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This paper focuses on the stability of both local and global error bounds for a proper lower
semicontinuous convex function defined on a Banach space. We first provide precise estimates
of error bound moduli using directional derivatives. For a given proper lower semicontinuous
convex function on a Banach space, we prove that the stability of local error bounds under small
perturbations is equivalent to the directional derivative at a reference point having a non-zero
minimum over the unit sphere. Additionally, the stability of global error bounds is shown to
be equivalent to the infimum of the directional derivatives, at all points on the boundary of the
solution set, being bounded away from zero over some neighborhood of the unit sphere.
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1. Introduction

We dedicate this work to Terry Rockafellar in recognition of all his contributions
representing cutting-edge ideas in the field of convex and variational analysis.

This paper focuses on studying the stability of error bounds for lower semicontinu-
ous convex functions defined on a Banach space under data perturbations. Given an
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extended-real-valued function f : X — R U {+o0} on a Banach space X, the error
bound property of f is characterized by the following inequality:

cd(z,Sf) < fi(z), (1)

where Sy = {x € X : f(z) < 0} denotes the lower level set of f, ¢ > 0, and
f1 (&) = max{f(x), 0}.
If inequality (1) holds for some ¢ > 0 and for all € X, then f is said to have a

global error bound. For a point z € X with f(z) =0, f is said to have a local error
bound at T if inequality (1) holds for some ¢ > 0 and for all z sufficiently close to z.

The purpose of this work is to investigate the behavior of error bounds for a given
proper lower semicontinuous convex function under perturbations of its data.

It is well-known that Hoffman [22] was one of the pioneers in the study of error
bounds. Specifically, for a given m x n matrix A and an m-vector b, he showed
that the Euclidean distance from a point x to its nearest point in the polyhedral set
{u : Au < b} can be bounded above by a constant (dependent only on A) times the
Euclidean norm of the residual error ||(Az — b), ||, where

(Aa:_b)Jr = ([alx_bl]Jﬂ T 7[&mx_bm]+)? A= (a1> e aam)Tv b= (bla e >bm)T

and [z]+ = max{z;,0}. Hoffman’s work has been widely recognized and further
developed by many authors, including Robinson [47], Mangasarian [37], Auslender
and Crouzeix [3], Pang [43], Lewis and Pang [33], Klatte and Li [29], Jourani [28],
Abassi and Théra [1, 2], Ioffe [25], Mordukhovich [38, 39], Thibault[51, Theorem
7.65 and Corollary 7.66] and others.

Error bounds have significant applications in various areas, including sensitivity
analysis of linear and integer programs (see [46, 48]) and the convergence analysis of
descent methods for linearly constrained minimization problems (see [20, 21, 27, 35,
52]). They are also crucial in addressing the feasibility problem of finding a point in
the intersection of finitely many closed convex sets (see [8, 9, 10, 11]) and are used
in the field of image reconstruction (see [14]).

This property is closely related to the concepts of weak sharp minima, metric reg-
ularity /subregularity of multifunctions, and subtransversality of closed subsets (see
(7,12, 23, 24, 30, 44, 47, 49, 51]). For more comprehensive information on the the-
oretical aspects and practical applications of error bounds, readers can refer to the
extensive bibliographies [4, 5, 10, 13, 15, 17, 19, 30, 34, 40, 42, 44, 54, 56, 57] and
the references cited therein.

This paper focuses on the behavior of error bounds for convex functions when the
data of the functions is perturbed, with the goal of exploring the stability of these er-
ror bounds under such perturbations. In 1994, Luo and Tseng [36] conducted a study
on the perturbation analysis of a condition number for linear systems. Building on
this, Deng [16] explored the perturbation analysis of condition numbers for convex
inequality systems. Further research by Azé and Corvellec [6] investigated the sen-
sitivity analysis of Hoffman’s constants for semi-infinite linear constraint systems.
In 2010, Ngai, Kruger, and Théra [41] established subdifferential characterizations
for the stability of error bounds for semi-infinite convex constraint systems in a
Euclidean space. Following this, Kruger, Ngai, and Théra [32] studied the stabil-
ity of error bounds for semi-infinite convex constraint systems in a Banach space,
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providing dual characterizations related to function perturbations in the system.
Kruger, Lopez, and Théra [31] later advanced the subdifferential characterizations
of stability presented in [32, 41]. In 2022, Wei, Théra, and Yao [53] characterized
the stability of error bounds for convex inequality systems in a Euclidean space
using directional derivatives of convex functions. Subsequently, they [55] extended
these results to provide primal characterizations of the stability of error bounds for
semi-infinite convex constraint systems in a Banach space.

In this paper, we continue the investigation initiated in [55] on the stability of error
bounds for convex functions in a Banach space, with a particular focus on primal
characterizations of stability when the functions under consideration are perturbed.
We demonstrate that the stability of error bounds for a proper lower semicontinuous
convex function is, to some extent, equivalent to solving a class of minimization
problems determined by directional derivatives over the unit sphere. Compared to
the work presented in [55], the main contributions of this paper are twofold:

—  We provide explicit formulae for error bound moduli of a proper lower semi-
continuous convex function in terms of directional derivatives (see Theorem 3.1
below). This result is an improvement over [55, Proposition 3.3] as it relaxes
the continuity assumption made therein.

—  Our stability results lead to primal necessary and sufficient conditions for Hoff-
man’s constants to remain uniformly bounded under perturbations of the prob-
lem data (see Theorem 4.1 below). This result improves upon [55, Theorem
42].

The paper is organized as follows. In Section 2, we present definitions and prelim-
inary results used throughout the paper. Section 3 is devoted to the main results
on the stability of local and global error bounds for proper lower semicontinuous
convex functions defined on a Banach space. We provide primal characterizations of
the stability of error bounds under small perturbations using directional derivatives
of component functions (see Theorems 3.5, 3.7 and 3.9). We then apply these sta-
bility results to the sensitivity analysis of Hoffman’s constant for semi-infinite linear
systems and offer a primal equivalent condition for Hoffman’s constants to remain
uniformly bounded under perturbations (see Theorem 4.1) in Section 4.

2. Preliminaries

Let X be a Banach space with topological dual X*. We denote by Bx the closed unit
ball in X, and for any x € X and § > 0, by B(z, §) the open ball centered at x with
radius o.

Let D be a subset of X. We denote by int(D) and bdry(D) the interior and boundary
of D, respectively. The distance from a point z € X to the set D is given by

d(z, D) = inf |z — u,

with the convention that d(x, D) = +00 whenever D = ().

In the following, we use the notation I'g(X) to denote the set of extended-real-valued
lower semicontinuous convex functions ¢ : X — R U {400}, which are assumed to
be proper, meaning that dom(p) := {x € X : ¢p(x) < 400} is nonempty.
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Let ¢ € T'h(X) and Z € dom(p). For any h € X, we denote by dTp(Z,h) the
directional derivative of p at & along the direction h, defined by

At (7, ) = lim PEHN =@ 2)

t—0+ t

According to [45], we know that

oy Pt th) — (@)
t

is nonincreasing as t — 07, and thus

d+g0(i’, h) — %gg e+ ﬂ;) - ‘P(SE) (3)

We denote by 0p () the subdifferential of ¢ at z, defined by
Jo(z) :={z" e X*: (z",2 — T) < p(x) — () for all z € X}.
It is known from [45, Proposition 2.24] that if ¢ is continuous at z, then dp(z) # 0,
Op(z) = {z* € X*: (x*,h) < d"p(z,h) for all h € X}, (4)
and d* (7, h) = sup{(z*, h) : 2" € Dp(T)}. (5)

Given a mapping ¢ : X — Y from X to a normed linear space Y, we denote by

Lip(p) := sup llp(w) = o)l

u,veX,uFv ”u - 7}”X

the Lipschitz constant of ¢.

3. Stability of error bounds for convex functions on a Banach space

This section is devoted to the stability of local and global error bounds for a given
proper lower semicontinuous convex function defined on a Banach space and aims
to establish primal characterizations in terms of directional derivatives. We begin
with some notations and definitions of error bounds for convex functions.

Let f € T'o(X). We denote by
Sy = {z € X: f(z) <0} (6)

the lower level set of f. Recall that f is said to have a global error bound, if there
exists ¢ € (0, +00) such that

cd(z,Sy) < fi(x) Vo eX|
where fi(x) := max{f(x),0}. We denote by

N f(z)
Br(f) = 18t e, @

the global error bound modulus of f. Thus, f has a global error bound if and only
it Er(f) > 0.
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Let Z € bdry(Sy). Recall that f is said to have a local error bound at z, if there
exist ¢,d € (0,+00) such that

cd(z,Sf) < fi(x) Vo € B(z,0).

e f(@)
We denote by Er(f,7) = xi%%e%?)f;o d(z,Sy) )

the local error bound modulus of f at z. Thus, f has a local error bound at z if and
only if Er(f,z) > 0.

The following theorem, as a key result of this paper, is to give precise estimate on
error bound moduli of proper lower semicontinuous convex functions on the Banach
space. The proof only relies on the Ekeland variational principle.

Theorem 3.1. Let f € I'o(X) be such that Sy is nonempty.
(i)  The following equality on the global error bound modulus holds:

Er(f) = inf (— inf d+f(x,h)). 9)

f(2)>0 [[h]I=1

(i) Letx € bdry(Sy). Then the following equality on the local error bound modulus
holds:

Er(f,7) = liminf (— inf d+f(x,h)). (10)

=T, f(x)>0 [|h]|=1

Proof. (i) Let us define B(f) := inf (— inf d* f(x,h)).

n
f()>0 lIAl=1

We first prove that (9) holds. Let # € X be such that f(z) > 0. Take a sequence
{u,} in Sy such that ||z — u,| — d(z,Sy). By virtue of (3), one has

flo) o @) =) | fln) = @) g Wy o e g g,

|z — unll |Ihl|=1

[ —unl =z = unl [ = un||

: f(z) : +
L h < — inf .
etting n — oo, one has s = ||}1L1r:11” d" f(z,h)

This means that Er(f) < 8(f).

Without loss of generality, we can assume that Er(f) < 4o0o. Suppose on the
contrary that Er(f) < B(f). Then there is 79 € R such that Er(f) < 7 < S(f).
By the definition of Er(f), there exists 2o € X such that
f(.110> > 0 and f(xo) < T()d(xo,Sf).
This implies that fi(zg) < in}fg f+(x) + 1od (20, Sy¢).
xE
By applying Ekeland’s variational principle (cf. [18]), there exists yo € X such that

190 = 2ol < d(zo,Sy) and fi(yo) < f+(2) + 7ollz = woll, Vo € X\{yo}.
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On the one hand, since ||yo — zo|| < d(xo,S¢), this implies that yo & Sy, that is
f(yo) = fi(yo) > 0. On the other hand, for any h € X with ||h]| =1 and £ > 0
sufficiently small, one has

fyo+th) — flyo) _ f+(yo +1th) — f4(yo)

= > —1p.
i t 0

Letting ¢ — 07, one obtains that d* f(yo, h) > —7¢ and consequently
inf d* f(yo, h) > —70.

[[2[l=1

Therefore, — inf d+f(y0a h) <7 < ﬁ(f) < - inf d+f(y07 h)7

lIAl=1 [[All=1
which is a contradiction. This means that Er(f) = 5(f) and so (i) holds.

The same method can be applied to prove (10) and thus we omit the proof of (ii).
The proof is complete. [

The following corollary gives a lower bound of the local error bound modulus
Er(f,z).

Corollary 3.2. Assume that f € T'o(X) and z € X such that we have f(Z) =0 and
ianthl d+f(i', h) # 0. Then

Er(f,z) >

inf d+f<f,h>y (11)

lIafl=1

Proof. If inf, =1 d* f(z,h) > 0, then for any x € X\{Z}, one has

f@) = 1@ =1 (7 + e - 2l ~ /@)

x—Z|

zwf@wf‘xym—fn>o

x—Z|
This implies that Sy = {Z} and Er(f,z) > infj, = d* f(z, h).
If infyp =1 d* f(Z, h) < 0, then there exist ¢ > 0 and hy € X with ||| = 1 such that
f(z+thy) <0

and thus 0 ¢ 0f(z) thanks to f(z) = 0. By virtue of [32, Theorem 1], one has that
f admits a local error bound and

Ex(f,7) > d(0,0/(7)).
Note that for any z* € df(z), h € X with ||h|| = 1 and ¢ > 0, one has
(%, th) < f(z +th) — f(Z)

and thus d* f(z,h) > (" h) > —|z*|.
This means that d(0,0f(z)) > — ”}ilﬂfl dtf(z,h)
and consequently Er(f,z) > — Hlizﬂlfl dt f(z,h).

Hence the conclusion holds. The proof is complete. O]
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Remark 3.3. It should be noted that inequality in (11) may hold strictly. For
example, let X := R and f(x) =0 for all z € X. Then one can verify that
Er(f,z) = +co and inf d*f(z,h) =0,

[[2[|=1

This means that Er(f,z) > inf, =1 d* f(z, h). ]

The following theorem shows that given a proper lower semicontinuous convex func-
tion f, the condition infy, =, d* f(z, h) # 0 is essentially equivalent to the stability of
local error bounds. For this result, we need the following definition of e-perturbation
of f mear T given in [32, Definition 5.

Definition 3.4. Let f : X - RU {400}, z € dom(f) and ¢ > 0. We say that
g: X —= RU{+o0} is an e-perturbation of f near z, if

(/@) = 9@) = U@) —g@)] . (12)

lim su -
o o — 7]

here (+00) — (400) is understood as 0 if f(x) = g(x) = +00. In this case, we write
g € Ptb(f,z,¢). ]

Clearly, if g € Ptb(f,z,¢), then f € Ptb(g,z,¢).

Theorem 3.5. Let f € T'y(X) and z € X with f(z) = 0. Then the following
statements are equivalent:

(i) inf”h”:l d+f(.f', h) # 0.

(ii))  There ezist c,e > 0 such that Ex(g,z) > ¢ for all g € T'y(X) N Ptb(f,z,¢)
with T € S,.

(iii) There exist c,e > 0 such that Ex(g,z) > ¢ for all g € T'o(X) N Ptb(f,z,¢)
defined by g(-) := f(-) + e(u*,- — ), Yu* € Bx-.

Proof. We denote v :=inf, =1 d* f(z, h).

(i) = (ii): Let e,¢ > 0 be such that € + ¢ < |y|. Take any g € I'o(X) N Ptb(f, z,¢)
with € ;.

o If 4 > 0, then for any h € X with ||h|| = 1, one has dTg(z,h) > d" f(Z,h) — &,
and consequently

inf dtg(z,h) > inf df(z,h) —c =~ —c.
lAll=1 gl = lAll=1 A ) 7

This and (11) imply that Er(g,z) > v —e.
o Ify <0, then for any h € X, one has d*g(z,h) < d* f(Z,h) + ¢, and thus

inf dtg(z,h) < inf dTf(Z,h)+ec=v+e¢.

[[h]l=1 [[2ll=1

Using (11), one has Er(g,z) > —v — ¢ > ¢. Hence (ii) holds.

Note that (ii) = (iii) follows immediately and we next prove (iii) = (i).
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Let e > 0. Suppose on the contrary that v = 0. Then there is a sequence {h;} C X
such that ||hg|| = 1 and

ap :=d" f(z,hx) - v=0 as k — oo.

For sufficiently large k, one has |a| < ¢ and for each k, one can take hj € X* such
that [[h] = Land (b, i) = [

Let g(z) := f(z) + e(h},x — z) for all € X. Then g € I'y(X) N Ptb(f,z,). Note
that v = 0 and thus for any « # Z, one has f(z) > f(z). By (2), there exists
0 — 07 such that

F(@ 4 0phy) < f(ZT) + (e + ap)dp = ilelsfgf(l‘) + (e + ag)dx. (13)
By virtue of Ekeland’s variational principle (cf. [18]), there is z; € X such that

o = @+ )l < %, f(z0) < F(T+ Oehu)
and F@) + 20 + ap)llz — 2l > flz), Voo £ 7 (14)
This implies that zx — &, g(Z) = f(z) = 0 and
g(zk) = f(z) +e(hi, 2z — T) > f(Z) + e(hy, 2 — T)
=e(hy, 2z — T — Ophy) + €0y > edy — %55;9 = %5(& > 0.

We claim that ||}Lﬁ£1 d*g(zx, h) < 0. (15)

Indeed, by reductio ad absurdum, if inf ;=1 d* g(zx, h) > 0, thus g(z;,) = inf,ex g(2),
which contradicts ¢g(z) = 0.

For any h € X, ||h|| =1 and any ¢ > 0, by (14), one can get

th) — th) — %
g(zx + t) g(z1) _ [z + t) J(2x) +€<hk,h> > —2(6+ak)||h|| -

Thus, ”}ilﬂlfl d*g(z, h) > —5e.

By (15) and Theorem 3.1, one has Er(g, ¥) < 5¢ — 07, which contradicts (iii), as €
is arbitrary. The proof is complete. O

The following corollary holds from Theorem 3.5 immediately.

Corollary 3.6. Let f € I'y(X) and z € X with f(z) =0. Then
(i)  infyp=1d® f(Z, h) # 0 holds if and only if there exists € > 0 such that

inf {Er(g,z) : g € To(X) N Ptb(f,z,¢) with T € S,} > 0.
(ii)  infyp=1 d* f(Z, h) = 0 holds if and only if for any € > 0, one has

inf {Er(g, ) : g € To(X) N Ptb(f,z,¢) with T € S,} = 0.
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Next, we study the stability of global error bounds for lower semicontinuous convex
functions. The following theorem gives a primal criterion for the stability of global
error bounds.

Theorem 3.7. Let f € To(X) be such that bdry(S;) C f1(0). Consider the
following statements:

(i)  there exist c,e € (0,+00) such that Ex(g) > ¢ holds for all g € TI'y(X) satisfying
S;CS, and Lip(f—g) <e, (16)
where Lip(f —g) denotes the Lipschitz constant of f— g over dom(f)Ndom(g);
(ii)  there exist c,e € (0,+00) such that Ex(g) > c holds for all g € T'y(X) satisfying
bdry(S;) Mg '(0) #0 and Lip(f —g) <e. (17)

Then (i) (resp. (ii)) holds if (resp. only if) there is 7 € (0,400) such that

inf {‘ nf d°(zh)| 7 e bdry(Sf)} > (18)

=1

Proof. If part: Suppose that there is 7 € (0,400) such that (18) holds. First if
there is some Z € bdry(Sy) such that infj, =1 d* f(Z,h) > 0, using the proof of
Corollary 3.2, the lower level set Sy is a singleton and thus Sy = {Z}. This means
that the conclusion in (ii) follows by using Theorem 3.5 as well as its proof.

Next, we assume that infj, = d* f(z,h) <0 for all Z € bdry(Sy). We claim that
7d(z,Sy) < fi(z), Ve eX (19)
Let x € X\Sy and v > 0 sufficiently small. Take z,, € bdry(Sf) such that
|z — x| < (14 v)d(z,Sy). (20)

By virtue of Theorem 3.1, one has

_ . . _ . + > _ . + > .
Br(f.r,) = Jminf (= inf d*f(uh) > = inf d* (. h) > 7

Using the definition of Er(f,z,), for v > 0, there is r > 0 such that for any
u € B(x,,r)\Sy¢, one has

fu)
d(u.S;) >Er(f,z,)—v>1—1.

Note that z ¢ Sy and z, € bdry(Sy), and thus
Dz, + (1 =Nz : A€ (0,1)}NS; = 0.

Then there is A € (0, 1) such that Az, + (1 — X\)x € B(x,,7)\Ss
and therefore

f(Az, + (1= XN)x)

- Af(zy) + (1 =N f(x)
— d(Azy + (1 = Nz, Sy)

(#,87) = Az + (1 = Nz — =]

+r <+ T
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and it follows from (20) that

(1= f(x) f(x) +
< .
TS AT TS, | dwsy BV Y

This means that (19) holds.

Let € € (0,7) and g € I'g(X) satisfying (16). Take any x € X such that g(z) > 0.
Then f(z) > 0 (thanks to Sy C S,).

We claim that inf d"f(xz,h) < (21)

[[2[|=1

Granting this, it follows from Lip(f — ¢g) < € in (16) that

inf d gz, h) < inf d"f(z,h) +e < —(1 —¢).
[IR]|=1 ( ) [IR]l=1 f( ) ( )

This and Theorem 3.1 imply that Er(g) > 7 —¢.
It remains to prove (21). For any n € N, we can take z, € bdry(Sy) such that

o = zall < (1+ %)d(a:,sf»

Then (19) implies that f(x) > 7d(z,Sy) >

7|z — 2.

n+1
For any t € (0,1), one has f(x +t(z, — 2)) < tf(z,) + (1 —t)f(z), and thus

fletitln —2) = fl@) o _ _ _
: < (@) €~ - .
This implies that inf d*f(z,h) < d*f( i ) < ——" 7. Hence
Inll=1 "l fznll n+1
f d* e
||flj|1 1d flah) < n+17—

Letting n — oo, one has that (21) holds.
Only if part: we assume that (ii) holds. Suppose on the contrary that there is a
sequence {xy} C bdry(Sy) such that

Q= ||iljllf1d+f(xk’ h) — 0 as k — oo.

Let € > 0 and take a sufficiently large k£ such that

3 €

Note that for any = # x, one has

flant o =l =) = @)

flx) = flaw) _

le —aell [l = 2|

Xr — X
> d+f<1‘ka ||l‘—93k||> > g,

and consequently f(@) — agllr — x| > flay), Ve eX (23)
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By the definition of «ay, there exists h, € X such that
|he]l =1 and dF f(zg, he) < ap + % (24)

Then one can choose r, — 07 (as k — o0) such that
f(l‘k + rkhk) < f(l’k) + (Oék + E)T’k. (25)
This and (23) imply that

flag + rihe) — agllzg + rehye — x| < ;gsfg(f(a:) — ag||lx — zi||) + er.

Applying Ekeland’s variational principle (cf. [18]), there exists y; € X such that

lyr — (xr + riehe)|| < %k, flyk) — arllyr — zel| < flog + rihe) — agr, (26)

and  f(z) — aglle — zel| + 2elle — gl > flye) — anllyn —zell, Yoz Ay (27)

Then lyr — 2| >T’k—%k = %“ and |lyp — zgl| < 7ri+ % = dry,

and thus y # x;. For any hy, one can take h; € X* such that
[kl =1 and (A, he) = |||
We consider the following function g:
g(x) = f(x) +elhy,x —x) VoeX
Then g € I'y(X). By virtue of (22), (23), (24) and (27), one has
9(yr) = f(yr) +&(hi, e — xi) = f(yn) + (i, i — (zr + rel)) + ery
> agllys — aull — el — (or + k)| +emi > - S+ 21> 0.

We consider two cases:

o Ifinfp =1 d*g(yk, h) > 0, then for any x # yj, one has

9(@) = glun) 2 d*g (e ry )l — well = inf @ glye W)l — o] 2 0.

This together with g(yx) > 0 implies that S, = 0 and thus Er(g) = 0, which
contradicts (ii).

o If infyp=1 d*g(yx, k) < 0. For any h € X with ||h| = 1 and any ¢ > 0, by (27),
one has

9+ th) = 9() _ S+t =S W) | g py

t t
1 .

>~ (onllys + th — aell — allyr — @il — 2ellyn + th — yill) +(hi, h)

> ap — 26 — ¢,

and consequently 0 > ||}zﬁf1 dtg(yp, h) > ap — 26 — e > —4e.

Then Theoerem 3.1 gives that Er(g) < 4e, which contradicts (ii), as ¢ is arbitrary.
The proof is complete. O
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Remark 3.8. It is noted that the validity of condition (18) (for some 7 > 0) may
not be sufficient for the stability of the global error bound for f as in (ii). For
example, let f(z) := e — 1 for all x € R. Then f(z) = e* — 1, Sy = (—00,0],
bdry(Sy) = {0} and |infy, = d*f(0,h)] =1 > 0. Let ¢ € (0,+00), and consider
ge(x) := f(z) — ex,Yx € R. Then for any x < Z, one has

g:() e* —1—ex

= — & as T — —OQ.
d(l‘,SgE) r—

This implies that Er(g.) < 2¢, and consequently the stability of global error bound
for f as said in (ii) does not hold (as € > 0 is arbitrary). This gives rise to the
question: whether there is some type of stability of global error bounds that can be
characterized by condition (18)7 We have no answer to this question. ]

The following theorem shows that when adding to (18) a mild qualification assump-
tion makes it possible to characterize the stability of the global error bound for f
as said in (ii) of Theorem 3.7.

Theorem 3.9. Let f € I'o(X) be such that bdry(Sy) C f~1(0). Then the following

statements are equivalent:

(i) There ezists T € (0,400) such that (18) holds and
liminf | inf d*f(z, h)| > 7, V{(z, 2%)} C int(Sy) x bdry(Sy) with

k—oo | ||h]=1

lim £ GR) = flee) 0; (28)

k—oo  [lzk — @il
(ii) there ezist c,e € (0,+00) suchthat Er(g) > c holds for all g € T'o(X) satisfying (17);
(iii) there exist ¢,e >0 such that Er(g,- ) > ¢ holds for all g € T'o(X) defined by
Gure(4) = f(-) +e(u,- — ),V (z,u") € bdry(Sys) x Bx-.

Proof. (i)=(ii): If there is € bdry(Sy) such that infj,j— d* f(z,h) > 0, the
conclusion follows by Theorem 3.1 as well as the proof of Theorem 3.5. O

Next, we consider infj,j=1 d* f(Z,h) < 0 for all Z € bdry(Sy). We first prove the
following claim:

Claim 3.10. There exists ¢g > 0 such that for any xo € bdry(Sy), one has
inf {

Proof of the claim

inf d*f(o )| 20 € X, f(a) 2 el w27 (29

Suppose on the contrary that there exist e — 07, 2 € bdry(Sy) and z;, € X with

f(zk) > —egllzk — zx]| and

nt (e, h)( <7 Vk (30)

Then f(z;) < 0 for all k, since otherwise, using the proof of (21), one gets
inf d*f(z,h)| >,
| inf d*f (e, b
which contradicts (30).
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By virtue of (18), one has 2, € Sy\bdry(S;) and then (30) implies
0> fln) = fla) . fla)

= == = —Ek.
(| (|
By (28), one gets liminf | inf d* f(z, h)| > 7,
k—oo ' ||hl=1
which contradicts (30). Hence the claim holds. O

Let € > 0 be such that ¢ < min{eg, 7} and g € I'y(X) be such that (17) holds. Take
any Z € bdry(Sy) Ng=*(0). Then for any = € X with g(z) > 0, one has

f(x) = g(x) + (f(7) = 9(7)) — ellz — 2| > —ellz — x|
By (29), one has infy,=; d* f(z,h) < —7, and consequently

inf dtg(x,h) < inf d"f(x,h) +e < —(7—¢).
nf g9(x,h) nf [z, h) (r—¢)

This and Theorem 3.1 imply that Er(g) > 7 —e.
Note that (ii) = (iii) follows immediately and it remains to prove (iii) = (i).

Suppose on the contrary that the conclusions in (i) does not hold. Based on Theorem
3.9 and its proof, it suffices to assume that (28) does not hold for any 7 > 0. Then,
there exists (2, x)) € int(Sy) x bdry(Sy) such that

ICILI&W =0 and ;= H}izﬂlil d* f(zx,h) = 07 as k — oo. (31)
Let € > 0. For any k, by the Hahn-Banach theorem, there is h; € X* such that
[Pell =1 and (hi, e — zx) = |20 — |-
Then when k£ is sufficiently large, one has
ar+¢>0 and W+5< Z,sz_zz'>>0. (32)
Consider the function g . defined as follows:
Gre(x) = f(z)+elhy, v —x) VeeX
Then gi. € I'o(X) and it follows from (32) that
Gre(zr) = f(zr) +e(hy, 2 — x) > 0.

Thus 0> inf dtgr.(zr,h) > inf d¥f(z,h) —e=ap —e > —2¢.

[[A[l=1 [[h[|=1

Then Theorem 3.1 gives Er(g.) < 2¢, which contradicts (iii), as € > 0 is arbitrary.
The proof is complete. [

Remark 3.11. It should be noted that the stability of the global error bound may
not hold if condition (28) is violated. Consider again the example given in Reamrk
3.8. Then f(z) =€e* —1, Sy = (—00,0], bdry(Ss) = {0} and the stability of the
global error bound in Theorem 3.9 is not satisfied. Further, for any z; — —oo, one
can verify that

’|}ilr‘1_fld+f(zk,h)‘ =e* =0 as k — oo,

which implies that (28) does not hold. O
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4. Application to the sensibility analysis of Hoffman’s constants for
semi-infinite linear systems

As an application of Theorem 3.9, we study sensitivity analysis of Hoffman’s con-
stants for semi-infinite linear systems in a Banach space and aim to establish a
primal characterization for the Hoffman’s constants to be uniformly bounded under
perturbations on the problem data.

Let T be a compact, possibly infinite metric space and a* : T — X*,b: T — R
be continuous functions on 7. We consider now semi-infinite linear systems in X

defined b
eHned by (a*(t),z) < b(t), forallteT. (33)

We denote by S,« the set of solutions to system (33). We use the following nota-
tions:

far () = max({a”(t), z) — b(t)),

teT
Jop(x) :={t € T : (a"(t),z) — b(t) = farp(x)} for each z € X.
It is easy to verify that J, () is a compact subset of T" for each = € X.
Recall that S,«;, admits a global error bound, if there exists o > 0 such that

od(z,84p) < [farp(2)]4, for all z € X. (34)

The Hoffman’s constant of the semi-infinite linear system (33), denoted by o(a*,b),
is given by
o(a*,b) :=sup{o > 0 : such that (34) holds}. (35)

. * . fa* b(x)
One can verify that o(a*,b) = inf 22,
Y (@”,9) @Sy, A(2; Sar p)

Note that fu«(-) is continuous and thus one can verify that
bdry(Sas ) = f4:3(0). (36)

The following theorem gives a primal equivalent criteria on the Hoffman’s constant
for system (33) under perturbations on the problem data.

Theorem 4.1. Let J := {Jop(x) : farp(x) = 0}. Then there exists T > 0 such

that
inf inf sup(a*(t),h)‘ JeTp =T (37)

IRlI=1 teg

if and only if there exist c,e > 0 such that o(a*,b) > ¢ holds for all (a*,b) defined by
a5 (t) = a*(t)+et* and b(t) = b(t)+e(@,7), V(F,0*) € bdry(Ssp) x Bx-. (38)
Moreover, the following inequality on Hoffman’s constant o(a*,b) holds:

o(a*,b) > inf{

inf sup(a*(t), h>’ Je j}. (39)

[RlI=1 teg

Proof. By virtue of Theorem 3.9, we only need to show that f,«, and 7 satisfy
assumption (28) in Theorem 3.9.
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Indeed, for each x € bdry(S,« ), one has that J,«,(2) € J and it follows from [26,
Theorem 4.2.3] (or [50, Proposition 4.5.2]) that

inf dt fop(x,h) = inf  sup (a*(t),h).
it & Ja (@, h) ||h||:1t€Ja*f(z)< (®). 1)

This and (37) imply that ”]iJ'lf d* fop(z,h) > 7 and thus f and 7 satisfy (28) as
-1
said in Theorem 3.9. The proof is complete. O

As an application of Theorem 4.1, we give one example to verify the uniform bound
of the Hoffman constant for the given linear system.

Example 4.2. Consider the following linear system (33), where we denote X := R?,
T:={1,2,3},and a* : T — R? b: T — R are defined as follows:

a*(1) :=(1,1), a*(2) .= (-2,1), a*(3) := (1,-2), b(1) :=1, b(2) := 2, b(3) := 2.
Then one can verify that J = {{1}, {2}, {3},{1,2},{2,3},{1,3}}.

Solve the following six min-max optimization problems:

OP(J) tin, rtréiai((a (t),h),J e J. (40)
. . . _ R
Then one has min {) IIIfﬂllill r?e%xw (1), h)‘ J e j} =5 > 0,

and then Theorem 4.1 implies that the Hoffman’s constant (o(-)) for system (33) is
uniformly bounded under perturbations on the problem data (a*,b). O

Finally, we show that the uniform bound of the Hoffman’s constant may not be

satisfied if the condition (37) is violated in Theorem 4.1.

Example 4.3. Consider the following linear system (33), where we denote X := R?
T:={1,2},and a*: T — R% b: T — R are defined as follows:

a*(1):=(1,1), a*(2):=(-1,-1), b(1) =0b(2) :=0.
Then S(a*,b) = {z = (z1,22) € R? : 1 + 2 = 0}. Note that

a* g T, i * t ’h e
Jax 5(0) ||Iiﬂ|1£1 I%?wa (t),h) =0

and thus condition (37) is violated.

We next show that the Hoffman’s constant for system (33) is not uniformly bounded
under perturbations on the problem data (a*,b).

Indeed, for any € > 0, select u} := (0,¢), z. := (0,0) and define
al(t) :==a*(t) +ul, b(t) :=0b(t) fort=1,2.

Then forp. () := max{x; + xy + exg, =11 — 13 + €22} for all x = (v, 72) € R? and

S(at,b.) ={x = (z1,22) ER* 121+ (1 +&)xp < 0,21 + (1 — €)a9 > 0}.
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Take u. := (—¢,¢) and thus

fa:,bE (ue) o g2

d(ue, Sz, b)) Vo

sl

which implies that o(a¥,b.) < e.
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