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Abstract

This paper is devoted to study the Lipschitzian/Holderian type global error bound for systems
of many finitely convex polynomial inequalities over a polyhedral constraint. Firstly, for systems
of this type, we show that under a suitable asymtotic qualification condition, the Lipschitzian type
global error bound property is equivalent to the Abadie qualification condition, in particular, the
Lipschitzian type global error bound is satisfied under the Slater condition. Secondly, without
regularity conditions, the Holderian global error bound with an implicit exponent is invertigated.
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1 Introduction

Let f; : R" - RU{+o0} (i = 1,...,p) be a finite family of extended-real-valued functions defined on
R™. Denote by S the solution set of the inequality system:

Find z €R"™ suchthat fi(z) <0 forall i=1,..,p. (1)

We shall say that the system (1) admits an error bound with exponent ~, if there exists a real 7 > 0
such that

d(z,S) < 7([f(@)]+ + [f(2)]]) for all z € R"™. (2)
Where, d(x,S) denotes the (Euclidean) distance from a point x € R™ to the set S; the function
f:R" - RU{+o0} is defined by

f(z) == max{fi(x), fa(x), ..., fp(x)}, zeR"

and the symbol [f(x)]+ denotes max(f;(x),0).

It is now well established that error bounds have a large range of applications in different areas such
as for example, sensitivity analysis, implementation of numerical methods and for solving optimization
problems and the convevergence analysis of these numerical methods, penalty functions methods in
mathematical programming.

To the best of our knowledge, it was Hoffman who first drew the attention on error bounds for
systems of affine functions. He has established that a global error bound with exponent v = 1 (that
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is, a global Lipschitz type error bound) holds for systems of affine equalities and/or inequalities. This
work was extended by Robinson to a system of convex inequalities which defines a bounded feasible
region with a nonemty interior. Then, Mangasarian derived a global error bound for differentiable
convex inequalities which satisfy Slater’s condition and an asymtotic constraint qualification (ACQ)
instead of the bounded assumption on the feasible region. Later on, Auslender and Crouzeix made
important improvements of Mangasarian’s work for systems which are not necessarily differentiable.
For a more detailed account on the recent development of the theory applications of error bounds,
the reader is refered to the works [5, 7, 8, 6, 9, 18, 23, 24, 26, 28, 10, 14, 12, 13, 31, 32, 33|, and
especially to the survey papers by Azé ([3], Lewis and Pang ([18]), Pang ([28]). For systems of convex
quadratic inequalities, Luo and Luo ([22]) have shown that a global Lipschitzian error bound holds
assuming only the Slater condition. In [21], Li completed the work by Luo & Luo, proving that
a global Lipschitzian error bound holds for convex quadratic inequalities if and only if the Abadie
qualification condition is satisfied for all points belonging to S. Without the Slater condition, Wang
& Pang established that any system of convex quadratic inequalities admits a global error bound of
Holderian type with an exponent v < 27P. In [25], Ngai & Théra have generalized these results for
systems of convex quadratic inequalities in general Banach spaces. Very recently, global error bounds
for convex polynomial functions has been investigated by Li [19] and by Yang [34]. In [19], Li has
established that under the Slater condition, the system (1) admits a Lipschitzian type global error
bound if p =1 or inf f; > —oo for all i = 1, ..., p. Moreover, the Holderian type error bound results for
a piecewise convex polynomial function f have been investigated in [20].

The purpose of this paper is to study the Lipschitzian/Holderian type global error bound for
systems of many finitely convex polynomial inequalities over a polyhedral constraint. In Section 3, we
establish the equivalence between the Lipschitzian type global error bound and the Abadie qualification
condition. In particular, we obtain a Lischitzian global error bound result under the Slater condition.
In Section 4, we study the Holderian global error bound for these convex polynomial systems.

2 Preliminaries

Throughout this work, the Euclidean space R™ is equipped with the canonical inner product (-) and
the corresponding norm ||z| := (z,z)"/2, & € R™. The open ball with the center # € R" and radius
e > 0 is denoted by B(z,¢). Let C be a nonempty closed subset of R™. Denote by dc(z) the indicator
function of C, that is, éc(x) = 0 if x € C, otherwise d¢(z) = +o0.

Let f be a proper lower semicontinuous convex functions on R™. Recall that ([1], [29]):

The subdifferential of f at x € Dom f is defined by

Of(@) ={2" e R": (2" y—x) < fy) - f(x) VyeR"}. (3)

For 2 ¢ Dom f, one sets df(z) = (). For a nonempty closed convex subset C' of R", the normal cone
of C at a point x € C' is defined by

N(C,z) =0)c(z) ={z" € R": (2",y—z) <0VyeC}. (4)
The recession cone of a convex set C' in R™ is defined by

C*={veR": z+4+tveC Vel Vt>O0}.



For a proper function f, its recession function f*° is defined by

()= liminf f(iu), veR"™ (5)

t—-+oo,u—v

When f is a lower semicontinous convex function, then (see, e.g., [1]) for any = € Dom f,

o) = g LI, okt - f) o

Recall that a function f is a (real) polynomial with degree d € N if

f(li) = Z Aoz,

lal<d

where, \y € R, a = (v, ..., ) € N, & = (21, ..., x) € R", 2% := 2" - - - 20" and |a] == 1| .

For an extended real-valued function f : R" — Ry := RU {400}, the error bound property is
defined by the inequality

d(x, Sg) < c[f(@)]+, (7)

where Sy denotes the lower level set of f:
Spi={xe X: f(x) <0}, (8)

¢ > 0, and the notation o := max(q,0) is used.

Given an z € R" with f(z) = 0 we say that f admits an (local) error bound at T if there exist
reals ¢ > 0 and 6 > 0 such that (7) holds for all z € Bs(z). The best bound — the exact lower bound
of all such ¢ — coincides with [Er f(z)]~!, where

r f(x) :=limin 7“37)
B () = lmint (9)

is the error bound modulus [10]) of f at . Thus, f admits an error bound at z if and only if
Er f(z) > 0.

If (7) holds for some ¢ > 0, and all x € X then we say that f admits a global error bound. In this
case, the best bound — the exact lower bound of all such ¢ — coincides with [Er f]~!, where

Er f:= inf @)

oL T S 10)

is the global error bound modulus.

The convex case has attracted a special attention starting with the pioneering work by Hoffman
[15] on error bounds for systems of affine functions, see [4, 7, 8, 9, 12, 18, 25].

The following characterizations of the global and local error bounds for lower semicontinous convex
functions is well known (see, for instance, [4], [27]), which are needed in the sequel.

Theorem 1 Let f: R" — RU {400} be a lower semicontinuous proper conver function. Then one
has



(i) S(f) admits an global error bound if and only if
7(f) :=inf{d(0,0f(x)) : z € R", f(z) >0} > 0.

Moreover, the infimum of all Hoffman constants c(f) (the best bound) is given by cmin(f) := 7(f) L.
(ii) Let T € bdryS(f). S(f) admits a (local) error bound at T, i.e., there exist ¢(f,z), e > 0 such that

d(z, 5(f)) < c(f,2)[f(z]+ for allz € B(z,¢),

if and only if
7(f,z) ;== liminf d(0,0f(z)) > 0.

=0, f(z)>0
Moreover 7(f,%)~! is the best bound cmin(f, %) at Z.

(iii) (the relation between the global error bound and the local error bounds) The following equality

holds

Cmin(f) = sup Cmin(fa $)
zebdrys(f)

The following lemma which can be immediately implied from Theorem 1, list some simple sufficient
conditions for the Lipschitzian type global error bound that will be used thereafter (see, e.g., [9][20]).

Lemma 2 Let f : R"” - RU {400} be a lower semicontinuous proper convex function. Then one of
the following conditions ensures a Lipschitzian type error bound for Sy :={x € R": f(x) < 0}.

(i) Sy is bounded and the Slater condition is satisfied: There exists xo € R™ such that f(xg) < 0.
(ii) There exists v € R™ such that f>°(v) < 0.

3 Lipschitzian type global error bound for systems of convex poly-
nomial functions over polyhedral constraints

Let f; : R™ - R (i = 1,...,p) be convex polynomial functions and let K be a polyhedral convex set in
R™. Let us consider the following system

Find =z € K suchthat fi(z) <0 forall i=1,..,p. (11)
Denote by S the solution set of (11). Set

f(z) = max{ fi(z), ..., fp(x)}

and
@)= {i€ {1,.p}: file) = (@)}

Then, the solution S can be written as

S={zeK: f(x)<0}. (12)

In the case of only one convex polynomial, that is, p = 1, it was established by Li ([20], Proposition
3.1) that the system (11) admits a Lipschitzian type global error bound under the Slater condition.



As shown by Exemple 4.1 in [20], without added condition, this result does not hold in general for
p > 1. In the sequel, we make of use the following assumption:

(Aso) Yo € K, max {f*(v)} =0 = f*(v)=0foralli=1,..,p.
Obviously, assumption (Ay) is satisfied if either p = 1 (that is, the system of only one convex
polynomial ) or the solution set is bounded, or more general, there exist scalars 8; > 0 (i = 1,...,p)

such that
P

xienlf(;ﬁifi(x) > —o0.

In particular, () holds if all f; (i =1,...,p ) are bounded from below on K.

We need the following lemma whose proof is similar to the one of Lemma 2.3 in [19].

Lemma 3 Let f; (i = 1,...,p) be convex polynomial functions and let K be a polyhedral convex set in
R™ such that assumption (A ) is satisfied and set f = maxi<i<p fi. If for v e K, f*(v) =0 then
f(z+tv) = f(x) for allx € R and all t € R.

Recall that, the system (12) satisfies Abadie qualification condition (AQC) at xy € S if

N(S, 330) = {Z )\l(‘)fl(xo) + N(K, Io) N >0, )\Zfl(l‘o) = 0} . (13)

=1

It is well known that for convex inequality systems, (AQC) holds if the Lipschitzian local error bound
property holds, in particular, if the Slater condition is satisfied. As was pointed out by Jourani ([17]),
(AQQC) is verified for all Affine inequality/equality systems, and it is equivalent to the global error
bound property. The equivalence between the local error bound and (AQC) for differentiable convex
inequality systems was established in [21], [25] as follows.

Theorem 4 (Theorem 3, [25]) Let f; (i =1,...,p) be convex functions which are continuous in some
neighborhood of a given point xg € S.

(i). If there exist reals T, > 0 such that
d(z,S) < 7[f(x)]+ forall x € B(xp,e) N K,

then the (AQC) is satisfied at all x € B(xg,0) NS for some § > 0.

(7). In addition, if we suppose that for alli = 1,...,p, fi is differentiable in some neighborhood of xy,
then the converse of the part (i) is true.

The following theorem shows that for convex polynomial systems over polyhedral constraints, the
equivalence between the global error bound and (AQC) holds when the hypothesis (As) is satisfied.

Theorem 5 Consider the system of convex polynomials over polyhedral constraints (12), that satisfies
(Ax ). The following two statements are equivalent:



(i). There exists T > 0 such that
d(z,S) < 7[f(z)]+ forall z € K. (14)

(ii). The Abadie qualification condition (AQC) is satisfied at all points of S.

Proof. The implication (i) = (ii) is well-known (see, e.g. [35]). For the sake of completness, we give
a sort proof. Suppose that (i) holds. Let zp € S and r > 0 be given. Denote by L the Lipschitz
constant of f on B(xzg,r). For any z € B(xg,7), let z € K be the projection of x into K, that is,
|z — z|| = d(x, K). Then one has

d(x,5) < d(z,5) + ||z — 2| <7[f(2)]4d(z, K) < 7[f(2)]4 + (7L + 1)d(z, K). (15)

The statement (ii) follows directly from the last relation and the following standard relations in convex
analysis
N(S,@0) = Ux>00d(x0, S);

Af ()4 (o) = {Z il fi(wo) : A >0, Aifi(zo) = 0} :
=1

Let us prove the inverse implication by induction on the dimension d of K.. Let K := {x € R" :
(aj,x) < bj, 5 =1,..,m}. When d = 0, then K is a single point, therefore the conclusion holds
trivially. Let s be an integer, and suppose that the implication (ii) = (i) holds for all d < s. Consider
now the case of d = s+ 1. Suppose that (ii) is satisfied for p convex polynomials fi, ..., f, verifiying
(Ax). By translation if necessary, without loss of generality, we can assume that 0 € K. Assume to
contrary that (14) does not hold. According to Theorem 1, there exist sequences {zy}reny C K {x}}
with
xy € O(f + 0r)(xg) = 0f (x) + N(K,x), k€N

such that
flzk) >0; f(zr) =0 and |zi]] = 0 as k — oo. (16)

Since (AQQC) is satisfied for the system under consideration, then by Theorem 4, this system admits
a (Lipschitzian type) local error bound at all z € S. Hence, ||zx|| — oo as kK — co. By passing to a
subsequence if necessary, we can assume that

lim % .=y e R with ] = L.
F oo ||z

Then, obviously,
veK®={deR": (a;,d) <0, j=1,..,m} and f>(v)<O0.

Since (f + 0x)>®(v) = f>(v) for v € K*°, then it follows from Lemma 2 (ii) that f*°(v) = 0. By
Lemma 3, one has

f(z+tv) = f(z) VYzeRH vteR. (17)
Denote by (v) := {tv: t € R} and L = vt :={u € R": (u,v) = 0}. Then, dimL =d — 1 = s and
therefore, there exists a matrix Q € RG+1)*5 with rank@Q = s such that {Qz: z € R®} = L. Moreover,
for any z € R™, we have the following unique representation

r=u+tv for uelL,telR.



Let gi,g: R* = R (i = 1,...,p) be defined by

gi(z) == fi(Qz), z € R®, i=1,....,p; g(2) == f(Qz) = Z,gagcplzi(zr).

Then, g;, ¢ = 1,..., p are convex polynomials defined on R*. Denote by
J={je{l,..,m}: (aj,v) =0},
and define the convex polyhedral K, in R® by
Ks:={zeR°: (a;,Qz) <b;VjeJ}

(Note that J may be empty, in this case, K = R®). Consider the following system of convex polynomial
inequalities with polyhedral constraint in R? :

Ss:={z€ Ks: g(x) <0}. (18)

We see that the system (18) also satisfies the assumption (As). Indeed, let w € K° such that
max;—1,.p 950 (w) = 0. Since (aj,v) < 0 for all j ¢ J, then there exists a > 0 (sufficiently large) such
that

(a;,Qw + av) <0 forall j & J.

For j € J, then (aj, Qu + av) = (a;, Qw) < 0. Thus Qw + av € K*°, and furthemore, one has

max f°(Qw+ av) = max f°(Qw)= max g;°(w)=0.
i=1,....,p i=1,....,p i=1,...,p

Since assumption (As) holds for the system (11), then
g (w) = f(Qw) = f°(Qw + av) =0 for alli=1,...,p.

We prove next that the system (18) satisfies the (AQC). Let z € Sy and z* € N(Ss, z) be given. One
can take tg > 0 sufficiently large such that = := Qz + tov € S. Let u* € L such that z* = QTu*. For
any y € S, there are 2’ € R® and ¢ > 0 such that y = Qz’ + tv. Then, obviously 2’ € S and therefore
one has

(W y —z) = (W, Q2 — 2)) = (QTu*?s — 2) = (2,2 —2) <0 forall yeS.
Equivalently, u* € N(S, z). Hence,

N(Ss,2) C{AQT0f () + Q' N(K,x): A>0}. (19)

On the other hand, since f(x + tv) = f(z) for all x € R" and all ¢t € R, then 0f(x) = 0f(Qz). Thus

dg(2) = QTOf(Qz) = QTof (x). (20)
Note that for x € K,
N(K,z)=14 Y Bjaj: B;>0Vj€ J(x) (21)
jeJ(z)

where J(z) :={j € {1,...,m} : (aj,z) = b;}. Then, when ty is sufficiently large, one has

N(K,,z)=QI'N(K,Qz) = QTN(K, z). (22)



Combining relations (19), (20), and (22), one obtains

N(Ss,z) C{AIg(z) + N(Ks,z): A>0}. (23)
Noticing that the inverse inclusion

N(Ss,2) 2 {Mg(z) + N(Kq2): A= 0)

is always true, thus (AQC) is verified for system (18).
By the induction hypothesis, the function g 4+ dx, admits a Lipschitzian type global error bound.
According to Theorem 1, one has

inf{d(0,0¢9(z) + N(Ks,2)): z € R® g(z) >0} > 0. (24)
For each k € N, there exists z € R®, t; € R such that xp = Qzx + txv. As relation (20), one has

99(2) = QTof(Qzr) = QTOf (). (25)

Since Hi—:” — v, then obviously, ||Qzk||/tx — 0 as k — oco. Hence, for all j € {1,...,m} \ J, one has

(aj, k) = tp((aj, Qz/tr) + (aj,v)) = —oc0 as k — oo.
It follows that J(zx) C J. Since
(aj,Qz +tv) = (aj,Qz) VzeR® VteR,VjelJ,
then zj, € K, and by (22), one obtains
N (K, z) = QTN (K, Qz,) = QTN (K, xy) for all k € N. (26)
This relation and (25) yield
Q"zj, € QT (0f (xx) + N(K, xp)) = g (1) + N (K, z).

Relation (16) shows that [|QTz}| — 0, which contradicts (24). The proof is completed. O

The preceding theorem yields directly the following Lipschitzian global error bound result under
assumption ( As) and the Slater condition, which generalizes the one of Li in [20].

Corollary 6 Under Assumption (A ), if system (11) verifies the Slater condition :
dzg € K@ fi(zo) <0, foralli=1,..,p,
then there exists T > 0 such that

d(z,S) <7[f(z)]+ VzeK.

Next, we establish a global error bound result for system (11) under the Slater condition but without
assumption (As). Let us denote by

d:= max{degfl, "'7degfp}7
V1 f(x) = max{||[V/ fy(2)|| : i=1,...,p}, j=1,...d



Theorem 7 Consider system (11) of convex polynomials over a polyhedral convex set K. If the Slater
condition is satisfied then there exists T > 0 such that

d
d(z,S) <7 [ [f@)]+ Y IVIf@)f @), | VaeK.
j=1

Proof. Denote by
Coo :={ve K®: f*Ww)=0}

and for each v € Cy, set
I(w):={ie{l,...,p}: f(v) <0} and J(v):={1,...,p}\ I(v).
Let us pick a direction v € Cy, such that
I(v) :=max{I(v) : v € Cx}.
Consider the following inequality system:
S:={reK: fj(z)<0,jeJ(®)} (27)

We claim that this system verifies assumption (Ay). Indeed, assume to contrary that this is not to
be hold, i.e., there exists v € K such that max;e i) {f7°(v)} = 0 but f3°(v) < 0 for some jo € J(v).
Then, for a sufficiently small positive a;, one has

0+ av) < f7°(0) + af(v) <0 Vie I(v);

[0+ av) < f72(0) + af*(v) <0 V) € J(v);

and,
(0 +av) < fR(0) +afiy(v) = afiy(v) <0.

Thus, v + av € Cx and I(v + av) > I(v) + 1, which contradicts the definition of I(v).
According to Corollary 6, there exists 7 > 0 such that

d(x,S) < Tﬂgl}i()_() fi@)]+ < 7mif(x)]4+ forall z € K. (28)
jeJ(v

If J(v) = p then S = S the proof ends. Otherwise, 0 < J(v) < p, the solution set S of the system (11)

under consideration can be written as

S = {x eR": g(z):= iréllag_]() fi(z) +d05(x) < O} . (29)

For any = € S, z* € dg(x) = d(max;c (5) fi)(z) + N(S,z), since v € S°°, one has

N 1o i tv) — icI(v) Ji
(2*.7) < g(fvﬂvt) g(x) _ maXicy) fi(r + “t) maXierw) fil®) ¢y s 0,

consequently (note that © # 0), Therefore, thanks to Theorem 1, one obtains

d(z,S) < Tg[irenla(g) fi(@)]y < m[f(x)]y forall z€8S. (30)



Let now z € K be given and let y € S be the projection of z on S. By relations (28) and (30), one has

d(z,8) < d(z,S) +d(y, ) < 1i[f(2)]+ + [ (y)]+

On the other hand, by using the Taylor tranformation of the functions f; (i = 1,...p) at z, one derives
that

d d
[FW)l+ < [f(@)]+ + Z IV f(@)lly = =7 < [f@)]+ + Z VI 1f (@) [f ()]

By combining the last inequalities, we complete the proof of the theorem. O

4 Holderian global error bound

As in Section 2, Consider the inequality system (11) of convex polynomials over a convex polyhedral
set, with the solution set S. Denote by degf; the degree of f; and by

f(z) =max{fi(z),.., fp(x)}; I(z):={ie{l,...,p}: fi(z)= f(x)}.

It is shown by Theorem 5 that, under Asumption(Ay,), the system (11) admits a Lispchitz type global
error bound if the Abadie qualification condition is satified at all points belong to its solution set.
Consequently, the Lipschitz type global error bound holds when the system satifies the Slater condition
(and Asumption(As)). Without the Slater condition, in the case of p = 1, it was established in [20]
that a Holderian global error bound holds with an exponent v = ((d —1)"+1)~!. In this final section,
we consider the Holderian error bound for the general systems of many finitely convex polynomials.
We shall show a Holderian global error bound with an explicit exponent holds for these systems
with/without asumption(Ax).

Let us define the following quantity, which will be served below as a lower bound for exponents ~.

2

)= g

where d := max{degfi,...,degfp}.

Theorem 8 Let f; : R" - R (i = 1,...,p) be convex polynomials. Suppose that inf,cx f(z) = 0.
Then for any T € S, there exist e,7 > 0 and y(n,d) <~ <1 such that

d(z,S) < 7f(x)" forall x € B(z,e)N K.

We need the following result from ([11]) on an error bound property for a polynomial around its strict
minimum point.

Lemma 9 ([11], Theorem 3) Let f be a polynomial with degree d € N*. Assume that there exists § > 0
such that f(x) > f(0) =0 for all x € B(0,9) \ {0}. Then there exist T, > 0 such that

||| < 7f(2) DD for allz € B(0, ).

Proof of Theorem 8. We prove the theorem by induction on p. Obviously, the conclusion is true when
p = 0. Suppose that the conclusion holds for any p convex polynomials and any convex polyhedral K

10



with infyecx f(x) = 0 whenever p < s. Let us show that the conclusion is true when p = s + 1. By
translation if necessary, it suffices to prove the theorem for the case of x =0 € S. Let

K = {;1; cR™: <aj733> < bj, j = 1,...,m}.

Since z = 0 is a global minimizer of f on K, then according to the standard Kuln-Taker condition in
Convex Programming, there exist a; > 0, >0 a; = 1; 8; > 0, j = 1,...,m such that «;f;(0) = 0;
ijj =0 and

p m
> aifi(@) + > Bi({aj,x) —bj) >0 forallz € R™, (31)
i=1 j=1
Denote by
I'={ie{l,...,p}: a; >0} and J:={je{l,...,m}: B; >0}
Then,

0ecA={veR": fi(v)=0,i€l; (aj,v) —bj = (aj,v) =0, jeJ}. (32)

Let v1,v2 € A and v € [v1,v2]. Then, fi(v) <0 and (aj,v) —b; <0 for alli € I, all j € J. In virtue
of relation (31), one has f;(v) < 0 and (a;,v) —b; < 0 for all s € I, all j € J, that is f;; (a;,-) — b;
(1t €1, j € J) are constant 0 on [v1,va]. Since f; are polynomials, then aff{v;,vo} C A. Therefore A is
a linear subspace of R”, and according to Lemma 3,

flx+tv)=f(x) forallz e R", ve A teR.

Denote by At := {u € R": (u,v) =0 for all v € A} the orthogonal subspace with A. Set dimA4 := k,
then dimA+ =n — k.

For any z :=u+v € S with u € A+; v € A, one has
filu) = filu+v) = fi(z) <0, (aj,u)—b; <0 foralliel, jeJ
By relation (31), it implies u € A, thus, u = 0. Hence,
S={veA: fi(v) <0, (aj,v) —b; <0, Vigl, Vj¢ J} (33)

By the induction assumption, we can find 71,7 > 0 such that

v(k,d)
d(v,S)<mn <[f(v)]+ I;lg}((((zj,v) - bj)+> for all v € B(0,d1) N A. (34)

On the other hand, one has
Zfz(u)2 + Z((aj,u> —b))? >0 foralluc A+ \ {0}.
il jeJ

By Lemma 9, there exist 7,2 > 0 such that

((2d=1)"=F41)=1

ul <7 | ) fiw)? + > ((aj,u) — b))? for all u € B(0,6) N A+, (35)
iel jeJ

11



Define ¢ := min{d;, d2} and denote by L the Lipschitz constant of f on B(0,d2). Let x € B(0,e) N K
be given. Then, = u + v with u € B(0,6;) N A+ as well as v € B(0,d1) N A. By (34), one has

r i arfrx rJr . .
7 J
By setting
r iaT’ 1 . .
M::max{l,zg\{},, 1el, jEJ},
(67 '
one has

[f@)l < M|f(x)], [aj,z) —bj| < M|f(x)], Viel, VjeJ

Since fi(u) = fi(x) and (aj,u) — b; = (aj,z) —b; for all i € I, all j € J, then , by relation (35), one
obtains i ) . )
lull < 3 f (@) @D gy = (M (1] - |))) GO0 (36)

Noticing that

) < f(x) + L||u||, max({a;,v) —b;). <max({a;,v) —b;)s + max ||a;||||u|| = max||a;|||u],
L)) < Fa)+ Llull, max(ay,0) = b))+ < max(ay,v) = by) +ma |l = ma

by relation (34), one derives that
v(k,d)
a0.5) < 7 (£ + @+ maxlalal) (37)

Combining relations (36) and (37), one obtains

v(k,d)
d(z,5) < [Jull +d(v, 5) < 73 () @D g py (f(w) + (L + max Hajumf(x)“‘””"_k“)_l>
j
(38)
By noticing that
(2d —1)"F+1)((2d —1)*+1) <2((2d —1)" + 1), for0 <k < n,
relation (38) implies that the conclusion is true with p = s + 1. O

Next, we establish a Holder global error bound result for the system (11) when the solution set is
assumed to be compact.

Theorem 10 Let f; : R® - R (i = 1,...,p) be convex polynomials and let K be a convex polyhedral
such that

S:={reK: f(z):=max{fi(z),.., fp(x)} <0}
is a nonempty compact set. Then there exist T > 0 and vy(n,d) <~ <1 such that

d(w,8) < r([f@)]+ + [f@]]) forall z € K.

12



Proof. Define C := {x € K : d(z,S) < 1}. Since S is compact, then so C' is a compact set. Thank to
Theorem 8, we can find y(n,d) <y < 1 such that for each z € S, there exist 0 < €(2) < 1, 7(2) > 0
such that

d(z,S) <7(2)f(z)” forall x € B(z,e(z)) N K. (39)

By the compactness, there exist z1, ..., 2, in S such that
m
S c | B(ai, e(2)/2).
i=1

Set € = min{e(z;) : i =1,...,m}; 7 = max{7(z) : i = 1,...,m}. Let x € C such that d(z,S) < ¢/2.
Then we can find z € S such that ||z — z|| < €/2. Therefore, there is an index i € {1,...,m} such that
z € B(z,€(z)/2). It follows that

[ = zil| <l = 2] + |2 = zil| < €/2+€(2:)/2 < e(=).

Hence, we obtain d(z,S) < 7[f(z)]]. Now let « € C' with d(z, S) > €/2. We shall show that there is
a 1 > 0 such that
f(z) >n forallz e C, d(z,S) > €/2.

Indeed, if this is not the case, one can select a sequence {z} C C such that h(xy) < n and d(zg, S) >
€/2 for all k, where {n;} is a sequence of positive numbers with lim j_, ;~mx = 0. By the compactness,
without loss of generality, assume that {z;} converges to some z* € C. Then f(z*) < 0, that is,
x* € S, which contradicts d(x, S) < ||zx — z*|| — 0.

Hence, for all x € C with d(x,S) > €/2, one has

By taking 7% = max{r, 1/n7}, we obtain
d(z,S) < 7*[f(z)]} forallze C. (40)

Let now x € K be given with d(x,S) > 1. Let z € S such that ||z — z|| = d(z, S). Then, f(z) =0 and
for t := 1/||z — z||, one has y := (1 — t)z + tx € [z, 2] N C. Therefore, by (40),

d(y, S) =tz —zll =1 <77 [f(y)]} < T [tf (@]}

Consequently, d(z, S) < 7*[f(z)]+. The proof is complete. O

When the solution set is not neccessarily compact, we obtain the Holder global error bound result
under the assumption (Ax).

Theorem 11 Let f; : R® - R (i = 1,...,p) be convex polynomials and let K be a convex polyhedral
such that S is nonempty. Suppose that the assumption (A ) is verified. Then there exist T > 0 and
v(n,d) <~ <1 such that

d(z,S) < 7([f(@))+ + [f(@)]L) forall z € K. (41)
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Proof. We prove the theorem by induction on the dimension n of R™. Obviously, the conclusion holds
trivially when n = 0. Suppose that the conclusion holds for all n < s. Let us prove that the conclusion
holds for n = s + 1. Assume to contrary that (45) is not true. That is, there is a sequence {x;} C K
with f(zg) > 0(Vk) such that
i L (®k) + f ()Y
k—o0 d(a:k, S )

= 0. (42)

Let us show that we can select a sequence verifying (42) such that limy_, o f(xx) = 0. Indeed, for this,
assume that there is o > 0 such that f(zy) > o > 0 for all k = 1,2,.... Set ¢, := W)f(ﬂfk) and let

zr € S such that ||z — zx|| = d(xg, S) (k= 1,2,...). Define yx := (1 —tx)2zr +txgxr (K =1,2,...). Then,
d(yg, S) = tgd(xy, S) and by the convexity of f,

0 < flyr) < (1= tr)f (k) + tof (wp) = trf (k) = o/,
Consequently, limg_,o f(yx) = 0, moreover,

Flur) + F) ™ afk + (af/k) D fa) (/K 0D + a2
d(yx, S) T ted(w,S) d(x, S)

By (42), limg 0 % = 0, therefore one obtains

o ) + f (ye) D

e ) B

Thus, we can assume that limg_, f(zr) = 0.

According to Theorem 8, the system admits a Holder local error bound with exponent 7(n, d) at
all z € S, that implies that ||zy| — oo as k — oo. By passing to a subsequence if necessary, we can
assume that

lim —* =y €R" with |lv]| = 1.
koo |||

Then, obviously,
ve K*={deR": (a;,d) <0, j=1,...,m} and [f*(v)<0.

Since (f + 0x)>®(v) = f>(v) for v € K*°, then it follows from Lemma 2 (ii) that f*°(v) = 0. By
Lemma 3, one has
flz+tv) = f(z) VYzeRH vteR. (43)

Denote by (v) :={tv: t€R}and L =v* :={u € R": (u,v) =0}. Then, dimL =n—1=s
Denote by
J={je{l,..,m}: (aj,v) =0},

and define the convex polyhedral K, and the following inequality system of convex polynomials in L
by
Ks:={ueL: (aju)<b;jVjeJ};

Ss:={ue K;: f(u) <0}.

14



Similarly as in the proof of Theorem 5, the system defining S satisfies the assumption (Ay). Hence,
by the induction assumption, there exists 7 > 0 such that

d(u, $5) < T([f(w)]y + [f@))1*?) vue K, (44)
For each k € N, let u, € L, and t;. € R such that x; = u + tv. Since
(aj,u+tv) = (aj,u) Yue L, VteR,VjeJ,

then uy, € K. Since limy_, oo f(ug) = limg_,o0 f(xr) = 0, then by relation (44), one has limy_, oo d(ug, Ss) =
0. Let wy, € S such that ||up—wg| = d(ug, Ss) and zx, := wi+txv. By Hi—i” — v, then, limy_ o t; = +00
and limy_, o ||uk||/tx = 0. Hence, for all j € {1,...,m} \ J, one has

(aj, z) = tr({aj, ug/tx) + (aj, wp — ug) /[ty + (aj,v)) — —o0 as k — oo.

On the other hand, (aj, z;) = (a;,wy) < 0 for all j € J, and f(z) = f(wy) < 0, which follows that
z € S. Hence, from (44), one has

V(n,d) V(n,d) v(n,d)
i £ (@) + fln) > Tim juf £+ f@5) i i )+ f () > 70,
k—o0 d(zk, S) k—o0 lxe — 2&| k—o0 d(ug, S)
which contradicts (42) and completes the proof. O

Finally, without assumption (A ), one obtains the following error bound result.

Theorem 12 Let f; : R® - R (i = 1,...,p) be convex polynomials and let K be a convex polyhedral
such that the solution set S is nonempty. Then there exist T > 0 and y(n,d) <~y <1 such that

d
A, S) <7 | [F@)s + @+ DIV @ @) + F@LY | forall z € K.

Proof. The proof is very similar to the one of Theorem 7. Here, instead of using Corollary 6, we use
Theorem 11. O

Acknowledgement.

References

[1] AUSLENDER A., CROUZEIX J.P., Global regularily theorems, Math. Oper. Res., 13(1998), pp.
243-253.

[2] A. AUSLENDER AND M. TEBOULLE, Asymptotic Cones and Functions in Optimization and Vari-
ational Inequalities, Springer Monographs in Mathematics, Springer-Verlag, New York, 2003.

[38] D. AzE, A survey on error bounds for lower semicontinuous functions, in Proceedings of 2003
MODE-SMAI Conference, vol. 13 of ESAIM Proc., EDP Sci., Les Ulis, 2003, pp. 1-17.

[4] D. Azt AND J.-N. CORVELLEC, On the sensitivity analysis of Hoffman constants for systems of
linear inequalities, STAM J. Optim., 12 (2002), pp. 913-927.

15



[5] D. AzE AND J.-N. CORVELLEC, Characterizations of error bounds for lower semicontinuous func-
tions on metric spaces, ESAIM Control Optim. Calc. Var., 10 (2004), pp. 409-425.

[6] P. BoscH, A. JOURANI, AND R. HENRION, Sufficient conditions for error bounds and applications,
Appl. Math. Optim., 50 (2004), pp. 161-181.

[7] BURKE J.V., DENG S., Weak sharp minima revisited, part 1: basic theory, Control and Cyber-
netics 31(2002), pp. 439-469.

[8] BURKE J.V., DENG S., Weak sharp minima revisited, part 2: application to linear regularity and
error bounds Math. Program. Ser. B 104 (2005), pp. 235-261.

[9] S. DENG, Global error bounds for convex inequality systems in Banach spaces, STAM J. Control
Optim., 36 (1998), pp. 1240-1249.

[10] M. FaBIAN, R. HENRION, A. Y. KRUGER, AND J. V. OUTRATA, Error bounds: necessary and
sufficient conditions, Set-Valued Var. Anal., 18 (2010), pp. 121-149.

[11] Gwozdziewicz J., The exponent of an analytic function at an isolated zero, Comment. Math.
Helv., 74 (1999), 364-375.

[12] R. HENRION AND A. JOURANI, Subdifferential conditions for calmness of conver constraints,
STAM J. Optim., 13 (2002), pp. 520-534.

[13] R. HENRION, A. JOURANI, AND J. OUTRATA, On the calmness of a class of multifunctions,
SIAM J. Optim., 13 (2002), pp. 603-618.

[14] R. HENRION AND J. V. OUTRATA, A subdifferential condition for calmness of multifunctions, J.
Math. Anal. Appl., 258 (2001), pp. 110-130.

[15] A. J. HOFFMAN, On approzimate solutions of systems of linear inequalities, J. Research Nat.
Bur. Standards, 49 (1952), pp. 263-265.

[16] A. D. IorFre AND J. V. OUTRATA, On metric and calmness qualification conditions in subdif-
ferential calculus, Set-Valued Anal., 16 (2008), pp. 199-227.

[17] JOURANI A., Hoffman’s error bound, local controlability and sensivity analysis, STAM J. Control
Optim., 38(2000), pp. 947-970.

[18] A. S. LEwWIS AND J.-S. PANG, Error bounds for convex inequality systems, in Generalized Con-
vexity, Generalized Monotonicity: Recent Results (Luminy, 1996), vol. 27 of Nonconvex Optim.
Appl., Kluwer Acad. Publ., Dordrecht, 1998, pp. 75-110.

[19] L1 G., On the Asymptotically Well Behaved Functions and Global Error Bound for Convex Poly-
nomials, STAM J. Optim. 20, pp. 1923-1943

[20] L1 G., Global error bound for piecewise convex polynomials, Math. Programming, to appear.

[21] L1 W., Abadie’s constraint qualification, metric regularity, and error bound for differentiable
convex inequalities, STAM J.Optim., 7(4) (1997), pp. 966-978.

16



[22] Luo X.D., Luo Z.Q., Extension of Hoffman’s error bound to polynominal systems, SIAM J.
Optim., 4 (1994), pp. 383-392.

[23] K. F. Na¢ AND W. H. YANG, Regularities and their relations to error bounds, Math. Program.,
Ser. A, 99 (2004), pp. 521-538.

[24] K. F. NG AnND X. Y. ZHENG, Error bounds for lower semicontinuous functions in normed spaces,
STAM J. Optim., 12 (2001), pp. 1-17.

[25] Naar H. V., THERA M., Error bounds for convexr differentiable inequality systems in Banach
spaces, Math. Prog., 104(2005), pp. 465-482.

[26) ——, Error bounds for systems of lower semicontinuous functions in Asplund spaces, Math.
Program., Ser. B, 116 (2009), pp. 397-427.

[27] H. V. Nca1, A. Y. KRUGER, AND M. THERA, Stability of error bounds for semi-infinite convex
constraint systems, STAM J. Optim., 20 (2010), pp. 2080-2096.

[28] J.-S. PANG, Error bounds in mathematical programming, Math. Programming, Ser. B, 79 (1997),
pp. 299-332. Lectures on Mathematical Programming (ISMP97) (Lausanne, 1997).

[29] Rockafellar R.T., Convex Analysis, Princeton University Press, 1970.

[30] Robinson S.M., An application of error bound for convex programming in a linear space, SIAM
J. Control. Optim.,13, (1975), 271-273.

[31] M. STUDNIARSKI AND D. E. WARD, Weak sharp minima: characterizations and sufficient con-
ditions, STAM J. Control Optim., 38 (1999), pp. 219-236.

[32] Z. Wu AND J. J. YE, Sufficient conditions for error bounds, SIAM J. Optim., 12 (2001/02),
pp. 421-435.

[33] ——, On error bounds for lower semicontinuous functions, Math. Program., Ser. A, 92 (2002),
pp. 301-314.

[34] YANG W. H., Error bound for convex polynomials, STAM J. Optim., 19 (4) (2002), pp. 1633-1647.

[35] ZALINEscU C., A nonlinear extension of Hoffman’s error bounds for linear inequalities, Math.
Oper. Res. 28 (3)(2003), pp. 524-532.

17



