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1 Introduction
In this article, we examine regularity properties of the following constraint system:
C={xeR" fi(x) =0,i € 1; fi(x) £0,i € L}, ey

where /] and I, are finite index sets: I} = {1,...,l}and I, = {l{ +1,...,m}; [ and
m are nonnegative integers, 0 < [ < m. If either [ = 0 or / = m, then, respectively,
either Iy or I is empty.

System (1) can represent, e.g., the set of admissible points (feasible set) in the
general nonlinear programming problem:

Minimize fo(x) subjectto x € C. 2)

The functions f; : R" — R, i =0, ..., m,are assumed continuously differentiable
near some x € C.
The Lagrange function for problem (1)—(2) is defined in the usual way:

L(x,3) = fo)+ D _Aifix), x €R", A=(A1.....Aw) €R".
i=1

Given an x € C, one can define the corresponding set of Lagrange multipliers:
Ax)y:=A=01, ... ) e R"V,L(x, 1) =0, >0,4; fi(x) =0,i € I}

The main set of necessary optimality conditions for problem (1)—(2)—Karush—Kuhn—
Tucker (KKT) conditions—consist in the existence of Lagrange multipliers: if x is a
local minimizer in problem (1)—(2), then A (x) # @, provided certain regularity condi-
tions, usually referred to as constraint qualifications (CQ), are satisfied. The most well
known and widely used one is the Mangasarian—Fromovitz constraint qualification
(MFCQ) [21].

Given an x € C, it is typical to define the subset

I(x) :={i € | fi(x) =0}

of active (at x) inequality constraints’ indices.

Definition 1 MFCQ is satisfied at x € C if

(i) the vectors V f;(x), i € I, are linearly independent;
(ii) there exists a z € R" such that

(Vfi(x),2) =0, iel;, (Vfi(x),z2) <0, iel(x).

Unfortunately, MFCQ fails for many important problems like, e.g., mathematical
programs with complementarity constraints [30].
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A much weaker constraint qualification still guaranteeing the fulfillment of the
KKT conditions at a local minimizer is credited to Abadie [1] (see, e.g. [6,5]). Let
X € C. Recall the definition of the tangent (also known as Bouligand or contingent)
cone [5]to C at x:

Tc(x) := Limsup o(C — x)

a—>+00

= {z € R"|3{x} C C, I{ax} — +oo such that oy (xp — X) — zJ.

This is a general definition applicable to any set C. If this set is given by smooth
equalities and inequalities (1), one can consider the linearized cone to C at x:

Fe(@) :={z e R*(Vfi(X),2) =0,i € [1,(Vfi(X),z) £0,i € h(x)}. ()
Definition 2 The Abadie constraint qualification (ACQ) is satisfied at x € C if
Te (%) = Te(X). “4)

ACQ can be weakened further if the cones T¢ (x) and I'c (%) in (4) are replaced by
their polar cones. This condition is known as Guignard constraint qualification [10].

The main drawback of the Abadie and Guignard CQs is that they are difficult to
verify.

Several other CQs are known within the range between MFCQ and ACQ, like the
Constant positive linear dependence condition [4,33] and the series of its relaxations
due to Andreani et al.: the Relaxed constant positive linear dependence condition [2],
the Constant rank of the subspace component (CRSC) condition [3] and the Constant
positive generator condition [3] as well as the Constant rank Mangasarian—Fromovitz
constraint qualification (CRMFCQ) and the Relaxed Mangasarian—Fromovitz con-
straint qualification (RMFCQ) defined in [23].

The last two conditions will be discussed in more detail in the next section. Partic-
ularly, we are going to show that conditions CRSC and RMFCQ are equivalent.

There exist also conditions which are independent of MFCQ, like Constant rank
constraint qualification introduced by Janin [16] and later studied by many authors
(see, e.g. [19]).

Definition 3 The Constant rank constraint qualification (CRCQ) is satisfied at x € C
if there exists a neighbourhood V (x) of x such that, for any index set J C I} U I>(x),
the system of vectors {V fi(x), i € J} has constant rank in V (x).

The last condition is also difficult to verify. Besides, it can be too restrictive in many
important situations. A relaxation of CRCQ was introduced in [22,24].

Definition 4 The Relaxed constant rank constraint qualification (RCRCQ) is satisfied
at x € C if there exists a neighbourhood V(x) of x such that, for any index set
J C I(x), the system of vectors {V f;(x),i € I; U J} has constant rank in V (x).
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Some examples of application of RCRCQ can be found in [24]. However, when
I,(x) is large, verifying this condition can still be a challenging job. Similar to CRCQ,
condition RCRCQ is independent of MFCQ and implies RMFCQ.

For the relationships among various CQs we refer the reader to [5, Chapter 5] (see
also [3]). The relationships between MFCQ, CRCQ and RCRCQ and some applica-
tions of these conditions are presented in [19,20].

The question of validity of KKT conditions at local minimizers is closely connected
with stability properties of canonically perturbed constraint systems which, a fortiori,
play an important role in generalized differential calculus (cf., e.g. [11,19]). It follows
that some qualification conditions are needed also in problems of second order analysis
when one analyzes, for instance, solution maps to parameterized generalized equations
or, in particular, parameterized KKT systems [34,28, 14]. Also the notion of amenable
set [38, Definition 10.23], very useful in second order analysis, relies on (a generalized
version of) MFCQ. It seems, however, that even in this area the standardly used CQs
could be replaced by suitable relaxations. In Sect. 5 we attempt to develop this idea
on the basis of RMFCQ.

The structure of the paper is as follows. In the next section, we discuss two suc-
cessive relaxations of MFCQ, the second one being also a relaxation of CRCQ while
still implying ACQ. Its relationship with (in fact, equivalence to) CRSC is also dis-
cussed. Well-posedness and robustness properties of CQs (particularly, CRMFCQ and
RMFCQ) are discussed in Sect. 3. In Sect. 4, we show that RMFCQ implies the error
bound property under the assumption that the gradients of the functions involved in
(1) are locally Lipschitz continuous. Section 5 is devoted to an application of RMFCQ
in second order analysis.

2 Relaxed Mangasarian—-Fromovitz constraint qualifications

The most straightforward way of relaxing MFCQ is to replace the linear independence
condition in Definition 1 by the constant rank one.

Definition 5 The CRMFCAQ is satisfied at x € C if

(1) the system of vectors {V f;(x),i € I} has constant rank in a neighbourhood of
x;
(ii) there exists a z € R” such that

(Vfi(x),2) =0, iel;, (Vfi(x),z2) <0, ieh(x).

Definition 5 was introduced in [23] where the term Extended Mangasarian—
Fromovitz condition was used.

For further relaxation of MFCQ, one needs to have a closer look at the structure of
the set of active indices I (x). Denote

BE) :={i € L®|(Vfi(x).2) =0 forall zec@)},
Iy (%) = {i € LE)|(Vfi(X),z) <0 forsome z e [c(X)). 5)
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Obviously I9(¥) N I; () = ¥ and [ (¥) = I3 (X) U I, (¥).
The next property was also introduced in [23] under the name Generalized
Mangasarian—Fromovitz condition.

Definition 6 The RMFCQ is satisfied at x € C if

(1) the system of vectors {V f;(x),i € I} U Ig (x)} has constant rank in a neighbour-
hood of x;
(ii) there exists a z € R” such that

(Vfix),z) =0, ieljU 120()2), (Vfi(x),z) <0, i€l (x). (6)

The second condition in the above definition is always satisfied, thanks to the
definitions of the sets Ig (x) and I, (X), and can be dropped. Indeed, if 1, (X) = @, the
condition holds trivially. If i € I, (x), then, forany z € I'c (), itholds (V f; (x), z) <
0 and there exists a z; € I'c(x) such that (V f;(x), z;) < 0. Set z° := zid;@ Zi.

Then z° € I'c(x) and consequently (V f; (x), z°) =0 fori € I; U Ig()f). At the same
time, for i € I, (x), we have

(V@)= D (V@20 = D, (Vi) 2)) +(Vfi(E),z) <O.
jel (X) Jely (O\{i}
In the rest of the paper we use the following shortened version of Definition 6.

Definition 6/ The RMFCQ is satisfied at x € C if the system of vectors {V f; (x),i €
I U IS (x)} has constant rank in a neighbourhood of x.

All implications in the following diagram, except the last one, are straightforward.
The last implication is justified by Theorem 1 below.

MFCQ CRCQ
l |
CRMFCQ RCRCQ
\ /
RMFCQ
l
ACQ

The next theorem shows that RMFCQ, being weaker than both MFCQ and
CRMEFCAQ, is still stronger than ACQ and, hence, sufficient to guarantee the valid-
ity of the KKT conditions for problem (1)—(2).
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Theorem 1 [f RMFCQ is satisfied at x € C, then Tc(x) = 'c(x).

Proof The inclusion Tc(x) C I'c(x) is always true by the definition of the tangent
cone. We only need to prove the opposite inclusion.
Let RMFCQ be satisfied at x € C. Then

rile(x) ={z e R"(Vfi(X),z) =0,i e [ U Ig(i),

- C e (N
(V/fi(¥),z) <0,i € I, (X)}.
Indeed, if I, (x) = ¢, the equality is trivial. Suppose I, (X) # . The following
representation for the affine hull of I'c (x) is straightforward:

aff Te(¥) = (z € R'(V f;(X),2) = 0,i € I} U LY ()}

Define a convex (sublinear) function z : R” — Ry := R U {400}:

max (Vfi(x),z), ze€afflc(x),
h(z) =1 i€, ®
00, otherwise.
Then I'c(x) = {z € R"|h(z) < 0} and there exists a 7 € R” such that h(z) < 0.
Hence, by [37, Corollary 7.6.1],

rile(x) = {z e R"|h(z) < 0},

which implies (7).

Next we are going to show thatri 'c(x) C Tc(x). Let z € ri 'c(x). Then for any
sequences {x;} C R" and {ax} C R such that oy — oo and ax(xx — X) — z as
k — oo, it holds fi(xx) < Oforalli € I\ Ig(i) = (I2\ L(x)) U I, (x) and all
sufficiently large k. Indeed, we obviously have x; — x as k — 00, and consequently,
for all sufficiently large k, it holds f;(x;) < Oforalli € I\ I2(x).Ifi € 1, (x), then
(V fi(x), z) < 0 and denoting zj := o (xx — X), we have

fit) = fi(®) + (VE), 0% — ) + ol ")
= o (Vi) z) + kol 1) <0

for all sufficiently large k.

Let r > 0 denote the rank of the system of vectors {V fi(x),i € I U IS x)}.
Due to Definition 6, it remains the same if we consider instead the system of vectors
{(Vfix),i e [ U IS (x)} for x in a neighbourhood of x. We can assume without
loss of generality that I} U Ig()f) = {i € N|I <i < r + g} for some integer
g > 0, and the vectors {V f;j(x),i = 1, ..., r} are linearly independent. Then, using
the inverse function theorem, it is not difficult to establish (cf. [4, Lemma 3.2]) the
existence of continuously differentiable functions ¢; : R” — R,i =1, ..., ¢, such
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that fr4;(x) = ¢i (f1(x), ..., fr(x)),i =1,...,q, for all x near x. Since x € C, it
follows immediately that ¢; Or-) =0,i =1,...,q.
Now consider the system of equations

fik+tz4+x)=0, i=1,2,...,r, )

withrespecttot € Rand x € R". Obviously (0, 0) € R x R" is a solution. The system
has full rank » < n. Let x = (x1, ..., Xx,) and suppose without loss of generality that
the above system is of rank r with respect to the first »r components of x. Denote
u=(xg,...,x,) € RRrand v = (xy41,...,x,) € R*7". Then x = (u, v) with the
convention that x = u if r = n. By the implicit function theorem (see, e.g. [8]),
system (8) defines in a neighbourhood of (0, 0,0) € R x R" x R"™" a continuously
differentiable function (¢, v) — u(#, v) such that f;(x + ¢tz + (u(z, v), v)) = 0 for all
i=1,2,...,randall (¢, v) near (0,0) € Rx R", u(0,0) = 0, and du(0, 0)/9¢t = 0.
Then x := x(t) := (u(t, 0), 0) satisfies system (8) for all # near 0 and x(¢)/fr — 0 as
t | 0. Besides, for all ¢ near 0, one has

fiR+tz4+x0)=¢irOp) =0, i=r+1,....,r+q.
Taking o :=k and x; ;=% + k 'z +x(k™1),k=1,2,..., we see that
(o —X) =z 4+kx(k™! = 2
as k — oo and
fita) =0,i e UL, fitw) <0.ieh\LX),

that is, x; € C for all sufficiently large k. Hence, z € T¢(x), and consequently
rilc(x) C Tc(x) which implies I'c(x) C T¢(x) by [37, Theorem 6.3]. O

Condition RMFCQ can be strictly weaker than MFCQ.

Example 1 Let

C = {x = (x1,x2) 6R2|—x12+x2§0, —xlz—xz <0,
—Xx1+x2<0,x1 —x2<0,x1 — 1 <0}.

It is easy to check that x = (0, 0) is an isolated point of C. Define

filx) = —x12 +x2, falx) = _xlz - X2,
fx) = —x1+x2, fax) :=x1—x2, fs(x) i=x1 - 1.

Then I =¥, I, ={1,2,3,4,5}, h(x) ={1,2,3,4},

Vf1<x>=(‘21“), sz(x)=(_i)1”)7 st(x)=(_11), Vf4(x)=(_11),



A.Y. Kruger et al.

I'ec(x) = {(0,0)}, Ig(i) = I(x), I, (x) = 0, the system of vectors {V fi(x),i €
IS(JE)} has rank 2 in a neighbourhood of x and of course (V f; (x), Og2) = 0,i € Ig (x).
Thus RMFCQ is satisfied at x. On the other hand, MFCQ is not satisfied at x: there is
no z € R? such that (V f;(¥),z) < 0,i € L(%).

CRCQ [16], RCRCQ [25,24], CPLD [4,33], and RCPLD [2] are not satisfied in
this example either. A

A new CQ introduced recently by Andreani et al. [3] uses the following set of
indices:

(%) == {i € L(X)| = Vfi(¥) € (Cc(¥)°}, )
where (I'c (x))° denotes the (negative) polar cone to I'c(x).

Definition 7 [3] The Constant rank of the subspace component (CRSC) condition is
satisfied at X € C if the system of vectors {V f;(x),i € I} U I5(x)} has constant rank
in a neighbourhood of x.

Observe that (V f;(x), z) < Oforany z € I'c(x) andi € I>(x) by definition of I'¢ (x).
Hence, for any i € I5(x), inclusion —V f;(x) € (I'c(x))° is equivalent to the equality
(V fi(%), z) = Obeing valid forall z € [c (%), thatis,i € I9(¥). Thus I3 (¥) = I9(%),
and consequently condition CRSC coincides with RMFCQ.

Since (I'c(x))° admits the following representation:

o = 0,i € LX),

Te@)P’ =1 > «Vfi®)

ieliUL(X)

formula (9) can be slightly simplified:
Or=y _ p*x/z
L (x) = 1) (x)

~Vfij(x) e > Vi@ =0.i € L)

ielUhb()\{/}

=1/ € h®)

It is possible to show that RMFCQ is a particular case of a more general CQ due
to Penot [32].

Definition 8 The Penot constraint qualification is satisfied at x € C if for any z €
I'c (%) there exists a z € R" and a subset J, C I>(x) such that, with J = I} U J,

1 (Vfi(x),2) =0,i e J;
() (Vfi(x),2) =0,i e J,(Vfi(X),2) <0,i € L(X)\ Jo;
(iii) T (%) ={y €e R*(Vfi(X),y) =0,i € J} where
Co:={yeR"fi(x)=0,i € J}.

Unfortunately, the Penot constraint qualification is difficult to verify.
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3 Well-posedness and robustness

From the point of view of applications, it is important to have regularity/qualification
conditions possessing certain robustness.

Definition 9 ACQatx € C is

(1) well-posed [26] if, once it is satisfied at x, it is also satisfied at any x € C near x.

(ii) robust if, once it is satisfied at x, it implies that A(x) # @ for any objective
function fj and any local minimizer x of problem (1)—(2) in a neighbourhood of
X.

MEFCQ, the constant positive linear dependence condition, CRCQ and RCRCQ, as
well as the general quasi-normality condition from [31] are well-posed. At the same
time, the Abadie and Guignard CQs are neither well-posed nor robust.

Example 2 Let

C :={x = (x1,x2,x3) 6R3|—x13—x2 <0, —x13+x2 <0, —x; —x32 < 0}.

Obviously, x = (0,0, 0) € C. Define
fix) == —x] —x2,  Hr(x) = —x] +x2, f3(x) := —x1 — x3.
Then I} =@, I, = I (x) = {1, 2, 3}, and ACQ is satisfied at x:
Te(¥) =Te(¥) = {z = (21,22, 23) € R?|z1 > 0,25 = O}.

For any ¢ > 0, one can take x;, = (0,0,¢) € R3 which obviously belongs to C.
The tangent cone remains the same: T¢(x.) = T¢(x). However, I(x;) = {1, 2} and
Fe(xe) = {z = (z1, 22, 23) € R3|z2 = 0}. ACQ is not satisfied at x,.

Moreover, x, is obviously a minimizer of the function x + fo(x) := x| subject

to x € C while the KKT conditions at x, produce the following inconsistent system
with respect to (A1, A2, A3) € R3:

1 0 0 —1 0
O 4+r | =1 ) +21]+A4s 0 =10],
0 0 0 —2e 0

A >0, X >0, X3=0.

Theorem 2 CRMFCQ is robust at any x € C.

Proof Let CRMFCQ be satisfied at some x € C. Then I, (x) = I2(x). Choose
I? C I such that {V fi(x),i € I?} is a maximal linear independent subsystem of
the system of vectors {V f;(x),i € I1}. Then {V f;(x),i € 110} is a maximal linear
independent subsystem of {V f;(x), i € I} forall x € R” near x. Denote by r the rank
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of the system {V f;(x), i € I} and assume for simplicity that I? ={i=12,...,r}.
Then, as in the proof of Theorem 1, there exist continuously differentiable functions
¢i - R"— R,i e )\ I suchthat f;(x) = ¢ (fi(x), ..., f-(x)) for all x near X and
¢i (Orr) = 0. Hence, there exists a neighbourhood U of x suchthat CNU = CoNU,
where

Co={x eR"|fi(x) =0.i € I{: fi(x) <0.i € I}.

With Cy replacing C, CRMFCQ becomes the standard MFCQ which is well defined
and holds true in a neighbourhood of x. We will keep denotation U for this possibly
smaller neighbourhood. Hence, for any objective function f and any its local mini-
mizer on C N U, there exist Lagrange multipliers A;,i € 10 U I>. Now it is sufficient
to define additionally A; = 0,i € I \ 1?. O

The following important lemma proved in [3, Lemma 5.3] is the key tool in estab-
lishing the well-posedness of RMFCQ. It is also used in the proof of Theorem 4 in the
next section.

Lemma 1 If RMFCQ is satisfied at X, then Izo(x) = Ig(i)for all x € C near x.

The next theorem is a direct consequence of Lemma 1.

Theorem 3 RMFCQ is well-posed at any x € C.

4 RMFCQ and error bounds
In this section, we show that RMFCQ implies the error bounds property.

Definition 10 The constraint system C defined by (1) satisfies the error bound prop-
erty at x € C if there exists an & > 0 such that

d(x, C) = amax{|fi(x)|,i € I; fi(x),i € I}

for all x near x.

The concept of error bounds in mathematical programming goes back to Robinson
[35]. This property is also known as R-regularity [22,25].

Theorem 4 Let the gradients V fi(x),i = 1,2, ..., m, be Lipschitz continuous in a
neighbourhood of x € C. If RMFCQ is satisfied at X, then C satisfies the error bound
property at X.

Given a y € X, let I[I¢(y) denote its (possibly multivalued) projection on C cor-
responding to the Euclidean norm || - || on R”, i.e., x € [I¢(y) if and only if x is a
minimizer of the function u — fy(u) := |lu — y|| on C. f is differentiable at any
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u # y with V f,(u) # 0. Assuming that y ¢ C, denote by A (x) the corresponding
set of Lagrange multipliers at x € TI¢(y):

Ay(x) = {)\ =1, ... ) € levfy(x) + Z)\ivfi(x) =0,

i=1

A ZO,)\[ﬁ(X)ZO,iEIZ]. (10)

For an r > 0, denote
A;(x) = Ay(x) N (rBy)

where B,, is the unit ball in R™.
The next lemma which is a direct consequence of [25, Theorem 2] plays a crucial
role in the proof of Theorem 4.

Lemma 2 Let the gradients V fi(x),i = 1,2, ...,m, be Lipschitz continuous in a
neighbourhood of x € bd C (the boundary of C) and there exists an r > 0 such that
AK,(x) # () for any y ¢ C in a neighbourhood of x and any x € ¢ (y). Then C
satisfies the error bound property at X.

Proof of Theorem 4 If x lies in the interior of C, the error bound property holds
trivially. Suppose x € bd C, RMFCQ is satisfied at x while the error bound prop-
erty does not hold at x. By Lemma 2, there exist sequences {yx} and {x;} such that
yvi ¢ Coxip € () (k=1,2,...), v — X, and

d(0, Ay, (xx)) — 00 as k — oo. an

We obviously have x; — x. Passing to a subsequence if necessary, we can suppose
that I)(xx) = 12* (C I»(x)) is constant and, making use of Theorem 3, RMFCQ is
satisfied at x; forall k =1, 2, .. .. Hence, for all k,

Ay (xp) #0;  filxx) =0, i€]1UI;; filxx) <O, i€[2\12*.

By Lemma 1, we can also assume that Ig(xk) = Ig(i) C 12* for all k.

Choose a subset J C I1 U Ig()f) such that {V fi(x),i € J} is a maximal linear
independent subsystem of the system of vectors {V fi(x),i € I} U Ig (x)}. Thanks
to RMFCQ, we can assume that, for any k, {V f;(xx),i € J} is a maximal linearly
independent subsystem of the system {V f; (x;),i € 11 U Ié) (x)}. Now choose a subset
JT C I3\ Ig(i) such that {V f; (xx),i € J U J™} is a maximal linearly independent
subsystem of the system of vectors {V f; (xx), i € Iy UI;}. There existsani € I U I3
such that V f; (xx) # 0, because otherwise, it would follow from definition (10) that
V fy (xx) = 0 which is impossible. Hence, J U J~ # @.
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There exists a vector A¥ = (kk, ... )J,‘n) € Ay, (x) such that

m
ny(xk)+ZAf?Vﬁ(xk)=0; AM>0ien; AM=0i¢gsus. 12

i=1

By (11), 2K — oo as k — oo. Without loss of generality, Ay/||[ k]| — A =
(A1, ..., Am). Then ||A|| = 1 and it follows from (12) that

m
DAVAEE =0 A =0, ieh; =0 i¢gJUJ . (13)

i=1

Since /= C I \ I)(X) C (%) \ IY(X) = I, (X), we have A; = 0 foralli € J~.
Indeed, if A; > O for some j € J~, then, by definitions (5) and (3), there exists a
z € R" such that

(Vfi(x),2) =0, i e Ii; (Vfi(x),2) =0, i € b(x); (Vfj(x),z) <0,

and consequently

m

D MV i), 2) <0,

i=1

which is impossible in view of (13). Hence, (13) can be rewritten as

D MV =0 k=0, i€,
ie

where not all A;, i € J, are equal zero, but this contradicts the linear independence of
the system of vectors {V f;(x), i € J}. The proof is completed. O

Theorem 4 strengthens [3, Theorem 5.5] which establishes the error bound property
under the assumption that the functions f;,i = 1, 2, ..., m, are twice differentiable
in a neighbourhood of x.

It was shown in [12, Proposition 1] that the error bound property implies the equality
Tc(x) = I'c(x). Hence, as observed by one of the reviewers, under the assumption
of Lipschitz continuity of the gradients V f;(x),i = 1,2,...,m, Theorem 1 is a
consequence of Theorem 4.

We do not know if RMFCQ implies the error bound property without this
assumption.

5 An application in second order analysis

Recall first a few definitions which will be used in the sequel.
If x € C C R", then
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* J—
Nc(x) = 1x* ¢ (R")*| lim sup hu—x)
c llu — x|l
Uu—>x

. . c .
is the Fréchet normal cone to C at x. The denotation u — x in the last formula means
thatu — x withu € C. If x ¢ C, we set Nc(x) = 0.

If x € C C R", then

Nc(x) = Lim sup Nc(x)
X*)X
= {x* e (R 3xt} C C, Hx} € (R™)* such that
X — X, x5 — x*, and x; € N¢(xk)}

is the limiting normal cone to C at X.

If S[R¥ = R”"] is a multifunction with graph gph § := {(p x) e R* xR"|x €
S(p)} and (p, x) € gph S, then the limiting coderivative D" S(p,x) of Sat(p,x)is
defined as

D'S(p, H)(x*) := {p* € R*|(p*, —x*) € Ngpns(p, ©)}, x* € R".

Let us recall some basic stability notions for multifunctions which will be used
in the sequel (cf., e.g. [8,27,38]). Given a multifunction S[R® = R"] and a point
(p,x) € gph S, one has:

(i) S is said to be calm at (p, x) if there are neighborhoods ¢/ of p and V of x and a
positive scalar L such that

S(pyNY CSp)+Lip—plB, Vpel; (14)
(1) if, instead of (14), a stronger condition
S(p) NV C S(p2) + Liipt — p2lB, Vpr.p2eld (15)
holds, then S is said to have the Aubin Lipschitz-like property around (p, X);

(i) if, in addition to (15), for each p € U, S(p) NV is a singleton, then S —1 s said
to be strongly metrically regular at (x, p).

Consider the generalized equation (GE)
0€ F(p,x)+ Nc(x), (16)
where x € R" is the decision variable, p € R’ is a parameter, F[R® x R" — R"] is
continuously differentiable, and C is given by (1).

Denote by S the solution map associated with (16), i.e.,

S(p) ={x eR"0€ F(p,x)+ Nc(x)}.



A.Y. Kruger et al.

Let (p, x) € gph S and let the functions f; : R" — R,i = 1, ..., m, defining set C,
be twice continuously differentiable near x.

In various sensitivity and stability considerations, one usually imposes MFCQ at
the reference point x to be able to replace (16), locally around x, by the GE

0€ F(p,x)+ (V) Ne(f(x), (17)
where f = (f1,..., fm)! and
E = {Op} x R" 7, (18)

Then, by applying appropriate generalized differential calculus rules, one can establish
an upper estimate for the limiting coderivative D*S( p, x) (cf. [18,28]). In these rules,
however, one needs MFCQ again together with a suitable second order CQ (cf. [18,
condition (17)] or [28, Theorem 3.1 (ii)]). So, MFCQ at x is a key assumption in these
developments.

Nevertheless, the possibility of replacing (16) by (17) is available under any well-
posed CQ which implies at the same time the calmness at (0, x) of the perturbation
map

M@):={x eR"fi(x)+v; =0 for ie€l, (19)
fix)+v; <0 for i€ L},
Wherevz(vl,...,vm)T. B
Indeed, taking into account that N¢ (x) C N ¢ (x), by virtue of the imposed calmness
condition one can apply [11, Theorem 4.1] to obtain

Ne(®) € (VEGE) Ne(f ().

Since the opposite inclusion holds true automatically, thanks to the well-posedness,
one has

Ne () = (V) Ne(f(x)) (20)

for all x in a neighbourhood of x. We observe that (20) definitely holds, e.g., under
the Relaxed constant rank condition [25, Theorem 1]. It follows from Theorem 4 that
RMFCQ can be used as well.

Proposition 1 Suppose RMFCQ holds at x. Then the perturbation map (19) is calm
at (0, x).

Proof The statement follows immediately from the well known equivalence between
the calmness of (19) at (0, x) and the error bound property (Definition 10) of C at x
implied by RMFCQ by virtue of Theorem 4. O
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By virtue of Theorem 3, we may conclude that, under RMFCQ at x, equality (20)
holds for all x in a neighbourhood of x. Consequently, (16) can be, locally around X,
replaced by either (17) or the KKT system

0 = ‘C(pa-xa)")a

. 21
xeC, 2>0, Xfix)=0, iel,

where

Lp,x,2) = F(p,x) + D" mV fi(x)
i=1

is the Lagrangian associated with (16).
Define the enhanced solution map S¢[R* = R" x R™] by

S%(p) :={(x, 1) € R" x R™| system (21) is satisfied}.

Let (p, X, 1) € gph S°. The limiting coderivative D*S¢(p, X, 1) of S at (p, X, ») was
computed in [18] in the case when (16) corresponds to stationarity conditions of a
parameterized nonlinear program. Unlike [18], we provide now an upper estimate for
D*S¢(p, x, 1) without requiring MFCQ at x. In the next statement, we use the polar
cone

o 1 —1
E° =R xRY}
to cone E defined by (18).

Theorem 5 Suppose RMFCQ is fulfilled at X and multifunction M[R"t?" =
RSTHM] defined by

L(p,x,)\)

M@ =1 0lEe| _ (x

(22)
f(X)) + gph NE°

is calm at (Ogn+2m, p, X, x). Then for any (a, b) € R" x R™ one has

D'S¢(p, %, M) (a,b) C {(V,F(p, ) ul(u,v) € R" x R™,
0=a+ VLD, X, ) u+ ViE)T, (23)
0e€b+VfE)u+ D*Ngo(h, f(X))(—v))}.

Proof Multifunction M corresponds to the canonical perturbation of the KKT system
(21). Denote
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L(p,x, )
D(p,x,A) = A , G :={0pn} x gph Ngo,
fx)
so that

gph §¢ = {(p, x, M) |P(p, x, 1) € G}.

Thanks to the calmness of multifunction M at (Ogntom, p, X, )_\), we can now invoke
[11, Theorem 4.1] to obtain

Ngphse(p, %, 1) C (V(p, %, ) Ng(@(p, %, 1)).
Hence, for all (a, b) € R" x R™ one has
D*S¢(p, %, M)(a,b) C {z € R¥|(z, —a, =b)T € (VO (p, %, 1)) NG (®(p, X, »))).

It remains to observe that

[ V,F(p. %) VeL(p, X, )
V,®(p, %, A) = 0 . Ve®(p, X, A) = 0 ,
i 0 Vf(x)
) (Vi)
Vo ®(p, X, A) = I, ,
0

where I, is the identity m x m matrix, and

NG(®(p. %, 1)) = R" x Ngph vy (&, f (X))
= {(u, w,v) € R" x R" x R"|w € D*Ngo (A, f(X))(—v)}.
Formula (23) follows immediately. O
The limiting coderivative D'N o (X, f(x)) in (23) can be easily computed directly
(cf. [14, proof of Proposition 2]). The verification of the calmness assumption in
Theorem 5 seems to be a more challenging job. Various sufficient conditions can be

found in the literature (cf., e.g. [15,9]). Sometimes one can also use the following
statement based on the calmness criterion in [17, Theorem 2.5].

Proposition 2 Suppose that V , F (p, X) is surjective and multifunction

N(B) = [(x, B+ (f?x)) c gthEo]

iscalmat (Ogam, X, X). Then multifunction M given by (22) is calm at (Ogn+2m, P, X, X).



On relaxing the MFCQ

Proof Leté = (&1, &, &3) € R" x R™ x R™ be the argument of M in (22), and define

NI(SI) = {(P,x’)\) |§l = E(vas)h)},

N2(§27 53) = [(psxs)\)‘(gi I;(x)) S gthEO] .

It follows that M (&) = N1(&1) N N2 (&2, &3). By virtue of [17, Theorem 2.5], the
assertion holds provided

(1) N is calm at (Ogn, p, X, 2) and Ny ! has the Aubin Lipschitz-like property
around (p, X, A, Ogn);
(i) N5 is calm at (Ogam, p, X, 1), and
(iii) multifunction & = A(&1) := N2(0) N Ny (&) is calm at (Ogn, p, X, x).

Assumption (i) holds true because of the surjectivity of V, F(p, X). Assumption (ii)
follows immediately from the calmness of \. So it suffices to verify assumption (iii).
We show that multifunction A, in fact, has a stronger Aubin Lipschitz-like property
around (Og», p, X, )_L). To this end, we invoke the coderivative criterion [38, Theorem
9.40]:

D*A(0, p, x, 1) = {0}.

In our setting, this criterion provides, by using of standard calculus rules, the sufficient
condition

— (VL. %, )Ty € Nnyy (P X, 4) = y =0, (24)

guaranteeing the Aubin Lipschitz-like property of A around (Og», p, X, A). Clearly,
N>(0) = R"” x N(0). It follows that

Na, ) (P, %, A) = {Ore} X Npro)(X, 1),

and consequently implication (24) holds true by virtue of the assumed surjectivity of
V, F(x, p). We conclude that all assumptions (i)—(iii) are fulfilled and so the assertion
has been established. O

Remark 1 For the verification of the calmness of A/ at (Ogam, x, i) we refer to [13,
Section 3].

Let us comment on the relationship between Theorem 5 and some existing results
about stability properties of mappings S, S¢. In the landmark paper [36], the author
considered GE (16) for a general convex set C and derived a sufficient condition for the
strong metric regularity of S~! at (X, ). Moreover, he considered also the mapping
S¢ in the case when (16) amounts to the canonically perturbed KKT conditions for
a nonlinear program with the constraint set C given by (1). He showed that, in this
case, (5¢)~! is strongly metrically regular at the reference triple (X, A, p) provided
LICQ and the Strong Second Order Sufficient Condition (SSOSC) hold. As proved
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later in [7], these conditions are not only sufficient but also necessary whenever x
is a local minimum of the considered nonlinear program for the reference value p.
Note that, under strong metric regularity of (S¢)~!, the coderivative D*S¢(p, X, 1)
can be computed by using the standard tools of generalized differential calculus (cf.
[29, Proposition 3.2]). In Theorem 5, we provide an upper estimate of D*S¢ (p, x, X)
under two other conditions the first of which, namely RMFCQ, is substantially weaker
than LICQ. Theorem 5 is also related with the corresponding results in [18,28] where
upper estimates of D*S(p, X) and D*S¢(p, %, 1) were computed under MFCQ and
appropriate second order qualification conditions.

Our results can be used, e.g., in deriving optimality/stationarity conditions in hier-
archical equilibrium problems where GE (16) governs the equilibrium on the lower
level or in some other sensitivity/stability issues.
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