQ.
T

By the continuity assumptions at & for g;(i & I1(Z)), ¢x(k & K(Z)), for all 7 € (0,1]
small enough,

g:(0(1)) <0 VigI(z),
or(0(7)) <0 Vk & K(Z).

Hence there exists 7 € (0, 1] such that

f(0(r)) < f(2),

gi(ﬁ(r))<0 i=1,2,...,1,
h;(0(1)) = i=12,...,J,
%Wﬁ)<0 k=12, K
0(t) € Q,

which contradicts the fact that Z is a local optimal solution of (P).
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Since T'(z,) is a closed convex cone and f°(z;v), ¢f (T;v) are continuous in v
(see Proposition 2.3), by virtue of nonexistence of v € intT(z, () satisfying (3.3)—
(3.6), the nonemptyness of intT'(Z, ), and Proposition 4.4, v = 0 is a solution to the
following problem:

min [ (Z;v)
st. (Vgi(Z),v) <0, i€l
1

Applying the generalized multiplier rule of Clarke [4, Theorem 6.1.1], there exist
scalars A > 0,a; > 0(i € I(Z)), 3;(j = 1,2,...,J),7% > 0(k € K(Z)) not all zero such
that

J
0€ X f2(z:0) + > aiVgi(z) + Y B;Vh;(z)
i€I(T) j=1
+ D WmOu0R (7;0) + N(0,T(z,9)),
k€K (z)

where 0, denotes the generalized gradient with respect to v.
By definition, &£ € 9° f(7) if and only if
(3.7) (&, v) < fP(z;0) Yo € X.
Since f7(Z;v) is a convex function of v (see Proposition 2.3) and obviously f7(z;0) =

0, (3.7) holds if and only if & € 9,f7(7;0). Hence, 9, f7(%;0) = 9° f(z). Similarly,
Dy d7 (7;0) = 0% ¢i (). Since € € N(7,Q) if and only if (£,v) <0 for all v € T(z,),

N(0,T(z,9)) = N(z,Q).

Hence the Fritz John condition holds in this case.
Case 2, J =0,1 #0.
We shall now prove that there is no v € intT(Z) such that

(3.8) fo(@v) <0,
(3.9) (Vgi(Z),v) <0, i€l(T),
(3.10) b5 (T;v) <0, k€ K(7).

By contradiction, we assume that there exists v* € intT'(z, ) such that (3.8)—(3.10)
hold. Since g;,i € I(Z) are differentiable at z, for ¢ > 0 small enough,

9i(Z + ") = gi(%) + 1(Vgi(2),v") + o (T, ")tV Vi € I(2),

where lim;_,g a;(Z, tv*) = 0 for @ € I(Z).
By virtue of (3.9), for 7 > 0 small enough,

(Vgi(Z),v*) + a;(Z, 70")||v*]|| < O
and hence for 7 > 0 small enough,

gi(z+7T0*) <0, i=1,2,...,I
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By virtue of (3.10), we have for all 7 € (0, 1] small enough,
(T + Tv*) — 1 (T)

T

<0 VkeK(z).

That is, for all 7 € (0, 1] small enough,
(T +70°) <0, k=1,2,..., K.
Similarly, we can prove that for all 7 small enough,
f(@+m0") < f(Z).

Since v* is a hypertangent to Q at Z, T + 7v* € Q for 7 > 0 small enough. Hence
there exists 7 > 0 such that

f(@+m07) < f(2),

gi(Z+710v") <0, i=1,2,...,1,
(T +70") <0, k=1,2,... K,
T+ 70" €,

which contradicts the fact that Z is a local optimal solution of (P).
The remaining proof is similar to Case 1.

4. Constraint qualifications and the KKT conditions. In this section we
introduce four constraint qualifications which ensure the KKT conditions hold and
discuss the relationships among them.

The first constraint qualification for the case L = 0 follows naturally from the
Fritz John necessary optimality condition as in the following proposition.

THEOREM 4.1 (KKT condition for the case L = 0 under the (NNAMCQ)). In
addition to the assumptions of Theorem 1.1, assume that there is no nonzero abnormal
multiplier, i.e.,

J
(41)  0e > aiVg(@)+ Y BVhi(@) + Y w0%k(z) + N(z,9Q),
icl(z) j=1 kEK (%)
a; >0, 1€ I(i‘),

implies that a; = 0 for alli € 1(Z),6; =0 forallj =1,2,...,J,v = 0 for all k €
K(z). Then A > 0 in the conclusion of Theorem 1.1.

Proof. By Theorem 1.1, there exist scalars A\ > 0,a; > 0z € I(%)),05,;(j =
1,2,...,J),v > 0(k € K(z)) not all zero such that

J
(42) 0€X°f(@)+ Y ozngi(i)+Z BiVhi(@) + > w0 ¢k(z) + N(z,Q).

i€1(x) kEK(T)

The case A\ = 0 is impossible. Indeed, if A = 0 in the above condition, then the
inclusion (4.2) coincides with inclusion (4.1). The assumption then rules out this
possibility. 1]

Motivated by the above KKT condition we define the following constraint quali-
fication for the general problem (P).
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DEFINITION 4.2. We say that (P) satisfies the (NNAMCQ) if

J
0€ Y aVg@+> BiVhi@+ > w0 k(@ +Zma P(z) + N(z,9),

1€1(z) Jj=1 keK (z)
a; >0, i€I(z),y >0, keK(z),

implies that o; = 0 for alli € I(Z),3; =0 forall j=1,2,...,J,v =0 forallk €
K(@),m =0 foralll=1,2,...,L.

We now prove that the (NNAMCQ) is closely related to but weaker than the
(GMFCQ) defined as follows.

DEFINITION 4.3. We say that (P) satisfies the (GMFCQ) at T if there ewists
do € intT(z,) such that

(i) (Vgi(@),do) < 0,0 (z;do) <0 Vi€ I(z ) ke K(z),

(i) (Vhy(@),do) = 0,00 (F3do) = 0, i = 1,2,.... 0,1 = 1,2,..., L,

(iii) for any & € 0%y (z),l=1,...,L, {V ( ) ...,VhJ(:E),fl,...,&} are lin-

early independent.

PROPOSITION 4.4. The (GMFCQ) implies (NNAMCQ). Under the assumption
that intT(z, Q) # 0, the (GMFCQ) and (NNAMCQ) are equivalent.

Proof. Since the proof of (GMFCQ) implying (NNAMCQ) is exactly similar to
the proof in the case I = J = 0 [12, Proposition 4.3], we omit the proof.

We now prove the reverse statement under the assumption that intT(z,Q) #
(). Suppose that the (NNAMCQ) holds but not the (GMFCQ). If for some & €
0%y (2),1 =1,2,...,L,{Vhy(Z),...,Vhy(Z),&,...,£} are linearly dependent, then
there exist scalars 8;(j =1,2,..., ),m(l =1,2,...,L) not all zero such that

J L
0€> BVh(@) + > md° ()

j=1 =1

J
> B;Vh +Z7713 Yi(T) + N(z,9),
j=1

=1

which contradicts the fact that there is no nonzero abnormal multiplier for (P). If
there is no dy € intT(z, ) satisfying items (i) and (ii), then in the case I # 0, d =0
must be an optimal solution to the following problem:

min (Vg;(Z),d)

st. (Vgi(Z),d) <0, i € I(x)\{i},
(Vhj(z),d) =0, j=1,...,J,
oy (Z;d) <0, k € K(z),
Y (z3d) =0, l=1,...,L,
deT(z,Q),

where ¢ € I(Z) and in the case where I = 0 but K # 0, d = 0 must be an optimal
solution to the following problem:

min gb,%'(_;d)
st. (Vh;(Z),d)=0, j=1,....J,
d)k (jvd) S 07 ke K(E)\{EL
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U (Z;d) =0, 1=1,...,L,
deT(z,9Q),

where k € K(Z). Applying the generalized multiplier rule of Clarke completes the
proof. ]

In Lipschitz optimization, it is well known that the calmness condition is the weak-
est constraint qualification. We now extend the definition of the calmness condition
[4] to our setting.

DEFINITION 4.5 (calmness). Let T be a solution of (P). (P) is calm at T provided
that there exist € > 0 and p > 0 such that for all (p,q,u,v) € €Brijrr+r and all
T € T + €B satisfying

(4.3) 9(z) +p <0,h(z) +q=0,¢(x) +u<0,9(z) +v="0z€N
one has

f(@) < f@) + pll(p, g u, 0)),

where B, denotes the open unit ball in R", g(z) := (g1(x),g2(x),...,91(x))" and
h(zx), ¢(x),¥(x) are the vector-valued mappings defined similarly.

We now prove that the calmness condition is also a constraint qualification in our
setting. It is interesting to note that unlike the Fritz John type condition (Theorem
1.1) the KKT conditions under either the calmness condition (Theorem 4.2) or the
one under the metric regularity condition (Theorems 4.8 and 4.10) hold even for
problem (P) with L # 0. Moreover, under either the calmness condition or the metric
regularity condition, the Fréchet differentiable equality constraints do not need to be
continuous near the optimal solution.

THEOREM 4.6 (KKT condition under calmness CQ). Let & be a solution of (P).
Suppose that the objective function f is either Fréchet differentiable at T or Lipschitz
near T, the constraint functions satisfy assumption (A), and there exists a vector that
is hypertangent to Q at T. If (P) is calm at T, then there exist a; > 0(i € 1(Z)), B;(j =
1,2,...,J0),7% >0(k € K(z)),m(l =1,2,...,L) such that

J
0e€d°f(z)+ Z aNgi(gé)JrZﬂthj(f)Jr Z 710° o1 (Z)

i€I(x) keK(z)

L
+>_ md%(x) + N (7, Q).

=1

Proof. By the definition of calmness, (z,p,u) = (Z,0,0) is a local solution to

J L
min  f(@) + p()|(p, )| + D b ()] + D ()
j=1 =1

st. g(x)+p<0,
o) +u <0,
x €.

For a function g;(x), denote by g;" () := max{g;(x),0)}. Since g(z)—g* (z) < 0,¢(x)—
¢*(z) <0 and g(z) — g7 (2) = 0,6(x) — ¢*(7) = 0, taking p = —g™ (), u = —¢™ (x),
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by the calmness condition Z is also a local solution of the following problem:

min f('r) +M<v I+Kmax{gl(x)7"'agl(x)vqsl(x)v'"a¢K(x)vO}

J L
£ (e +z|¢l<x>|)
j=1 =1

st. x e

That is, (z,7,s,t) = (Z,0,0,0) is a local solution of the following problem:

J L
min f(x)+p | VIFEr+> si+ > t
j=1 =1

st. r>gi(x), i=1,2,...,1,
r>dp(z), k=1,2,... K,
r >0,

:1’27' ) b
t > _z/}l(x)v l= 1a27 3L7
z e

It is straightforward to verify that the (NNAMCQ) for the above problem is
satisfied and the Lagrange multiplier rule with A = 1 for the original problem follows
from applying Theorem 4.1 to the above problem. 1]

We also extend the notion of metric regularity in smooth and Lipschitz optimiza-
tion to our setting.

DEFINITION 4.7. Let C denote the constraint region of (P) and z € C. C is
said to be metrically regular at T if there exist positive constants i, € such that for all
(p,q,u,v) € €B and all x € T + €B satisfying (4.3), one has

de(z) < pll(p, ¢, u, ).

As in smooth and Lipschitz optimization, the metric regularity is stronger than
the calmness condition in our setting when the objective function is Lipschitz contin-
uous.

THEOREM 4.8 (KKT condition under the metric regularity assumption when
the objective function is Lipschitz). Let & be a solution of (P). Assume that the
objective function f is Lipschitz near T, the constraint functions satisfy assumption
(A), and there ezists a vector that is hypertangent to Q at . If the constraint region is
metrically reqular at T, then the KKT condition as stated in the conclusion of Theorem
4.6 also holds.

Proof. Since the objective function f is Lipschitz near Z, by virtue of Proposition
2.7, Z is a local solution to the following problem:

min  f(z)+ Lydc(x),

where L; denotes the Lipschitz constant of f near z and C is the constraint region
of (P). By the metric regularity, (z,p,q,u,v) = (Z,0,0,0,0) is a local solution to the
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following problem:

min  f(z) + Lypl(p, ¢, u, )|
st. glx)+p<0,h(z)+¢<0,06(x)+u<0,9(x)+v=002x¢c.

That is, the calmness CQ is satisfied at Z and hence the conclusion of Theorem 4.6
also holds. ]

Unlike the case where the objective function is Lipschitz continuous, when the
objective function is only differentiable, the metric regularity of a constraint region
may not imply the calmness as illustrated by the following example.

Ezxample. Consider the following optimization problem:

min  f(z)
st. =0,
where
z2sin & ifx#0
x) = T ’
/(@) { 0 ifx=0.
It is clear that f is differentiable everywhere with
F(x) = {2xsinx12 — %COS%2 if x #£0,
0 ifx=0.

Hence f is differentiable at the optimal solution £ = 0 but not Lipschitz near £ = 0.
The constraint region {x : x = 0} is metrically regular since the constraint function
is linear. However, the problem is not calm at £ = 0 since Z = 0 is not a solution to
the perturbed problem

min  f(z) + pllz|

for any p > 0.

However, although the metric regularity is not stronger than the calmness condi-
tion when the objective function is not Lipschitz, it turns out that the metric regularity
is still a constraint qualification when the objective function is Fréchet differentiable.
In the remainder of this section, we would like to prove the KKT condition under the
metric regularity assumption when the objective function is Fréchet differentiable.
First we prove the following formula for the Fréchet normal cone to the feasible re-
gion C and then we use the result to derive the multiplier rules.

LEMMA 4.9. Let T be a feasible solution of (P). Assume that the constraint
functions satisfy assumption (A) and there exists a vector that is hypertangent to £
at T. If C, the feasible region of (P), is metrically reqular at T, then

J
NF(z,C) c{ > aiVgi(@) + Y BV @)+ Y w0 k(@)
j=1

i€l (z) ke K (z)
L
+3 mO%(T) + N(2,9Q) s a; > 0,7, > 0,i € I(Z), k € K(ac)}.
=1

Proof. Let ¢ be any element in NZ'(Z). Then for any A | 0 there exists § > 0 such
that

(2 —z) < \N|]2' —z|| V2'eCn(T+6B).
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That is, T is a local solution to the following problem:

min  —(§,2") + AJ2" — |
st. 2 eC.

Since the objective function of the above problem is Lipschitz continuous, by
virtue of Proposition 2.7, Z is a local solution to the following problem:

min - —(¢,2') + Az’ — Z|| + Ldo ('),

where L > ||£]| 4+ A for all A > 0. By the metric regularity, Z is a local solution to the
following problem:

P) min —{6,2") + Mo’ — 7]
+Lu(VT + K max{gi(z'),...,g91(&"), p1(z'), ..., bx(z"),0}
R+ ("))

st. 2’ € Q.

Or equivalently, (2,7, s,t) = (&,0,0,0) is a local solution to the following problem:

J L
min  —(&a) + A2 =z + M [r+D s+ > #
j=1 1=1
st r>g2), i=1,2,...,1,
r>épa),k=1,2,..., K,
r >0,
s; > hi(a), j=1,2,...,J,
s; > —hj(@), j=1,2,...,J,
t>Y(2)), 1=1,2,...,L,
t1 > (), 1=1,2,...,L,
2 e qQ,
with M = Luy/T + K. One can easily verify that the (NNAMCQ) for the above prob-
lem is satisfied. Applying Theorem 4.1, there exist (i € I(z)), ﬂj’»\(j =1,2,...,J),
)k € K(z)), n}(l=1,2,...,L), such that

L
0€—E+AB"+ Y a}Vgi(7)+ > B Vh(7)

i€I(x) j=1

L
+ Y R0Ceu(@) + S n (@) + Nz, Q).

kEK(T) =1

Since the (NNAMCQ) holds for problem (P'), {(a*, 8*,7*,7*)} must be bounded.
Without loss of generality, we may assume that {(a*,3*,4*,7*)} converges. The
proof of the lemma is completed after taking limits as A — 0, by virtue of the weak*
compactness of the Michel-Penot subdifferentials (see Proposition 2.3). d

THEOREM 4.10 (KKT condition under the metric regularity CQ when the ob-
jective function is Fréchet differentiable). Let Z be a local optimal solution of (P).
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Assume that f is Fréchet differentiable at Z, the constraint functions satisfy assump-
tion (A) , and there exists a vector that is hypertangent to Q at Z. If C is metrically
regular at T, then there exist scalars a; > 0(¢ € 1(Z)),B;(j =1,...,J), 7% > 0(k €
K(z)),m(l=1,2,...,L) such that

0€ V@) + Y aiVg(®)+ > B;Vh@)

i€I(x) j=1

L
+ Z ’ykﬁ%ﬁk(i) + Zma%zl(i) + N(i’, Q)

kEK (z) 1=1

Proof. Since f is Fréchet differentiable at Z, we have

o L) = 1@ = (V@) - 3)

73 e — x|

=0.

Since Z is a local solution to (P), one has

b ST @r=3) (@) < @) = (Y @).a =)
z—Z,xeC |z -zl r—Z,xEC [
< i 1) = 1)~ (VF@).x )
2= [l — |

=0.

That is, —Vf(Z) € N¥(z,C). The proof of the theorem follows by applying Lemma

4.9, the expression of the Fréchet normal cone to the constraint region. ]

5. Multiplier rules for the case I = J = 0. In this section we consider

problem (P) in the case where all constraint functions are Lipschitz and the objective
function f is Fréchet differentiable. Under this assumption, we derive multiplier rules
without requiring the existence of a hypertangent to the abstract constraint set ().
Note that in Asplund space, the results are sharper since the limiting subdifferentials
and the limiting normal cones instead of the Clarke generalized gradients and the
Clarke normal cones are used.

First we prove the following formula for the Fréchet normal cone to the feasible
region with I = J = 0 and then we use the result to derive the multiplier rules.

LEMMA 5.1. Let T be a feasible solution of (P) with I = J = 0. Assume
that ¢r(k € K(z)), (Il = 1,2,...,L) are Lipschitz near T and ¢r(k ¢ K(Z)) are
continuous at T. If C' is metrically regular at T, then

L
NF(z,0) c Z YO0k (Z) + Zmawk(fc) +N(Z,Q) v >0,ke K(Z) p,
keK(z) =1

where C' denotes the feasible region of (P) with I = J = 0.
Moreover, if X is an Asplund space, then

K
NF(z,0) {Z%ém(x) + 0, 0) (@) + N(2.9) : > 0,k € K<x>}.
k=1
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Proof. Let € be any element in NE(Z). Then for any A, | 0, there exists § > 0
such that

(& o' —z)y <\ |2’ —z| Vo' € C N (z+6B).
That is, Z is a local solution to the following problem:

min —(€,2') + Aulla’ ]
st. 2 eC.

Since the objective function of the above problem is Lipschitz continuous, by
virtue of Proposition 2.7, T is a local solution to the following problem:

min  —(€,2) + Ao’ — 2| + Lde(a),

where L > ||&|| + A, for all v = 1,2,.... By metrical regularity, Z is a local solution
to the following problem:

min. —(&,') 4 Ao’ =l + Ly (VR max foua),0) + [0 )
st. 2’ €.

Or equivalently, T is a local solution to the following problem:
min—(&,') + A, o’ = 1)+ M ( (61070} + 100} ) + Laole),

with M = LuvV/K and L being the Lipschitz constant of the objective function of the
previous optimization problem.
If X is an Asplund space, then by the sum rule for limiting subdifferentials (Propo-
sition 2.5(ii)),
0€ —€E4 A\ B* + Mg o (6,4)(z) + N(z,9),

where ¢(u,v) = maxe g (z){ur, 0} + [[v||. By the chain rule,
6 S AVB* + M U(ry7n)€(§¢(¢(5)7w(f)) é<(’7a77)7 (¢7 ¢)>@) + N('%v Q)
That is, there exists (7,,7,) € dp(¢(Z), 1h(Z)) such that

€€ NB* + MI{(vu,m0), (6,9))(Z) + N(z,Q).

Since ¢ is Lipschitz, by virtue of Proposition 2.3, (,,7,) is a bounded sequence in
RE+L and one can assume that (7y,,7,)—(v,7) for some (v,n) € dp((Z), ¥ (z)).
Hence,
£ € \B* + MO{(v,m0), (6,4))(2) + N(2,9)
C A B* + M[0{(v,m), (¢, 9)) (@) + (v, m0) — (v:m), (6, 9))(Z)] + N(Z,Q)

C A B+ MO((v,n), (6, ¥))(@) + Ml|(vw,m) — () | Lpuy B* + N(2,9).

Taking limits as ¥ — oo, by virtue of the weak* sequential closedness of limiting
subdifferentials, one has

€ € MO{(v,m), (¢, 4))(7) + N(z,9)
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for some
(v,m) € Dp(6(2),9())
= Y w=1%m=>0ke K(x),n€ By
kEK (T)
The case where X is a general Banach space can be proved similarly. 1]

THEOREM 5.2 (KKT condition when I = I = 0 under the metric regularity
CQ). Let T be a local optimal solution of (P) with I = J = 0. Assume that f is
Fréchet differentiable at T, ¢ (k € K(Z)),¥i1(l =1,2,...,L) are Lipschitz near T and
ox(k € K(Z)) are continuous at T. If C is metrically reqular at T, then there exist
v > 0(k € K(2)),m(l=1,2,...,L) such that

0eVi@ + Y. wodn(z +Zm@¢z N(z,9).

keK(z)
Moreover, if X is a Asplund space and C' is metrically regular at T, then there
exist v, > 0(k € K(Z)),m € R(I1=1,2,...,L) such that

0eV@) + Y, WOok(®)+0(n,¥)(®) + N(z,0).

keK(z)
Proof. Since f is Fréchet differentiable at Z, as in the proof of Theorem 4.10,
~Vf(z) e N'(z,C).

The proof of the theorem follows by applying Lemma 5.1, the expression of the Fréchet
normal cone to the constraint region. 0
Remark 2. Sufficient conditions for metrical regularity in the case I = J = 0
include the following:
(i) (see [10, Theorem 3].) The constraint region is defined by a system of linear
equalities and inequalities, i.e.,

C={zxeX:(zj,x)=0,k=1,...,K,(y/,z)<0l=1,...,L}

for some z; € X*(k=1,...,K),y;y € X*(I=1,...,L).
(ii) In Banach space [4, Theorem 6.6.1], the (NNAMCQ) in the Clarke generalized
gradient form is satisfied, i.e.,

0€ > 1dpw(z +Zmawk ) + N(z,9),

keK(z)
v > 0 Vk € K(Z)
implies that v, = 0,k € K(z),m = 0,] = 1,2,...,L. In Asplund space

[18, Corollary 6.2], the (NNAMCQ) in the limiting subdifferential form is
satisfied, i.e.,

0€ > m0ow()+0(n,v)(@) + N(z,9),

keK(T)
v > 0 Vk € K(z)

implies that v =0,k € K(Z),m, =0,1=1,2,...,L.
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THEOREM 5.3 (KKT condition when I = J = 0 under the calmness CQ). Let T be
a local optimal solution of (P) with I = J = 0. Assume that f is Fréchet differentiable
at T, ¢r(k € K(Z)), (1l = 1,2,...,L) are Lipschitz near T and ¢ (k ¢ K(Z)) are
continuous at T. If (P) is calm at T, then the conclusions of Theorem 5.2 hold.
Proof. By the definition of calmness, (z,u) = (Z,0) is a local solution to

min  f(z) 4+ p(llull + [[4(@)])
st. o(x) +u <0,
x e Q.

Since ¢(z) — ¢t (z) < 0and ¢(z)— ¢+ (z) = 0, Z is also a local solution of the following
problem:

min f(2)+ 0 (VE max{61(@), .., c(2), 0} + [0(2)]])
st. xze.

Case 1. X is a general Banach space. It is easy to see that (z,r,s) = (z,0,0) is
a local solution to the following problem:

L
min  f(z)+p (\/Er + Zsl>
=1

st r>op(x), k=1,..., K,
r >0,
s> Y(x), 1=1,2,...,L,
s1 > —(x), 1=1,2,...,L,
x € .
It is straightforward to verify that the (NNAMCQ) for the above problem is satisfied
and the KKT condition follows from Theorem 5.2 and in Remark 2(ii).

Case 2. X is an Asplund space. Equivalently, Z is a local solution to the following
problem:

win ) 40 (VE s (01,0} + [9(0)] ) + dn(o)

where g () is the indicator function of a set ) defined by

0 if x € Q,
balx) := {—I—oo if x ¢ Q.

Since f is Fréchet differentiable and G(x) := pu(vEK maxie g (z){ Pk (), 01+ (2)])
is Lipschitz near Z, one has
0 € Vf(z)+ 0" (G+6q)(x) (by Proposition 2.5(i))
C V£(z)+ (G + 6)(x)
C Vf(z)+dG(z) + N(z,Q) (Proposition 2.5(ii)).

The remaining proof follows by using the sum rules and the chain rules as in the proof
of Lemma 5.1. d
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Proof of Theorem 1.2. Suppose X is a Banach space. If the (NNAMCQ) in
the Clarke generalized gradient form does not hold, then the Fritz John condition
holds with A = 0. Otherwise if the (NNAMCQ) in the Clarke generalized gradient
form holds, then by Remark 2 and Theorem 5.2, the Fritz John condition holds with
A= 1

Similarly suppose that X is an Asplund space. If the (NNAMCQ) in the limiting
subdifferential form as in Remark 2 does not hold, then the required Fritz John con-
dition holds with A = 0. Otherwise if the (NNAMCQ) in the limiting subdifferential
form holds, then by Remark 2 and Theorem 5.2, the required Fritz John condition
holds with A = 1.

Acknowledgments. The author would like to thank Jay Treiman for his sugges-
tions on replacing the Clarke generalized gradient by the Michel-Penot subdifferential
in Theorem 1.1 and those in section 4 in an earlier version.
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