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Abstract This paper provides operative point-based formulas (only involving the
nominal data, and not data in a neighborhood) for computing or estimating the calmness
modulus of the optimal set (argmin) mapping in linear optimization under uniqueness
of nominal optimal solutions. Our analysis is developed in two different paramet-
ric settings. First, in the framework of canonical perturbations (i.e., perturbations of
the objective function and the right-hand-side of the constraints), the paper provides
a computationally tractable formula for the calmness modulus, which goes beyond
some preliminary results of the literature. Second, in the framework of full pertur-
bations (perturbations of all coefficients), after characterizing the calmness property
for the optimal set mapping, the paper provides an operative upper bound for the
corresponding calmness modulus, as well as some illustrative examples. We provide

This research has been partially supported by Grants MTM2011-29064-C03-03 and MTM2014-59179-
C2-2-P from MINECO, Spain. The research of the second author is also partially supported by Fondecyt
Project No. 1151003, ECOS-Conicyt Project No. CI0E08, and Math-Amsud No. 13MATH-01 2013.

B4 J. Parra
parra@umh.es

M. J. Canovas
canovas @umbh.es

A. Hantoute
ahantoute @dim.uchile.cl

E. J. Toledo

javier.toledo@umbh.es

Center of Operations Research, Miguel Herndndez University of Elche, 03202 Elche, Alicante,
Spain

Departamento de Ingenieria Matematica, Centro de Modelamiento Matematico (CMM),
Universidad de Chile, Santiago, Chile

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10107-015-0926-x&domain=pdf

268 M. J. Cénovas et al.

two applications related to algorithms traced out from the literature: the first one to a
descent method in LP, and the second to a regularization method for linear programs
with complementarity constraints.

Keywords Variational analysis - Calmness - Linear programming - Calmness
modulus - Descent methods - Complementarity
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1 Introduction

The present paper is focussed on quantifying the stability of (finite) linear optimization
problems, through the analysis of the calmness property of the optimal set mapping
(also called argmin mapping) and the computation or estimation of the corresponding
calmness modulus. Our linear optimization problem is expressed in the form

P (c,a, b) : minimize ¢'x )
subjectto a;x < by, te€T:={1,2,...,m},

where x € R” is the vector of decision variables, and ¢ € R"?, a = (a;),c7 € RHT,
and b = (b;),er € RT are the problem’s data. All elements in R” are regarded as
column-vectors and y’ denotes the transpose of y € R”.

We consider two parameterized families of linear optimization problems: the first
one, {P (c,a,b): (c,b) € R" x R}, corresponds to the framework of canonical
perturbations; i.e., perturbations fall on the objective function coefficient vector,
¢, together with the right-hand-side of the constraints, b, while the left hand side,
a = (a;),er, 1s considered to be fixed at its nominal value. The second fam-
ily, which corresponds to the context of perturbations of all data—also called full
perturbations—is of the form {P (c,a, b) : (c,a,b) € R" x @®RHT x RTY}. Asso-
ciated with this second family, we consider the corresponding optimal set mapping,
S:R" x (R")T x RT = R”, defined by

S(c,a,b) = {x € R" | x is an optimal solution of P (c, a, b)} .
Here, the parameter space R” x (R")T x R” is endowed with the norm

(¢, a,b)|l == max {llc|l, (@, D)oo} » @)

where R” is equipped with an arbitrary norm, |-||, with dual norm given by |lul|, =

,and ||(a, b)|l s := MmaXser H (Z;) ”, where

a
H (bf) H = max {[la |l , b1} .
t

max||x|| <1 ’u/x
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Calmness modulus of fully perturbed linear programs 269

When confined to the particular case of canonical perturbations, the associated
optimal set mapping Sz : R” x RT = R” is given by

Sz(c,b) =8 (c,a,b), forall (c,b) e R" x RT,

with [[(c, b)|| := max {|lc|l, , max;er |b:]}.

This paper provides, in Theorem 3.1, an operative formula for the calmness modulus
of Sz under uniqueness of the nominal optimal solution by combining some results
traced out from [5] and [7]. However, the main difficulties tackled in the paper are
related to the context of perturbations of all data. At this moment we point out that
mapping Sz is always calm at any point of its graph, as a consequence of a classical
result by Robinson [25], since the Karush—Kunh—Tucker conditions allow us to express
the graph of Sz as a finite union of polyhedral sets. This is no longer the case for S
in the framework of perturbations of all data. In this last framework, and under the
assumption of the uniqueness of nominal optimal solution, namely S (E, a, Z) = {X},
which will stand throughout the paper, a characterization of the calmness of S at
((c.@,b),xX) can be traced out from two results by Robinson [24]. Theorem 4.1
points out this characterization and adds a new equivalent condition of geometrical
type, which is stated in terms of the nominal data. Moreover, the paper establishes
in Theorem 4.2, an operative upper bound for the corresponding calmness modulus,
again exclusively in terms of the nominal data.

In the next paragraphs we recall some definitions related to a generic mapping
M Y = X between metric spaces (with distances denoted indistinctly by d). M is
said to be calm at (y, x) € gphM (the graph of M) if there exist a constant k > 0
and neighborhoods U of X and V of y such that

d(x, M) <«d(y,y) 3

whenever x € M (y) NU and y € V; where, as usual, d (x, Q) is defined as
inf{d (x,z) |z € Q}for Q C R*,and d (x, @) := + o0.

It is well-known that the calmness of M at (y, x) is equivalent to the metric sub-
regularity of M lat(x, V) (see, for instance, [9, Theorem 3H.3 and Exercise 3H.4]).
Recall that M~! (given by y € M~ (x) & x € M (y)) is metrically subregular at
(x, ) if there exist a constant k > 0 and a (possibly smaller) neighborhood U of x
such that

d(x, M) < kd (y, M (x))  forallx e U. 4)

The infimum of those x > 0 for which (3)—or (4)—holds (for some associated
neighborhoods) is called the calmness modulus of M at (y, x) and it is denoted by
clmM (y, X). The case when M is not calm at (y, X) corresponds to clmM (¥, X) =
+o00.

For comparative purposes, recall that M satisfies the Aubin property (also called
pseudo-Lipschitz or Lipschitz-like) at (¥, x) when (3)—or (4)—is valid when replac-
ing ¥ with an arbitrary ¥ in some neighborhood V of ¥. The corresponding infimum
of all k’s is then called Lipschitz modulus and denoted by lipM (y, X). Obviously,
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270 M. J. Cénovas et al.

cImM 7, %) < lipM (3, ). 5)

Calmness and Aubin properties play an important role in relation to issues from
optimization (theory and algorithms). Comprehensive studies of these properties can
be traced out from the monographs [9,17,22,27]. One can find in the literature deep
contributions to the analysis of calmness for constraint systems in the context of
canonical perturbations (see, e.g., [10,13,18,19]). The reader is addressed to [1,20]
for the analysis of this property in relation to local error bounds. Subdifferential
approaches to calmness/local error bounds can be found in [1,12,14,20].

The structure of the paper is as follows: Sect. 2 provides the necessary notation and
preliminary results. In Sect. 3, by assembling [5, Proposition 4.1] and [7, Corollary 8],
we obtain for the first time a formula for the calmness modulus of Sz exclusively in
terms of the nominal data ¢, @, b, and X (see Theorem 3.1). This formula has a clear
geometrical flavor, as Examples 3.1 and 3.2 show. Moreover, a comparative analysis
between calmness and Lipschitz moduli is carried out. Section 4 is concerned with
the framework of full perturbations, and tackles, in a first stage, the characterization
of the calmness property of S at a given point of its graph, again under the assumption
of uniqueness of nominal optimal solution by using some ideas of Robinson [24]. In a
second stage, Sect. 4 provides an upper bound on the calmness modulus of S, as well
as some examples showing that this upper bound may be attained or not. Example
4.1 turns out to be particularly technical. In order to preserve the rhythm of the paper,
a sketch of these technicalities is given as an “Appendix” in Sect. 6. Nevertheless,
these details have their own interest as far as they show some perturbation strategies
underlying the referred upper bound, and may be used in future research to investigate
in which cases the upper bound becomes the exact modulus. Finally, Sect. 5 provides
two applications related to certain algorithms traced out from [18] (Sect. 5.1) and [15]
(Sect. 5.2). The first one concerns a descent method in linear programming, and the
second refers to a regularization method for linear programs with complementarity
constraints.

2 Preliminaries

In this section we introduce some additional notation and preliminary results which
are needed later on. Given X C Rk, k € N, we denote by convX and coneX the
convex hull and the conical convex hull of X, respectively. It is assumed that coneX
always contains the zero-vector O, in particular cone(¥) = {O}. If X is a subset of any
topological space, intX, clX and bd X stand, respectively, for the interior, the closure,
and the boundary of X.

We begin this section with a proposition which comes straightforwardly from [8,
Theorem 5]. This result allows us to develop Sect. 4 under perturbations of al/l parame-
ters, using as a starting point some results given in Sect. 3 in the framework of canonical
perturbations. From now on, we denote by Fz and F the feasible set mappings corre-
sponding, respectively, to the settings of canonical perturbations and perturbations of
all data. Formally,

Fa(b) :=F @by, beRT,

@ Springer



Calmness modulus of fully perturbed linear programs 271

where F : (R")T x RT = R" is given by
Fla,b):={xeR" |ax <b;, 1T}, (a,b)e(R") xR
Proposition 2.1 (see [8, Theorem 5]) Let ((a, b) , X) € gphF. Then
clmF((@,b),x) = (x| + 1) clmFz(b, ).

Remark 2.1 As a consequence of the previous proposition, the involved calmness
moduli are both finite (i.e., both mappings are calm at the corresponding points of
their graphs) due to the finiteness of 7', since the calmness modulus in the right-hand-
side is finite according to the above mentioned result by Robinson [25] (because F5
has a polyhedral graph). Observe that gphF may not be written as a finite union of
polyhedral sets (just consider the case of a single inequality in R), so that the calmness
of F at ((E, Z) , X) does not follow from the aforementioned result. In summary, at this
moment we know that mappings Fz, F, and Sz are calm at any point of their grahps.
We will see in Sect. 4 that this is not the case for S.

Throughout the paper, we appeal to the set of active indices atx € F (a, b), denoted
by T, (x) and defined as

Tap (x) :={t €T |ajx =b}.

The next result follows directly from [5, Proposition 4.1] and constitutes a key tool
in the present paper since it provides a point-based expression (i.e., just involving the
nominal elements, and not elements in a neighborhood) for clmF; (b, X) assuming
F (E, E) = {x}. Such an assumption may seem too restrictive, but it is not so when
applied to mappings L p defined later. The reader can easily check that the assumption

F (E, 5) = {x} entails 0,, € int conv {E,, tel;y ()_c)}, since otherwise the separation

theorem would provide a nonzero feasible direction of F (@, b) at X.

Proposition 2.2 [5, Proposition4.1] Let (@, b) € (R")" xR” and assume F (a, b) =
{x}. Then

1
d, (on, bd conv {at, teT,; (x)}) ’

where d stands for the distance in R" associated with ||-| .

clmF5 (b, X) =

Remark 2.2 More in detail, the previous expression for clmFy (b, X) comes from
[20, Theorem 1] and [5, Theorem 3.1] (which are the basis for the referred [5,
Proposition 4.1]). The first of these results provides a subdifferential approach to
the computation of local error bounds (closely related to calmness moduli) and the
second establishes a key result for deriving a point-based formula; specifically, [5,
Theorem 3.1] states, for any convex finite function f : R” — R at any given
x € R,
bddf (x) = limsup 9f (x).

X=X, XF#X
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272 M. J. Cénovas et al.

For the sake of simplicity, from now on we abbreviate our nominal parameter as
D; i.e.,
7= (c.a,b) eR" x (R") xRT.

The next proposition comes directly from [7, Corollary 8] and constitutes our start-
ing point in Sect. 3. In it, associated with a given (p, x) € gphS, we appeal to the
following family of index subsets associated with the Karush—-Kuhn—Tucker (KKT)
conditions (hereafter referred to as KKT index sets)

/cﬁ(f)z{DcTﬂ(x) |D| < nand —¢ € cone {a@,, teD}},

where |D| stands for the cardinality of D and condition |D| < n comes from
Carathéodory’s Theorem. For any D € K5 (X) we consider the mapping Lp :

R®HT x RT x (RM)P x RP = R” given by

Lp(a,bu,d) = {x eR" |ax <b, te€T; uyx <d, t e D}, (6)
and, using the notation ap = (a;);cp » bp = (B,)teD, we also define
Lpa—ap (b,d) :=Lp @, b, —ap,d) for (b,d) e RT x RP, (7

Observe that all preliminary results for feasible set mappings F and Fz may be
specified for Lp and Lp 7 —g,,, respectively, which are nothing else but feasible set
mappings associated with enlarged systems.

Proposition 2.3 [7, Corollary 8] Let p = (¢, @, b) € R" x (R")" x R” and assume
S (p) = {x}. Then

cImSz((¢, b) ,X) = Dénl(?}(y) cdmLpz-a, ((b, —bp).¥).
P

Remark 2.3 Observe that Lp (@, b, —ap, —bp) is the set of KKT points of problem
P (E, a, Z) associated with D as the KKT index set. Under our current assumption
S (p) = {x}, we have

Lp (@ b, —ap, —bp) ={x} forallD € Ky (X).

3 Calmness modulus versus Lipschitz modulus under canonical
perturbations

The following theorem provides the announced expression for clmSz, only involving
the nominal point X and the nominal problem’s data (E, a, b).
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Calmness modulus of fully perturbed linear programs 273

Theorem 3.1 Let p = (¢,a,b) € R" x R"! x RT and assume S (p) = {x}. Then

_ 1
clmS; ((E, b) f) = max .
P d, (0,, bdcony (a1, 1 € Ty 5 (s ~ay. t € D)

Proof The result follows by combining Propositions 2.2 and 2.3, and Remark 2.3. O

Remark 3.1 For problem (1), given any (p,x) € gphS without requiring S (p) =
{x}, and denoting Sz (b) :=Sz (¢, b) (which equals S (¢, @, b) ) for b € RT, [7,
Theorem 7] establishes

cImS; ((¢, b) , %) = clmSz 5 (b, %) ;

i.e., perturbations of ¢ are negligible when computing the calmness modulus of Sz at
((E, B , f), and, therefore, only perturbations of b are needed.

For comparative purposes, in the following proposition we recall the expression of
lipSz( (E, E) , X), provided that it is finite, where we use the notation

T5(X) = {D € K5 (¥)||D| = n and Ap is nonsingular } ,

with A p denoting the matrix whose rows are @,, t € D (given in some prefixed order).

Remark 3.2 The assumption S (p) = {x} entails —¢ € intcone{a;, t € ;5 0},
which implies 75 (x) # ¢. The same assumption also implies that 0,
belongs to intcone{a;, t € TE’; (x¥); ¢}, which is contained in intcone
{a;, t € TE,E (*¥); —a;, t € D}forany D € K (X), and, consequently,

0, € intconv {Et, t €Ty (X):—as, t € D} forall D € K (%) .

Accordingly, the denominator appearing in Theorem 3.1 is always positive.

We also appeal to the following concepts:

e The Slater constraint qualification (SCQ) holds at parameter (E, E) e RHT xRT
if there exists x € R" (called Slater point) such that ax < b, forallt € T.
e The Niirnberger condition holds at ((E, b) ,X) € gphSz if the SCQ verifies at

(E, E and

T (X)) =Kp (3).

Proposition 3.1 Let ((E E) f) € gphSg. Then Sy satisfies the Aubin property at
((E, E) ,X), Le., lipSg((E, ﬂ ,X) < 4o, if and only if the Niirnberger condition
holds at ((E, E) , X). In this case,

lipSa((2, b, X) =
ipSz((c, b) , %) Lo

Az ®)
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274 M. J. Céanovas et al.

Remark 3.3 The previous characterization of the Aubin property for Sz can be found in
[6, Theorem 16], although the name ‘Niirnberger condition’ appeared for the first time
in [4] (extended to the convex case). It can be easily seen that the Niirnberger condition
at ((E, E) , x) entails S(p) = {x}. Expression (8) comes from [3, Corollary 2]. For
D € T; (x), we can identify matrix Ap with the ‘endomorphism’ R" > x — Apx €
RP, where R” is equipped with an arbitrary norm ||| and R? is endowed with the
supremum norm ||-|| .. For our choice of norms we have

1

T Iyl 0,. bdconv {£a,.7 € D})’

5| =
H b IVl <1

&)

‘Al_)lyH = d*(

where the last equality is a straightforward consequence of [2, Corollary 3.2] together
with the fact that H AB] H coincides with the Lipschitz modulus of ABI at any point
of its graph. Moreover, with the only assumption that S(p) = {x}, [7, Theorem 13]

shows that

cImSz ((¢,0) , %) < Dren%%)

A% (10)

without requiring the Niirnberger condition; i.e., the right-hand-side of (10) is finite
and still constitutes an upper bound on the calmness modulus when the Lipschitz
modulus is infinite.

The next example comes from [7, Example 2] and shows that inequality (10) may
be strict even under the Niirnberger condition. In [7, Example 2], ad hoc arguments
were used to obtain clmS; ((¢, ) , X). Now Theorem 3.1 provides a direct way to
compute that modulus, as the subsequent figure (Fig. 1) illustrates.

Example 3.1 Consider the linear optimization problem P (E, a, E), in R? endowed
with the Euclidean norm,

minimize x| + %xz

subjectto  —x; <0, t=1)
—X] — %xz <0, (=2
—x; —x2 <0, (t=23)
—x1+x2 <0, (t=4)

whose unique optimal solution is X = 0, and where
Ky () =T5(x) ={{1,2},{1,3},{2,4}, (3, 4}}.

According to Theorem 3.1, the reader can easily check that the corresponding maxi-
mum over D € K5 (¥) is attained at both D = {1,2} and D = {1, 3}, and therefore
cImS; ((c. b) , X) coincides, if for instance we choose D = {1, 2}, with

N N EAY T 6))
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Fig. 1 Illustration of Example
3.1

The previous figure illustrates this example. We can see that the distance in the
previous denominator is attained at (1/5, —2/5)" and equals 1/ /5. In the same figure
we can also check that the distance from the origin to the segments with discontinuous

—1
trace is 1/4/17, which coincides with HAHTQ} H according to (9). Hence,

clmSz ((¢,b) ,X) = +/5 < 1ipSz ((¢, b) , ¥) = V17.

The following example can be traced out from [6, Example 6]. In this example

we can see that lipSz ((c. b) , X) = +oc. Now we are able to compute the calmness
modulus.

Example 3.2 Consider P (¢, @, b), in R? endowed with the Euclidean norm,

minimize X

subjectto  —x;+x2 <0, (t=1)
—x1—x =<0, ¢t=2)
—x1 <0, (r=3)

whose unique optimal solution is X = 0, and where

Ky () = {{1,2},{1,3},{2,3}, {3}},
whereas 75 (x) = K5 (X) \ {{3}}. In this case, the maximum considered in Theorem
3.1 is attained at any element of {{1, 3}, {2, 3}, {3}}, yielding clmSg; ((E E ,f) =
V/5. Also observe that in this case max DT> () ” AL H =+/5, althoughlipSz ((c, b) , X)

= 400 since the Niirnberger condition fails (see Proposition 3.1).
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276 M. J. Cénovas et al.

4 Calmness under perturbations of all coefficients

As we show in this section, devoted to characterize the calmness of S under the unique-
ness of optimal solution and to provide an upper estimate of clmS (P, X), the case of
perturbations of all data is notably different from the one of canonical perturbations.

To start with, observe that the finiteness of T is no longer a sufficient condition for
the calmness of S. In fact, by combining two results traced out from the seminal paper
by Robinson [24], we derive condition (i7) in the next theorem as a characterization
of the calmness of S at (p, X), provided that S (p) = {x}.

Theorem 4.1 Let p = (¢, @, b) € R" x (R"! x R” and assume that S (p) = {x}.
Then the following statements are equivalent:

(i) Siscalmat (p,x);
(ii) Either the SCQ holds at (@, b) or F (a, b) = {X};
(iii) 0, ¢ bd conv {a,, teT,; ()_c)}.

Proof (i) = (ii). Reasoning by contradiction, assume that the SCQ fails at (5, E)

and that S (p) & F (@, b). Let us consider some sequence {x"},cn C F (@, b)\S (p)
converging to X. Applying [24, Theorem 2], for each r, we can construct a perturbed
problem associated to a parameter (c, a”, b") such that

|(.a",b") = (c.a@.b)| < |« —=%|*, and x" €S(c.a’,b")

(observe that the objective function remains unchanged). Then,

clmS (p,x) > lim " =X
= e o - @ad)]

I =%

= 400

> lim —
r=oo |x” —X|

(ii) = (i). The case when the SCQ holds at (E, Z) follows from [24, Theorem 1],
taking into account the fact that, under the current uniqueness assumption, calmness
and Robinson’s upper Lipschitz property coincide.

The calmness of S at (p, x) when F (E, E) = {x} follows from the calmness of
F at ((E, E) ,f) together with the obvious fact that S (c, a, b) C F (a, b) for every
(c,a,b) e R" x R x RT,

(ii) < (iii) comes from the facts that: the SCQ holds at (E, E) if and only if

0, ¢ conv {Et, t e Ta,E ()_C)} (see, e.g., [11, Theorem 6.9(v)]), and F (E,E) = {x}if

and only if 0,, € int conv {Et, tely; (E)} (see the paragraph preceding Proposition
2.2 for the direct implication; the converse is evident). O

Remark 4.1 The proof of (i) = (ii) appeals to [24, Theorem 2]. The reader is
addressed to that paper for a precise description of (a”, b”). At this moment, we
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Calmness modulus of fully perturbed linear programs 277

comment that such a construction only requires a single constraint to be perturbed,
while the remaining ones keep unaltered.

The following Lemma isolates a key step for establishing an upper bound on the
calmness modulus of S under the SCQ.

Lemma 4.1 Let (p, x) € gphS, withp = (E, a, 5), and assume that the SCQ holds at
(E, 5). Consider any sequence {(p”, x")} C gphS, with p" = (¢",a", b"), converging
to (p,X). For eachr, let D" C Tyr pr (x") be such that |D"| < n and

—c" econefaj, 1€ D"}. (11)

Then, there exists a subsequence {(p"*, x/’\ Yof {(p", x")} such that the corresponding
{D’*} is constant and, denoting D'* = D for all k, we have

DeKy@.

Proof Consider sequences {(p",x")} C gphS and {D"} as in the statement of the
lemma. The finiteness of 7" allows us to consider a constant subsequence { D"*}. Write
D'* = D for all k. Our assumption DcC Ty v (x™*) clearly implies DcC I; 5 (%)
by letting k — oo. From (11), we can write, for each k,

— =Sl (12)

teD

for some %)¥ > 0,1 € D. Note that the sequence {yx}, where y; := > ch M for
all k, is bounded; since otherwise, dividing both members of (12) by y; (assuming
yx — oo without loss of generality) and letting k — 0o, we would obtain

0, € conv [a@, 1 € T, ®}

which represents a contradiction with the SCQ (see, e.g., [11, Theorem 6.9(v)]).

The boundedness of {y} yields the existence of some subsequence of k’s (denoted
in the same way for simplicity) such that, for each ¢ € D, the sequence {)\f" } keN
converges to some %; > 0. Then, from (12) we conclude

—Cc = Z)\,E, € cone {E,, t e D}.
teD

This implies De K (%). O

Now we are able to provide an upper bound on the calmness modulus of S under
the uniqueness of nominal optimal solution. We point out the fact that the right-hand-
side of both inequalities in (i) and (ii) below is always finite when S (p) = {x} (see
Remark 3.2 for (7)), although obviously these inequalities are not true when S is not
calm at (p, X).
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278 M. J. Cénovas et al.

Theorem 4.2 Let p = (E, a, E) e R" x (RMT x RT. Assume that S (p) = {x} and
that S is calm at (p, x). The following assertions are true:

(i) If the SCQ holds at (a, b), then

x 1
clmS (p,x) < max Il +

. (13)
Deky(® g, (On,bd conv(@, 1 € T, 5(X); —ar, 1 € D})

(ii) If F (a, b) = {x}, then

X1+ 1

cImS (p, %) < clmF ((@,b) . x) = )
d, (on, bd conv(@,, 1 € T, 5 ()?)})

Proof (i) First note that the right-hand-side of (13) may be written as

Dgl;@) cmZLp ((a@, b, —ap, —bp) , X)

as an application of Propositions 2.1 and 2.2. Recall from its definition (6) that Lp is
nothing else but the feasible set mapping associated with a certain enlarged system,
whose parameter size is measured by

l(a, b, u,d)|| := max { max i , max t .
teT || \b; teD || \d;
Set P
S (7.7 = lim -~ (14)
r—oo |[p" —Pll

for certain sequences of parameters p” = (¢, a”, b") and points x” € S (p”) such that
(p", x") = (p,x) with p” # p. By the KKT conditions (together with Carathéodory’s
Theorem) , for each r there exists D" C T, pr (x") such that |[D"| < n and

—c" econefa], 1€ D"}.

Applying the previous lemma we may assume w.l.o.g. that D" = De K% (%) for all
r.
Since D C Ty pr (x")and x” € F (a”, b"), we have

x"eLly (ar,br,—a%,—b%), r=1,2,...
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Then, since H (a’, b, —ad, _er) — (@a.b, —ap. —bp) H = |(a". b") — (@, b)|. we

have (applying the convention 0/0 := 0 if necessary)

T ot W S [[x" — Xl
cmLly3 ((a, b, —ap, —bp) , x) > limsup —
D (( D D) ) o0 H (a, by — (a, b) ”
=X s 7. 5).

T rooo || p" =D

Note that L5 (E, b, —ap, —35) = {X}, which comes from the uniqueness of nominal
optimal solution, has been appealed to in the first inequality of the previous chain.

(ii) It follows from the facts that S (p) = F (E, E) = {x}and S (p) C F (a, b) for
every p = (c,a,b) € R" x (R")T x RT. More specifically, if clmS (7, X) is written
as (14), then

_ . lx" — Xl o~
clmS (p, x) < lim sup ——— <clmF ((a,b),x).
r—0o0 ||(ar’br) - (a’b) || (( ) )

Finally, the expression of clmF ((E, E) ,f) comes directly from Propositions 2.1
and 2.2. O

Remark 4.2 In case (i) of the previous theorem, and recalling Theorem 3.1, inequality
(13) may be read as

cImS (p, %) < (Xl + 1) clmSz ((¢, b) . %) (15)
which in the case ¥ = 0, holds as an equality; i.e.,

cImS (p, 0,) = clmSz ((¢, b) ., 0,)

1
= max
DeKpO0n) 4, (o,,, bd conv(@, t € T, 5 (0n); —ar, 1 € D})

as adirect consequence of the fact that clmSz( (E, E) ,X) < cIlmS(p, x), which follows
immediately from the definitions.

The next example shows that the upper bound on cImS (p, x) provided in Theorem
4.2(i) may be strict when X # 0, (see Remark 4.2). Accordingly, inequality (15) may
be strict for X # 0,,. The technical details are postponed to Sect. 6 in order to avoid
breaking the rhythm of the paper.

Example 4.1 Letus consider, in the context of parameterized linear optimization prob-
lems of the form (1), the nominal problem, in R? endowed with the Euclidean norm,

P (c,a,b): minimize 10x,
subject to —X1 + x2
—2x1 - ZXZ
—x

1 (=1,
—6 (t=2),
—2 (t=23),

(16)

INIATA
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whose unique optimal solution is x = (2, 1)’. Set once more p = (E, a, E) The reader
can check the following:

De ’Cﬁ ) clmLp ((E, E, —ap, —ED) ,f)
{3}, {1.3} 5+ /5~ 7.2361

{1,2) VIO (1+V5) /4~ 25583
2,3) Jﬁ(l + ﬁ) /2~ 5.8339

Hence, the maximum in the right-hand-side of (13) equals 5 + /5 ~ 7.2361 and is
attained at both D = {3} and D = {1, 3}. However, ad hoc arguments (see Sect. 6 for

details) show that
1
cmS (7, %) < E\/SZO\@ + 3142 ~ 7.0538, (17)

and therefore (13) holds as a strict inequality in this example.

The next example shows that the upper bound on clmS (p, x) provided in Theorem
4.2(i) may be attained for X # 0,. It is basically the same nominal problem as (16),
with the only difference that the objective function coefficient vector ¢ is shorter now.
Observe that in the case of canonical perturbations the size of ¢ has no effect on
cImSz ((¢, b) , X) (see Theorem 3.1).

Example 4.2 Consider the nominal problem obtained from (16) by just replacing ¢
therein with (1, 0)’. Then (13) holds as an equality. Just consider the perturbed para-
meter p” = (c",a", b") given by

s (18)
azy a3 + ﬁ = —a’
rf] — N 1 ’ - 3
by by —1
The reader can check that
| 2-3/(rV5) + 1/
x" eS(p). (19)

Y (rﬁ) 146/ (m/§) +2r

indeed x” € L3, (ar’ b", —ag. _bf3})’ and

.-
im X=X s
r—oo || p" — ||
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The upper bound given in Theorem 4.2(ii) may also not be attained, even with
x = 0, as the following example shows.

Example 4.3 Consider the nominal problem P (E, a, l_J), in R? endowed with the
Euclidean norm, given by

minimize x| + x»

subjectto —x; <0, (t=1)
—x <0, (t=2)
X1+x <0, (t=3)

so that F (a,b) = S(c,a,b) = {x} with ¥ = 0,. Then, appealing to [8, Theo-
rems 4 and 5], the reader can check that clmF ((E, E) , 7) = +/5. On the other hand,
if S denotes the optimal set mapping obtained by removing the last constraint ( = 3)
from the parameterized problem, and we denote as (a;, bf) the restriction of para-
meter (a, b) to T :={1, 2}, then the reader can easily check that

cmS ((,a,b) , ) < clmS ((¢, a7, b7) . %) = V2,
where the first inequality comes from the fact that S (¢,a,b) = S (¢, a7, by) = {x)

ag,
and S (c,a,b) C S (c.az, bf) for (c, a, b) close enough to (¢, a, b), and the last
equality comes straightforwardly from Remark 4.2.

We finish this section with a last example, which shows that the upper bound given
in Theorem 4.2(ii) may be attained and be strictly larger than the right-hand-side of
(13).

Example 4.4 Consider P (E, a, 3) , in R? endowed with the Euclidean norm, given
by
minimize x|
subjectto —x1 <0, (r=1)
—x =0, t=2)
x3 <0, (r=23)
X 0. (t=4)

whose unique feasible solution is X = 0,. Then, the reader can check that {1} € K3 ()
and ¢+ = 1 must belong to any other D € K (), entailing that the right-hand-side
of (13) equals +/2. On the other hand, let us consider, for each r = 1,2, ..., the
perturbed problem P (c,a”, b") given by

minimize X
subjectto —x1 <0,
1

—X2 = —7,

i " 2 1
—aXltxn =3+,
1 1
7)(1 S e
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Then we have S (¢, a”, b") = {x"}, with x" := (%, %)/, and

dmS (7, %) > lim I =
T |@ar, b — (c.a.b) |

= i Y3 =5 =cmF((a,b).x),

r—oo 1/r

where the last equality comes from [8, Theorems 4 and 5].

5 Applications: calmness modulus and algorithms

It is well known that Lipschitz type properties (as Aubin or calmness properties) for
generic multifunctions M : ¥ = X between Banach spaces have a close relationship
with the behavior of methods for solving the generalized equation

ye M (x). (20)

The use of generalized equations as a unified framework for several aspects of opti-
mization and variational analysis (such as stationarity or complementarity) goes back
to Robinson (see, e.g., [26]). The reader is addressed to [18] (and references therein)
for the analysis of this interrelation between the calmness and the Aubin propety of
M, assumed to be closed (i.e., its graph is closed), and the linear convergence of
descent methods and approximate projection methods.

This section is devoted to present two specific applications of the previous sections
to the computation of some constants related to the convergence of certain optimization
methods. So, the section is divided into two subsections. The first one is focussed
on a specific procedure described in [18, Sect. 3.1], applied here in the context of
linear programming (LP), and the second deals with a concrete regularization scheme
for mathematical programs with complementarity constraints (MPCCs) introduced in
[15], applied here in the context of linear MPCCs.

5.1 Calmness modulus and a descent method in LP

To begin with, for completeness purposes, we recall a specific version of the algorithm
ALGTI introduced in [18] for solving system (20), which is closely related to the
calmness of M (see the same paper for its counterpart in relation to the Aubin property
of M). For the sake of simplicity, in the following paragraphs we refer to this method
as ALG1 (calmness). As said in [18], under the view point of methods, we have some
y9 € ¥ and y© € M~! () is the ‘equation’ we want to solve with start at some
(v x') € gphM.

ALGI1 (calmness):

e Suppose that 0 < ) < 1 and initial point (yl, xl) € gphM are given.
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e Choose (y*t!, xk*1) € gphM such that

k+1 _yoH _ Hyk _yOH < _)\maX{kaH ik

|y Q=) en
Recall from [18] that ALG1 (calmness) is said to be applicable if related

(y*F1, x*+1) exist in each step (for some fixed % > 0).

Remark 5.1 The interpretation of ALG1 (calmness) as a descent method comes from

identifying y* with some element f (xk) e M~! (xk) and then writing (21) as

[ 5 =50 =l &) =]

”xk-H — xk ”

< —, if XM £ XK

together with
|7 () =] = a=mr (+) -]

which entails limg— o | f (x¥) — y°| = 0.1In this way, ALG1 (calmness) is a descent
method for the function x +— || fx)—y° ||

The following two results come from applying [18, Theorem 1] to our optimal set
mappings Sz and S; so, they are concerned with ALG1 (calmness) when applied for
solving the respective equations

(€0)eS;'() and (c.a.b)eS ().

In both cases, the algorithm is devoted to find optimal solutions of our LP problem
(1) for given nominal data. Recall that Sz is always calm, while the characterization
of the calmness of S is given in Theorem 4.1.

The original contribution of these results consists of providing an explicit (con-
structive) expression for \ as a consequence of the knowledge about the calmness
modulus of these mappings.

Theorem 5.1 Consider ALG1 (calmness) dealing with Sz. Assume that Sz (E, B) =
{x} and consider any 0 <\ < 1 such that

N < min dy (On,bdconv {Et, tel,;(X);—a;, t € D}) .
DE’Cp(ﬂ ’

Then:

(i) ALGI (calmness) is applicable for this ). and all initial points ((c1 , bl) , xl) near
((¢, b), X) (in some neighborhood);

(ii) For giveninitial points ((c1 , bl) ,X 1) near ((c, E), X), the sequence {((ck, bk) , xk)}
converges to ((c, b), X).
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Proof (i) comes from the proof of [18, Theorem 1], taking into account the fact
that 1/ is a calmness constant for Sz, associated with some neighborhood of
((¢, D), x), as far as

(1) > clmSz((@, b), ),

where we have applied Theorem 3.1.
(i1) comes straightforwardly from [18, Theorem 1].
O

Theorem 5.2 Consider ALG1 (calmness) dealing with S. Assume that the SCQ holds
at (@, b) and S(c, a, b) = {x}. Consider any 0 <\ < 1 such that

T < (7l + D! min_d, (On,bdconv {a,, e T, (%) —a, 1 D}).

€ p(f

Then:

(i) ALGI (calmness) is applicable for this . and all initial points ((c a',b! ) ])
near (¢, a, b), X) (in some neighborhood);

(ii) For given initial points ((cl, al,bl) , xl) near ((c, a, E),f), the sequence
{((c ak, bk) )} converges to ((c, a, Z), X).

Proof The proof is analogous to the previous one; it comes from [18, Theorem 1],
appealing now to Theorem 4.2. O

5.2 On the convergence of a regularization method for linear MPCCs

Complementarity constraints naturally appear in numerous applications in economics
and engineering. Generically, solving a MPCC via classical technics of nonlinear pro-
gramming theory presents serious difficulties, as far as its feasible set has a very special
structure and violates most of standard constraint qualifications. See the monograph
[21] (and references therein) for details on theory and applications of MPCCs.

One prominent class of specialized algorithms for solving MPCCs are the regular-
ization (or relaxation) methods, which are devoted to relax the difficult constraints in
different ways. From the first regularization scheme, introduced by Scholtes [28] in
2001, one can find in the literature new procedures as well as different contributions
to the analysis of the convergence of these methods (see, e.g., [16,23]).

This subsection provides an application of previous results on the calmness modulus
of the optimal set mapping to the analysis of convergence of a concrete regulariza-
tion scheme introduced by Kadrani et al. [15]. This application is developed in the
framework of linear MPCCs given in the form

7 : minimize ¢’x

, at)x—b‘<0 t=1,
subject 0 (z2)'x —? <0, (?)’x—b3<0 (=1, s
(@) x=52) (@) x—b7) =0, 1=1...5
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where x € R is the vector of decision variables, all the a! belong to R" and all the b’
belong to R. We shall assume that problem 7 has a unique solution, denoted by X.

Applied to our problem 7, the regularization of Kadrani et al. consists of replacing
the complementarity conditions (last two rows in the description of ) with

(a,z)/x—btzfs, (a?)/x—bffe, t=1,...,s;
((a,z)/x—btz—l—s)((af)/x—bf—i—s)50, t=1,...,s:

for some parameter ¢ > 0.In this way, fore, | 0, we consider a sequence of (nonlinear)
optimization problems {, }, where for each r € N,

7, . minimize ¢'x

) atl)/x—btlfo, t=1,...,m;

subject to (a?)/x — b,2 <eé&, (a?)/x — b? <eg, t=1,...,s;
((atz)/x — b? +sr) ((af)/x - b} +er) <0, t=1,...,5s.

In order to apply our results on calmness modulus in linear programming to analyze
the converge of optimal solutions of {7, } to the solution of r, foreach J C {1, ..., s},
whose cardinality is denoted by |J|, we set

P:=R" x R® x R® x RMI x RVl x RS =1 s R~/

and consider the following associated multifunctions:

e The feasible set mapping F/ : P =R”", given by

1)/ 1 -1 .
(Clt)/XEPt, t L ., m;
2 2 3 3

7 (p) = w| @) x<pt (@) x<pl r=15

F (p) = xeR atz)/x < p;" _ (a?)/x < pts’ ‘e J’ s
—(a®) x < p. (@) x<pl. refl,... s\

for p:= (pl, el p7) € P.Note thatinthecases / = #and J = {1, ..., s} para-
: ; 1,2 .3 6 7 1 .2 .3 4 .5
meter p is, respectively, of the form (p ,po. PP, D )and (p ,p5,p>.p*,p )
e The optimal set mapping S’ : P =RR", given by

S’ (p) := argmin{c’x | x € F/ (p)}, peP.

(Observe that ¢ remains fixed in our discussion.)
From now on, let us denote by F and F; the feasible sets of 7 and 7, respectively,

and by S and S, the corresponding sets of optimal solutions. Moreover, for the sake
of simplicity, we use the following notation:
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..........

B =" b2+ e l1, g BP e lin g, BF — g1y, —b5 + &1y,
—b{21 SNJ + Erl{l,,..,S}\.]a b?l"..’s}\j - Srl{l ..... s}\J)/y r eN,

,,,,,

where 1y stands for the constant function defined as 1 at every point of set X. Then,
a standard argument yields the following lemma.

Lemma 5.1 With the preceding notation one has, for eachr € N:
@) F= U F'(p’).
Jc{l,...,s}
(i) F= U F/ (B)).reN
@) N S'BHcsc U S(B)
Jc{l,...,s} Jc{l,...,s}

) N S'BHcsc U S (B)).
J )

c{l,...,s Jc{l,...,s}

The following result relates the calmness modulus of mappings S’ with the con-
vergence speed of the regularization method presented in this subsection.

Theorem 5.3 Assume that S = {x}, and let {x"} C R" be a sequence converging to
X and such that x" € S, for all r. Then,

. llx" — Xl J () =
limsup, ,,, ——— < , r{r}ax cmS? (B, X).
c{l,...,

Er s}

Proof According to statement (iv) in the previous lemma, for each r there exists
J, C {1,...,s) such that x" € S’ (ﬂrj’"). Due to the finiteness of {1, ..., s}, we

may assume (by taking a suitable subsequence if necessary) that {J,} is constant, say
Jr = J forallr.
Let us see that {x} = S/ (/3]). First, let us prove that ¥ € S’ (/SJ). By the

closedness of F7, it is clear that
we 7 (87).

since x” € F/ (B]) and {B} converges to 7. Reasoning by contradiction, if X ¢
87 (B7), there would exist y € F/ (B7) such that

'y < ’x.
In this way, by applying statement (i) in the previous lemma, y € F and, then, we
attain the contradiction X ¢ S.
Now, we establish the opposite inclusion S’ (,BJ ) C {x}. Reasoning again by

contradiction, let us assume the existence of z € S/ (87), with z # X; in particular

dz7=cx. (22)
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Fig. 2 Feasible sets of 7 and 7,

Then, z € F’ (,BJ) C F (again by Lemma 5.1(i)) and applying (22) we obtain
z € S, which represents a contradiction with the current uniqueness assumption.
Therefore,

r_y d r’SJ J
lim sup,._, o, I = xll = limsup,_, o, M

J(pl =
: ”,Brj—ﬂj“w < clmS (ﬂ ,x).

The next example shows that inequality in Theorem 5.3 may be strict.

Example 5.1 Let us consider the linear MPCC problem in R2,

7T :minimize x| 4+ X2

subject to —x1 —x <0, (m=1)
—x1 <0,—x2 <0, (s=1)
x1 x2 = 0.

Consider any {e,} | 0. Then, for each r € N, we have

7T, : minimize x; + x2
subject to —x1 —x2 <0, (m=1)
—X1 < &, —X2 Z &, s=1
(=x1+¢&) (—x2+¢)=<0.

Figure 2 graphically illustrates the feasible sets of these problems.

In this case, there are two possible choices for J: either ¥ or {1}. So, by considering
multifunctions S” and S}, in this example the upper bound on the rate of convergence
provided by the previous theorem is

max {clmSQ) (,3@, 02) , clmst! (,8{1}, 02)} = \/g, (23)
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with ,3” = ,3{1} = 05, whereas for any choice of x” € S,, r € N, one has

r—
lim sup, _, o u =2,

r

as we can easily see from Fig. 2.
Let us justify (23) a bit more in detail: We can view S'!} as the argmin mapping
associated with problem
7 minimize x| + x»
subjectto —x; —xp < pl,

—x = pti—xm =P (24)
—x1 < p* 0 <p,
p=(p'.p% p p* p°) eR’,

whereas S” refers to the problem obtained by replacing the last two rows of (24) with

X1 S p67 — X2 S p71

p= (pl,pz,p3,p6,p7).

In both cases perturbations fall just on the right-hand-side of the constraint system,
and accordingly S” and S'!! fit in the format Sz dealt with in Remark 3.1. Now
Theorem 3.1 (together with Remark 3.1) entails

cImS? (ﬂ“, 02) — cimS™ (5“}, 02) — 5.

Acknowledgments The authors are indebted to Daniel Ralph for his advice in relation to MPCCs during
the visit of M. J. Cdnovas and J. Parra to Judge Business School at the University of Cambridge, UK,
held in July 2014, which became crucial for developing Sect. 5.2. We would also like to acknowledge the
anonymous referee for his/her valuable critical comments, which definitely helped to improve the original
version of this paper.

6 Appendix: Geometrical perturbation ideas for improved bounds

The primary goal of this section is to provide a sketch of the technical details ensuring
that inequality (13) is strict in Example 4.1. The underlying idea is that the norm of ¢ is
too large in this example to let the strategy followed in Example 4.2 work in Example
4.1 (see Remark 6.1 below). The question of investigating in general to what extent
the norm of € affects clmS ((c, @, b) , X) is left to future research.

Now let us go back to problem (16) and the subsequent table in Example 4.1. Let
us write clmS (p, x) in the form (14) and assume w.l.0.g. that the associated sequence
{D"},cy is constant, say D" = De K (%) for all r, according to the lines after (14)
in the proof of Theorem 4.2. Next we are going to prove (17).
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Looking at the end of the proof of Theorem 4.2(i), we realize that cImS P.%) =
clmLp ((L_l, b,—ap, —b 5) , 7), so that our claim (17) holds automatically if D equals
either {1, 2} or {2, 3} (see the tabE of Example 4.1).

Let us consider now the case D = {3} and set ¢, := ||p” — p|| for all r, with p" =
(c",a",b"). Next, we relax the constraints determining L3} (a’, b", —a{’3}, —b%})

(which contains x”) around x” in an appropriate way. Specifically, after some calcu-
lations one can check that x” is a solution of the following system:

@ — o, X/ X)) x <b; +ap, fort =1,2,3,

1 25
(—apu - 202D oy, @
10
. x|l + . .
with o, := Wsr, for a scalar B > 5 + /5 arbitrarily chosen, and r being
x| — Ber

assumed to be large enough to ensure ||x|| — B&, > 0 and ||x" — X|| < Be,. The last
inequality of (25) is inspired by the fact that &, > " —¢|| > d (¢, Ra}).

The reader can check via a routinary computation that, if X" stands for the furthest
solution of (25) with respect to X, then one has

v V/8204/5 + 3142

| x|~ ——g— (26)

(.e., lim, o |X" — X|| /a, = (1/10)v/ 820+/5 + 3142 ~ 7.0538), which together
with the obvious fact that || x” — X|| < || — X||—since x" is a solution of (25)—
yields (17) by taking mto account that o, ~ g, as r — 00.

The remammg case D = {1, 3} is very similar to D= {3}. Indeed (25) still holds
at x = x" in the subcase a}, > 0, with a}, standing for the second coordinate of aj.
The subcase a3, < 0 is also very similar, but replacing the fourth inequality of (25)
with (1 — ) x;1 < 2+ ¢, In this subcase the corresponding counterpart of (26) reads
as

|5 —x|| ~vV8v5+300,
with v/8+/5 + 30 & 6.9202, leading again to (17).

Remark 6.1 Coming back to example 4.1, if we perturbed there the constraint system
as in (18), then the minimum perturbation of ¢ = (10, 0) (yielding a perturbed ¢")
making point x” in (19) belong to S (p") would satisfy

|¢" — €| = d (=€, conela}, a5}) ~ 24/5/r,

while || (@ ,b") — (a b) ” 1/r and, accordingly we would obtain the smaller ratio

" =%/ 1p" =Bl ~ (5++/5) / (25) ~ 1.618.
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