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Abstract

In this paper basic results on sensitivity and stability analysis in differentiable nonlinear programming
problems are surveyed. We follow mainly the approach of A. V. Fiacco and his co-authors. We give also an
overview on sensitivity for right-hand side perturbations of the parameters, on sensitivity for parametric linear

programming problems and on sensitivity for parametric variational inequality problems.
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1. Introduction

The aim of this paper is to offer a tutorial in the main stability and sensitivity aspects of
parametric nonlinear programming (NLP) problems and variational inequality (VI) problems,
under suitable differentiability assumptions on the functions involved in the said problems.
We prefer to follow the basic approach of Fiacco and his collaborators (Fiacco (1976), Fiacco
(1980), Fiacco (1983a,b), Fiacco and McCormick (1968), Fiacco and Hutzler (1982a,b), Fi-
acco and Ishizuka (1990), Fiacco and Kyparisis (1985), Fiacco and Liu(1993)) rather than the
more abstract and sophisticated approach of Bonnans and Shapiro (1998, 2000), Bonnans and
Cominetti (1996) and other authors.

We point out also the book of Bank and others (1982) for another classical overview on
parametric nonlinear programming problems.

The paper will be concerned with the stability and sensitivity aspects of a parametric
nonlinear programming (NLP) problem of the form

. min f(z, €)
(NLP(e)) - { 5.tz € K(e) = {z: g(,6) =0, h(z,¢) =0},

where f :R" X R" — R, g : R" X R" — R™ h: R" x R" — RP, and ¢ € R" is a vector of
perturbation parameters.
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(%) Department of Economics and Management, Via S. Felice, 5 - 27100 Pavia, (Italy). E-mail: cesare.zuccotti@unipv.it



We shall also be concerned with a parametric variational inequality (VI) problem of the

form
Find z* € K (€) such that

(Vi(e)) : { F(z*, E)T(l' —z*) 20, for every x € K (e),

where F' is a function from R" x R" to R™.

We shall consider that €° € R" is a fixed parameters vector: if € = 0 we have the
(non perturbed) classical nonlinear programming problem (NLP) and the classical variational
inequality problem (VI).

Nonlinear programming problems and variational inequality problems are closely related
to each other. It is well-known that the first order optimality conditions (Karush-Kuhn-Tucker
conditions) of a nonlinear programming problem are a structured variational inequality problem,
thus general results concerning the properties of solutions of variational inequalities apply to
stationary solutions of nonlinear programs. On the other hand, a variational inequality can
be written as the Karush-Kuhn-Tucker conditions of a nonlinear programming problem, if the
Jacobian matrix VF(z) of the vector function F' is symmetric for all # and some constraint
qualification holds at all x*. In this case, F' is actually the gradient vector function of the
objective function of the corresponding nonlinear program.

The paper is organized as follows.

Section 2 intends to give a review of the basic optimality and regularity conditions commonly
employed in the study of stability and sensitivity analysis of nonlinear programming problems.
Section 3 is concerned with basic sensitivity results under second order differentiability for
(NLP(e)).

Section 4 contains some notes on the directional differentiability of the perturbed local minimum
vector z(e) of (NLP(g)).

Section 5 is concerned with differential stability of the “optimal value function” of (NLP(¢)).
Section 6 treats some basic sensitivity results for right-hand side perturbations, i. e. for a
nonlinear programming problem where the perturbation parameters appear only on the right-
hand side of the constraints ¢;, i = 1,...,m, and h;, j = 1,...,p.

Section 7 contains some notes on sensitivity results for linear programming.

Section 8 is concerned with some results on sensitivity for variational inequalities.

The final Section 9 summarizes some results of Armacost and Fiacco (1975, 1978, 1979) and

Fiacco (1976) on the use of a class of penalty functions to estimate some sensitivity results for
a parametric programming problem (NLP(¢)).

The first-order partial derivatives of f with respect to x and ¢ are denoted by V,f and
V.f, respectively. The second-order partial derivatives of f are denoted by V2f, V2, f and
VZ2f. Both V,f and V. f are usually row vectors.



2. Optimality and Regularity Conditions in (NLP)

Consider a nonlinear programming (NLP) problem of the form

m]%nf(:c)

xeR"™

(NLP): subject to: g;(z) =0, i=1,...,m,
hj(z) = 0, j = 1, D,

where f, g;, h; : R" — R; it is assumed in this section that f, every g; and every h; are twice
continuously differentiable around

e K={zeR":g(x)20,i=1,...m; hj(z) =0, j=1,...,p}.

Note that (NLP) is (NLP(¢)), with € = 0.
The Lagrangian function associated with (NLP) is defined as:

L(z,u,w) = f(x) + Zulgz(x) + ijhj(a:),

where u = [u1, ..., u] and w = [wy, ..., wp]T are the Lagrange-Kuhn-Tucker multipler vectors
associated with inequality and equality constraints g; and h;, respectively.

A point 2° € K is feasible for (NLP). A point 2° € K is a local minimum for (NLP) if
there exists a neighborhood N (z°) of z° such that f(z) = f(2°), Vo € N(z°)N K. The following
result is perhaps the most known and important statement of first order necessary conditions
for (local) optimality of z° € K.

Theorem 1 (Karush (1939), Kuhn and Tucker (1951)). Let 2° € K be a local minimum
for (NLP) and let an appropriate constraint qualification (to be stipulated) hold at x°. Then,
the Karush-Kuhn-Tucker (KKT) conditions hold at 2°, i. e. there exist Lagrange-Kuhn-Tucker
multiplier vectors u® and w® such that:

Vo L(2% u®, w®) =0,
(KKT) : uwg;(z°) =0, i=1,...,m,
u? >0, i=1,...,m.

Define the set of active indices of the inequality constraints at 2° € K :
I2”)={i:1<i<m, g(a°) =0};
and the set of strictly active inequality constraints at 2° € K :

(0, ) = i:1 € I(2°) and there is a (u°, w?)
’ satisfying (KKT), with u{ > 0
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There are many constraint qualifications which assure the validity of the (KKT) conditions.
Here we list only the ones which will be used in the present paper. Let 2° € K.
(a)  The Mangasarian-Fromovitz Constraint Qualification (MFCQ) holds at z° if

(i)  The vectors Vh;(z"), j =1, ..., p, are linearly independent;
(1) There is z such that
Vgi(2°)z < 0, i€ I(z%),
Vhi(z%)z = 0, j=1,....p.

Applying a theorem of the alternative (see, e. g., Mangasarian (1969)), the equivalent
dual form of (MFCQ) states that:

e zero is the unique solution of the relations

p
> wiVgi(a®) + > wjVh(a%) =0, u; 20, VieI(2")
j=1

iel(x0)

(b)  The Linear Independence Constraint Qualification (LICQ) holds at z° if the vectors
{Vai(a®), i € I(z°); Vh;(a®), j=1,....p}

are linearly independent.

(¢)  The Strict Mangasarian-Fromovitz Constraint Qualifications (SMFCQ) holds at z° if:
(1)  The gradients

{Vai(a?), i € I"(, w?); Vhy(a?), j=1,....p}
are linearly independent.
(ii)  There is z such that
VQZ(.CEO)Z < 07 S I(xo)\\l_'_(uovwo)v
Vgi(a")z = 0, ie It w’),
Vhi(z®)z = 0, j=1,...,p.
(d)  The Constant Rank Condition (CR) holds at x° if for any subset L C I(z°) of active

constraints, the family
v.gz(x)> (S La Vh](ﬂf), ] - 1a ey P

remains of constant rank near the point x°.

(¢) The Weak Constant Rank Condition (WCR) holds at z° if for any subset L C I (u® w?)
of strictly active constraints, the family

Vgi(z), i€ Ly Vhj(x), j=1,..,p
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remains of constant rank near the point z°.

Conditions (a) — (d) are well-known in the literature. In particular, condition (c) was intro-
duced by Kyparisis (1985) who has shown that this condition is both necessary and sufficient to
have uniqueness of multiplier vectors in (KKT) conditions. Note however, that the (SMFCQ)
condition is not properly a constraint qualification, as it involves the multiplier vectors in its
definition. Usually, these multiplier vectors depend also from the objective function f; see, e.
g., Wachsmuth (2013). The (CR) condition was introduced by Janin (1984) in the following
slightly stronger form:

There exists a neighborhood U of z° such that for every pair of index sets L C I(z°) and
J C{1,...,p} the family
Vo), i € L} U{Vh;(a), j € J}
has the same rank for all z € U N K.

The rank in question depends on the choice of L and .J, but not on the point z°.

This original (CR) condition was used in sensitivity analysis by Ralph and Dempe (1995).
The (CR) condition (d) was introduced by Kyparisis (1990b) and by Liu (1995b). Subsequently,
it was studied by Minchenko and Stakhovski (2011) under the name of “relaxed constant rank
constraint qualification”. The (WCR) condition was introduced by Liu (1995b). The next
result summarizes the relationships between these conditions.

Theorem 2. The following implications hold.
(i) (LI) = (SMFCQ) <= uniqueness of (KKT) multipliers = (M FCQ) + (WCR).

(i1) (LI) = (MFCQ)+ (CR) = (MFCQ)+ (WCR).

(i1i) (CR) = (WCR).

(iv) (SMFCQ) = (CR); (CR)=+ (MFCQ).

The logical relations (LI) = (SM FC(@) <= uniqueness of (KKT) multipliers = (M FCQ)
can be found in Kyparisis (1985).

The logical relations (L) = (MFCQ) + (CR) and (SMFCQ) # (CR) were obtained by
Kyparisis (1990b).

The relation (CR) # (M FCQ) was proved by Janin (1984).

The implications (SMFCQ) = (WCR) and (CR) = (WCR) are evident.

The counterexamples showing (M FCQ) + (WCR) # (SMFCQ) and (WCR) # (CR) were
obtained by Liu (1995b).

The next theorem states the classical second order necessary conditions for local optimality
in problem (NLP). These conditions are essentially due to McCormick (1967, 1976); see also
Fiacco and McCormick (1968).

Theorem 3.  Suppose that 2° is a local solution of (NLP) and that the (LI) conditions hold
at 2°. Then, the (KKT) conditions hold at z° with associated unique multiplier vectors u° and
w®, and the additional Second Order Necessary Conditions (SONC) hold at z° :

2" V2L(2° v’ w)z > 0
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for all z € Z(2), where Z(z°) is the so-called critical cone or cone of critical directions, defined
as follows:

i
Z(@") =<z e R": Vg(a° i %) such that u? > 0,
Vh;i(z°)z=0, j=1,..,p

By strengthening (SONC) one obtains the following standard second order sufficient con-
ditions for local “strict” optimality, conditions due to Pennisi (1953), McCormick (1967) and
Fiacco and McCormick (1968).

Theorem 4. Suppose that the (KKT) conditions hold at z° € K for (NLP) with multipliers
vectors u” and w°, and that the following additional Second Order Sufficient Conditions (SOSC)
hold at z° :
2"V2L(2°, v’ w)z > 0
for all z #£0, z € Z(2).
Then, z° is a strict local minimum for (NLP), i. e. f(z°) < f(z) for all feasible x in some
neighborhood of 2%, x # 2°.

Han and Mangasarian (1979) noted that if the (KKT) conditions are verified at 2° € K,
the restrictions on z are equivalent to: z # 0, Vf(2%)z = 0, Vg;(2°)2z £ 0, i € I(2°), and
Vh;j(z)z =0 for every j =1, ...,p.

Robinson (1982) pointed out that the sufficient conditions of Theorem 4 do not assure
that 2° is an isolated (i. e. locally unique) local minimum for (NLP), as indicated by Fiacco
and McCormick (1968). See also Fiacco (1983a). Robinson (1982) provides the following
counterexample in R.

Example 1.  Minimize f(z) = 2% z € R, subject to hi(z) = 2%sin(2) = 0, where
h1(0) = 0 by definition.
One can verify that the conditions of Theorem 4 are verified at 2° = 0. Moreover, every

point of the set
{(nm)™", n==%1,%2,...}
is an isolated feasible point, and therefore also a local minimum. Thus z° = 0 is not an isolated

local minimum.

Other second order sufficient optimality conditions for (NLP), used in the literature, are
the following ones,

a) The Strong Second Order Sufficient Conditions (SSOSC) hold at 2° € K with multipliers
(u®, wO) if
2" V2L (2%l w)z > 0
for all z # 0 such that
Vgi(2®)z = 0, ifu) >0,
Vhi(z%)z = 0, j=1,..,p.
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b) The General Second Order Suffcient Conditions (GSOSC) hold at z° € K if
e (SOSC) hold at z° € K with (u®, w?), for every (u°,w) satisfying (KKT).

¢) The General Strong Second Order Sufficient Conditions (GSSOSC) hold at z° € K if
e (SSOSC) hold at 2° € K with (u° w?), for every (u°, w®) satisfying (KKT).

The following conditions, due to Robinson (1982), are sufficient for 2° € K to be an
isolated local minimum for problem (NLP).

Theorem 5. Let 2° € K and suppose that the (KKT) conditions hold at z° with some u°
and w®. Suppose that the Mangasarian-Fromovitz constraint qualification holds at 2°; moreover,
assume that the General Second Order Sufficient Conditions hold at 2°. Then 2° is an isolated
local minimum of (NLP), i. e. there exists a neighborhood of z° such that z° is the only local
minimum of (NLP) in that neighborhood.

Remark 1. Note that if the (LICQ) or also the (SMFCQ) is substituted for (MFCQ) in
Theorem 5, then (GSOSC) coincides with (SOSC), since the multipliers vectors u® and w? are
unique, under the said constraint qualifications.

3. Basic Sensitivity Results under Second Order
Differentiability for (NLP(g))

The parametric nonlinear programming problem we take into consideration is defined

as:
min f(x,¢€)

(NLP(g)) : subject to:  g;i(z,e) £0,i=1,...,m,

hj(x7€> = 07 ] = 17 e Py

where € € R" is the perturbation parameters vector, f, g;, h; : R® x R" — R. For simplicity
we assume that the functions f, g;, h; are C* in (x,€) in some neighborhood of (2°,¢°%) € K(¢),
where K (¢) is the feasible set of (NLP(e)).

The Lagrangian function associated with (NLP(¢)) is defined by:

L(v,u,w,e) = f(r,e) +u' g(x,e) +w' h(x,e),

where g = (g1, ..., gm) " and h = (hy, ..., h,)".

If ¢ = €Y is fixed, then all the definitions given in the previous section apply to problem
(NLP(%)). In particular, we denote by I(x°,£%) the set of active constraints for (NLP(?))
and by K (e°) the feasible set for (NLP(£°)).

The following basic results concerning the differentiability of a perturbed solution of a
parametric nonlinear programming problem were originally proved by Fiacco and McCormick
(1968) for a special case of (NLP(g)) and later for the general version (NLP(e)) by Fiacco
(1976, 1983a).

Theorem 6.  Let be given (NLP(£")). Suppose that 2° € K(£") and that the (KKT)
conditions hold for z°, with associated multiplier vectors u°, w®. Moreover, suppose that the
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(LICQ) holds at x°, that the Strict Complementarity Slackness Condition (SCS) holds at z°
with respect to u?, i. e.
uf > 0 when g;(2°,¢°%) = 0.
Finally, suppose that the (SOSC) hold at z°, with (u°, w?).
Then:

(a) 2% is an isolated local minimum of (NLP (%)) and the associated multiplier vectors u
and w° are unique.

0

(b)  For ¢ in a neighborhood of €° there exists a unique once continuously differentiable vector
function

y(e) = [z(e), ule), w(e)]'
satisfying the second order sufficient conditions for a local minimum of (NLP(e)) such that
y(e%) = (2% 1% w®) " and, hence, z(¢) is a locally unique local minimum of (NLP(e)) with
associated unique multiplier vectors u(e) and w(e).
(¢)  The Linear Independence and Strict Complementarity Slackness Conditions hold at z(¢)
for & near £°.

Besides Fiacco (1976, 1983a), Theorem 6 has been considered in an unpublished paper of
Duggan and Kalandrakis (2007). See also Robinson (1974) and Bigelow and Shapiro (1974).
Diewert (1984) takes into consideration the main results of Theorem 6, referred to a nonlinear
parametric programming problem with nonnegative variables and a scalar parameter. Other
applications of sensitivity results for (NLP(¢)) in economics are provided, e. g., by Silberberg
and Suen (2001) and by Takayama (1977, 1985). Finally, we point out that Fiacco (1983a) and
Fiacco and Kyparisis (1985) give Theorem 6 under slightly differentiability assumptions: the
functions f, g; (i = 1,...,m) and h; (j = 1,...,p) and their partial derivatives with respect to
x are C! in (z,¢) in some neighborhood of (2%, £%). Also Robinson (1974) proved an analogous
theorem under weaker differentiability assumptions.

Fiacco (1976) also shows that the derivative of y(g) can be calculated by noting that the
following system of Karush-Kuhn-Tucker equations will hold at y(¢) for ¢ near £° under the
assumptions of Theorem 6,

Vxﬁ(l’(é), u({-j), w(€)7 €)=V,
u;(e)gi(z(e),e) =0, i=1,...,m, (1)
hy(e(e),2) = 0, j=1,p.
The assumptions of Theorem 6 imply that the Jacobian M(e) of the said system, with
respect to (z,u,w) is locally nonsingular; therefore we obtain
M(e)V.y(e) + N(e) =0,
where N () is the Jacobian of system (1) with respect to €. From this last equality we get
V.x(e)
Vey(e) = | Veule) | = —(M(e))7'N(e)).
V.w(e)



At e = &% we have, with M (%) = M? and N (%) = N,

M°V.y(®) = —N°,

where
[ Vfgﬁ (vwgl)T e (Va:gm)T (Vﬂﬂhl)T e (Vth)T ]
v 0 0 0
: : . 0 :
MO = UV 29m 0 Im 0
Vhy 0 0 0 0 0
: : : : : 0
| Vi, 0 0 0 J
and

NO = [v§x£T7 ul(vagl)—ra () um(vagm)—ra (Vahl)—ra HS) (vahp)—r]—r

are evaluated at (20, u% w?, &Y).

The next result, due to McCormick (1976), shows that the conditions imposed in Theorem 6
are nearly minimal for the nonsingularity of the Jacobian of system (1).

Theorem 7. Suppose that the second order necessary conditions for a local minimum of
(NLP(%) hold at z° with associated multiplier vectors v® and w® (i. e. the (KKT) and the
(SONC) conditions hold at z° with (u°w®)). Then the Jacobian matrix of system (1) with
respect to (z,u,w) is nonsingular at (z°, u®, w®) if and only if the (SOSC), (LICQ) and (SCS)
conditions hold at z° with (u®w?) for (NLP(£?)).

We give now some sensitivity results for (NLP(e)), without the Strict Complementarity
Slackness assumption. These results are essentially due to Jittorntrum (1984) and, in a more
general form, to Robinson (1980).

We recall that, given an arbitrary function ¢ : R™ — [—o00, +00| , and a point (z, d) € R,
if |¢(z)| < o0 and the limit

L ola 4 M) — o(a)

A0+ A

exists, then ¢ is said to be directionally differentiable at x in the direction d and the directional
derivative of ¢, D¢ (x, d), is equal to the value of the above limit. The possibility that Do(x, d) =
+00 is not excluded.

Theorem 8 (Robinson (1980)).  Suppose that the Karush-Kuhn-Tucker conditions hold at
z0 for (NLP(£%)) with some multiplier vectors u® and w® that the (LICQ) holds at 2° and that
the additional Strong Second Order Sufficient Conditions (SSOSC) hold at x° with (u%w?).
Then:

(a) 2% is an isolated local minimum of (NLP (%)) and the associated multiplier vectors u"
and w° are unique.



(b)  For ¢ in a neighborhood of £° there exists a unique Lipschitz and once directional dif-
ferentiable vector function y(e) = [z(e), u(e), w(e)] satisfying the (KKT) conditions and the
(SSOSC) at z(g) with [u(e), w(e)] for (NLP(g)) such that y°(e) = (2° u® w®) ", and z(e) is a
locally unique local minimum of (NLP(g)) with associated unique multiplier vectors u(e) and
w(e).

(¢) The Linear Independence condition holds at x(g) for & near &°.

(d)  There exist ¢t > 0 and d > 0 such that for all £ with ||e — £°|| < d, it follows that

ly(e) =y = t]le = °] -

We now report some sensitivity results on (NLP(e)) without the Linear Independence
assumption. The main result of this part is due to Kojima (1980) who proves his results by
making extensive use of the degree theory of continuous maps. The same results are obtained
by Fiacco and Kyparisis (1985) by means of more standard tools of advanced calculus. Let
M (z,¢e) denote the set of multiplier vectors (u,w) such that the (KKT) conditions hold for
(NLP(e)) with (u,w).

Theorem 9 (Kojima (1980)). Suppose that the Karush-Kuhn-Tucker conditions hold at z°
for (NLP(£°)) with some multiplier vectors u® and w?, that the additional General Strong
Second Order Sufficient Conditions (GSSOSC) hold at z° and that the (MFCQ) holds at x°
for (NLP(£°)). Then,

(a) 2% is an isolated local minimum of (NLP(£°)) and the set M (z°, £°) is nonempty, compact
and convex.

()  There are neighborhoods N (z°) of 2° and N (e°) of €° such that for & in N(&°) there exists
a unique continuous vector function z(g) in N(z°) satisfying the (KKT) conditions with some
[u(e),w(e)]" € M(x(e),e) and the General Strong Second Order Sufficient Conditions such
that 2(¢°) = 20, and hence z(¢) is the locally unique local minimum of (NLP(g)) in N(z°).

(¢) The (MFCQ) holds at z(¢) in N(£°).

Let us now introduce (Fiacco and Kyparisis (1985)) the General Strict Complementarity
Slackness Condition (GSCS):

e The (GSCS) is said to hold at z° € K(£°) for (NLP(£°)) if (SCS) holds at x° with
respect to (u,w) for every (u,w) € M (2 w°).

Fiacco and Kyparisis (1985) prove the following result.

Theorem 10. The following two sets of assumptions are equivalent:

(a) The (KKT), (SOSC), (SCS) and (LI) conditions hold at 2° € K (&%) for (NLP(£)).

() The (KKT), (GSOSC), (GSCS) and (MFCQ) conditions hold at 2° € K (&%) for (NLP(£)).
In the present section sensitivity analysis for (NLP(¢)) has been carried out under pro-

gressive weaker assumptions. However, it should be clear that in the absence of inequality
constraints, all those sets of conditions reduce to the (KKT), (SOSC) and (LI) conditions.
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Additional results were obtained by other authors, e. g., Robinson (1982), under even more
general assumptions than those previously adopted. In order to state his main result, we need
to introduce the following definitions (see Berge (1963)).

Definition 1. A point-to-set map I' : D — E, D C R", E C R?, is called lower semicon-
tinuous at z° € D if for any v € T'(2°) and for any open set W with v € W, there exists an
open set V with 20 € V such that for all 2 € V, T(2) N W # @.

Upper semicontinuity of T at a point z° € D means that for any open set W C T'(2°) there is
an open set V' with 2° € V such that for all z € V, T'(z) C W.

Finally, T" is called continuous at 2° € D if it is both upper and lower semicontinuous at z°.
Theorem 11 (Robinson (1982)).  Suppose that the Karush-Kuhn-Tucker conditions hold at

2% € K(£°) with some multiplier vectors u° and w?, that the additional General Second Order
Sufficient Conditions hold at z° for (NLP(%)), and that the (MFCQ) holds at z°. Then:

(a) 2% is an isolated local minimum of (NLP(g%)) and the set M(z°,¢°) is compact and
convex.

(b)  There exist neighborhoods N (z°) of 2° and N(£°) of €° such that if the point-to-set map
LS : N(e°) — N(a9), defined by
LS(e) = {z € N(2") : x is a local minimum of (NLP(¢))},
then the point-to-set map SP(g) N N(z°), where
SP(e) =z : {(z,u,w), z € K(e), is a (KKT) triplet for (NLP(¢))},

is continuous at £° and for each € € N(£°) one has @ # LS(g) C SP(¢).
(¢) The (MFCQ) holds at all points in SP(g) N N(z°) for € in N(£°).
Robinson shows by numerical examples that under the assumptions of Theorem 11 the

map LS may not be single-valued near €° = 0 and that the inclusion of LS in SP may be
strict.

4. Directional Differentiability of the Perturbed Local
Minimum

This section extends the results of Theorem 8 by weakening the (LICQ) assumption.
It is well-known that in absence of (LICQ) we could obtain a set of Kuhn-Tucker multipliers
which is not a singleton. It is well-known (see Gauvin (1977)) that if (MFCQ) holds at 2° for
(NLP(%)), then for each (z,¢) near (z,&°), the set of Kuhn-Tucker multiplier vectors M (x, ¢)
is a nonempty bounded polyhedral set; more precisely, (MFCQ) is both necessary and sufficient
for the said property to hold.

Let E(x,¢) be the set of extreme points of M(x,e). For any (u,w) satisfying the (KKT)
conditions, i. e. (u,w) € M(z,¢), define

I(u,w)y={i:iel1<i<m, u;>0}.
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The first results on directional differentiability of the perturbed local minimum x(e) for
(NLP(e)) in absence of strict complementarity slackness (SCS) assumptions were obtained by
Jittorntrum (1984). Shapiro (1985) obtains interesting results on that question, weakening the
(LICQ) assumption but assuming uniqueness of Karush-Kuhn-Tucker multipliers. Kyparisis
(1985) proved that the uniqueness of Karush-Kuhn-Tucker multipliers is equivalent to (SM-
FCQ).

Theorem 12 (Shapiro (1985)). Suppose that at 2%, local solution point of (NLP(e?)),
(KKT), (SMFCQ) and (SSOSC) hold, with associated multipliers vector (u°,w®). Then, for
e in some neighborhood of €%, there exists a locally unique continuous function z(g) which is a
local minimum for (NLP(g)).

Moreover, x(e) is directionally differentiable at €° in any direction s # 0 and its directional
derivative Dxz(e?, s) = 2z uniquely solves the following quadratic programming problem:

minz'V2Lz 4+ 22TV2, Ls
(QP) : subject to: Vagiz + Vegis =0, i € I (u®,w°),

Va2giz +Vegis £0, i € (2% ONIT(u?, w?),
Vihiz+V.his =0, j=1,...,p,

0 0

where the functions g; amd h; are evaluated at (2°,¢°) and the function £ at (2%, u® w?,£°).
The set 1(x?, )\ (u, w?) is given by {7 : i € I(x%%), i ¢ " (u® w°)} .

The next result was obtained by Kyparisis (1990b). This author considers the possibility
of multiple Karush-Kuhn-Tucker multipliers for (NLP(¢)) and employs the constant rank

constraint qualification.

Theorem 13 (Kyparisis (1990b)).  Suppose that conditions (KKT), (MFCQ), (CR) and
(GSSOSC) hold at 2° € K(£%) for (NLP(£°)). Then. for e in some neighborhood of &,
there exists a locally unique continuous local minimum xz(e) of (NLP(e)). Moreover, z(e) is
directionally differentiable at £° in any direction s # 0 and its directional derivative z uniquely
solves the following quadratic program for some (u,w) € E(2°, %), where E(2°,¢°) is the set
of the extreme points of M (z°,e?).

minz' V2Lz +227V2 Ls
. _ P
Plu,w)) : subject to: V.giz 4+ Vegis =0, i € IT(u,w),
(QP(u,w)) Vegiz +Vegis £0, i€ [(x° ON\I T (u,w),
Vxhjz+vahjszo7 j: ]-7"'ap7

where the functions g; and h; are evaluated at (2°, %) and the function £ at (2°, u® w?,£°).

Note that the assumptions (KKT), (MFCQ) and (GSSOSC) were shown by Kojima (1980)
to be the weakest ones under which the perturbed solution x(¢) is locally unique for (NLP(¢)).

A further improvement was obtained by Liu (1995b); since (WCR) is implied by (CR),
which was used in Theorem 13, and (WCR) plus (MFCQ) is implied by (SMFCQ), which was
used in Theorem 12, the next theorem directly extends both Theorem 12 and Theorem 13.

12



Theorem 14 (Liu (1995b)).  Suppose that the conditions (KKT), (MFCQ), (WCR) and
(GSSOSC) hold at 2° € K(&%) for (NLP(£°)). Then. for e in some neighborhood of &,
there exists a locally unique continuous local minimum z(e) of (NLP(e)). Moreover, z(g) is
directionally differentiable at £° in any direction s # 0 and its directional derivative z uniquely
solves (QP(u,w)), as in Theorem 13.

The quoted paper of Liu (1995b) gives several useful informations on the assumptions
assuring also the Lipschitz continuity of z(¢), however, as in Theorem 13, Theorem 14 does not
specify which multiplier (u,w) € F(x°, &%) which solves (QP(u,w)) indeed gives the calculation
of the directional derivative z of x(e). This difficulty is solved by Ralph and Dempe (1995) by
making use of the Constant Rank Condition (CR). First we recall two basic concepts. We recall
that the directional derivative of z(¢) at €° in the direction d € R™ is defined as

0 (20
Du(=%,d) = Tim z(e? +td) — x(e”)

t—07t t

when this limit exists. Then z(e) is said to be B-differentiable at €V if the above limit holds
uniformly for all d of unit length. In other words, one has

2(e2 4+ d) = 2(e°) + Dz(°, d) + o(||d|]).

See Robinson (1987), Ralph and Dempe (1995), Liu (1995b). The function z(¢) is said to
be PC! near ° if it is continuous and there is a finite family of C! functions z'(g), ..., 2V (¢)
defined in a neighborhood of °, such that

z(e) € {z'(e), ... 2™ ()}

for each ¢ in that neighborhood. The PC" property is a kind of piecewise smoothness. It appears
that piecewise differentiability is a stronger property than the B-differentiability, which in turn
is stronger than directional differentiability. Moreover, PC*-functions are locally Lipschitz
continuous; see Dempe (2002).

Ralph and Dempe (1995) choose the multipliers vector (u,w) as a member of the set

S(e,d) = argmax {u' V.g(z,e)d +w' V.h(z,e)d : (u,w) € M(z,e)}.

(u,w)

The main result of Ralph and Dempe is the following theorem.

Theorem 15. Suppose that in (NLP(¢g)) the functions f, g and h are twice continuously
differentiable near (z°,¢%), where 2° is a local solution of (NLP(£°)). Furthermore, suppose
that the Mangasarian-Fromovitz C.Q. holds at (z°, %), the General Strong Second Order Op-
timality Conditions hold at (2°,€°) and the (CR) condition holds at (2°,£%). Then, there exist
neighborhoods U of 2% and V of € and a function z(-) mapping V to U such that

1) z(-) is continuous and for each € € V| x(¢) is the unique local solution of (NLP(g)) in V.
More precisely:
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2)  z(-) is a PC*-function, hence locally Lipschitz and B-differentiable;

3)  the directional derivative Dx(e,d) is a piecewise linear function such that for each ¢ € V,
d € R" and (u,w) € S(e,d), Dz(e,d) is the unique solution of the convex quadratic program

minz' V2Lz 4+ 22"V2 Ld
subject to: Vegiz +Vegid =0, i € I (u,w),
V2giz +Vegid £ 0, i € I(2° NI (u, w),
Vxhjz + Vshjd = O, J = 1, P

Thus, Ralph and Dempe (1995) have provided, for the case of multiplier degeneracy, a
practical application of quadratic programming to compute the directional derivative Dx(e, d)
for any d. Indeed, note that S(e,d) is nonempty because M (x,¢) is nonempty and compact:
the linear programming methods provide a practical way to calculate an element of S(e,d).
Finally, we point out that also Ralph and Dempe, similarly to Liu (Theorem 14), observe that
the condition (CR) can be weakened to the condition (WCR).

5. Differential Stability of the Optimal Value Function

We define the optimal value function or marginal function f*(e) for (N LP(¢)) as follows

inf f(z,¢e), if K(e ,
f*(e):{ J@e) (e) # 2

z€K (e
+o00, if K(e) =2.

Rather good surveys of differential stability properties of the optimal value function f*(e)
are contained in the works of Fiacco (1983a,b), Fiacco and Hutzler (1982a,b), Fiacco and
Ishizuka (1990).

One of the earliest characterizations of differential stability of the optimal value function
of a mathematical programming problem was provided by Danskin (1966, 1967). Consider the
problem

minf(z, €)

where K is a subset of R" and € € R".

Theorem 16 (Danskin). Let K be nonempty and compact and let f and the partial deriv-
atives Jf /Oe; be continuous. Then, at any point ¢ € R" and for any direction d € R" the
directional derivative of f* exists and is given by

Df*(e,d) = min V. f(z,¢e)d,

z€S(e)

where S(e) ={x € K : f(z,e) = f*(e)}.
Considering the problem where also K depends on a parameter vector ¢ and is specified
through the inequalities g;(z,e) < 0, i = 1,...,m, and, moreover, assuming that f and the
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constraints g; are all convex, Hogan (1973a) has shown that Df*(e,d) exists and is finite for
all d € R". The next theorem presents the details for this result for

fre)=mf{f(z.e):x €M, g(z,e) =0},
where M is a subset of R”. The Lagrangian function for this problem is defined as
L(z,u,e) = f(z,e) +u' g(x,e).

For convenience and without loss of generality, we shall assume that the parameter value
of interest is € = 0, unless otherwise stated.

Theorem 17 (Hogan). Let M be a closed and convex set. Suppose that f and g; are
convex on M for each fixed £ and are continuously differentiable on M x N(0), where N(0) is
a neighborhood of ¢ = 0 in R". If

S(0)={reM:g(x,0) 20 and f*(0) = f(z,0)}

is nonempty and bounded, if f*(0) is finite, and if there is a point = € M such that ¢(z,0) < 0
(Slater constraint qualification), then D f*(0, d) exists and is finite for all d € R" and

Df*(0,d) = min max V.L(z,u,0)d =

z€S5(0) ueM(z,0)

= min max : {(V-f(2,0) + u"V.g(2,0))d}

z€S(0) ueM(x,0

where M (x,0) is the set of optimal Lagrange multipliers for the given z € S(0).

For convex programs the set M(z,0) is the same for all z € S(0). This does not allow
us to drop the minimization over z € S(0) in the expression for D f*(0, d) however, since the
quantity V.L(z,u,0)d being minimized, will generally depend on x. However, it does allow for
considerable economy in the calculation of D f*(0, d), since the constraint set M (z,0), associated
with the inner maximization problem. does not depend on =x.

There are other results on the directional differentiability of f* : see, e. g., the papers
of Bondarevsky and others (2016), Gauvin and Dubeau (1982), Fiacco and Hutzler (1982a,b),
Fiacco and Ishizuka (1990), Rockafellar (1984), Gauvin and Janin (1990), Janin (1984), Gauvin
(1988), Gauvin and Tolle (1977), Shapiro (1988), Wang and Zhao (1994).

The next result is a slight generalization of previous results of Gauvin and Dubeau (1982)
and of Fiacco (1983b). We recall first the notion of uniformly compact set (see, e. g., Bank
and others (1982), Berge (1963), Hogan (1973Db)).

Definition 2. Let T be a metric space (e. g. a subset of R") and let be given the point-to-set
map I': T — 28" (i. e. ['(¢) is a subset of R™ for each € € T). Then T is said to be uniformly
compact near € € T if the set

U I
eeN(g) (8)
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is bounded for some neighborhood N (g) of €.

Theorem 18 (Fiacco (1983b)). For (NLP(e)) suppose that K () # @ and that the con-
straint map (or feasible solution map) K is uniformly compact near ¢ € R". Suppose further

that (MFCQ) holds at each z € S(g), where
S(e) ={z e K(e): f(z,e) = f*(e)}

is the optimal solution map of (NLP(e)). Then f* is locally Lipschitz near ¢, and for any d € R"
we have

inf min V. .L(x,u,w,e)d <
z€S5(e) (u,w)eM (z,€)

<l inf < [ (e + Gd) — () £

p—0t
< lim sup 3 ["(e + 8d) = [ (e)] <

< inf max V.L(z,u,w,e)d.
z€S5(e) (u,w)EM (z,€)

Furthermore, if f and g are convex on R™ x {¢}, and if h is affine on R" x {¢}, then f*
is directionally differentiable at ¢, and

Df*(e,d) = min  max V.L(z,u,w,e)d, (2)

z€S(e) (u,w)eM (z,€)

where, under the assumptions, M (x,¢) = M(e) =constant for x € S(e).

We note that the two linits appearing in the thesis of Theorem 18 define, respectively, the
Dini lower directional derivative of f* at e in the direction d and the Dini upper directional
derivative of f* at ¢ in the direction d (right hand-side Dini directional derivatives).

There are at least two consequences of Theorem 18. Under stronger constraint qualifica-
tions than (MFCQ) at = € S(e), for example (SMFCQ) or (LICQ), M (z, €) becomes a singleton
set, say {u(z),w(x)}, so that (2) reduces to

Df*(e,d) = min V.L(z,u,w,e)d.
z€S5(e)

Another special case is the jointly convex case: if f and g are jointly convex and h is
jointly affine on R™ x R”, then for each (u,w) € M(z,¢), the quantity V.L(z,u,w, ) does not
depend on x € S(¢) (see Hogan (1973a)) and hence (2) becomes

Df*(e,d)= max V.L(r,u,w,e)d, 3
fled) = max VLlouwe) Q

where x € S(¢g). Since, in this case, f* is convex (see Fiacco and Kyparisis (1986)), relation (3)
means that, for each x € S(¢) and (u,w) € M(z,¢), V. L(z,u,w,€) is a subgradient of f* at €.
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Besides the above quoted paper of Fiacco and Kyparisis (1986), other results on generalized
convexity and concavity of the optimal value function f* are given by Choo and Chew (1985)
and by Kyparisis and Fiacco (1987).

We note that the same symbol f* is often used (see, e. g., Fiacco (1983a)) to denote a
local optimal value function, in many results; in this case f* is defined as

f(e) = flx(e), €]

where z(¢) is an isolated local minimum of (N LP(¢)). The following classical result was obtained
by Armacost and Fiacco (1975,1978,1979) and by Fiacco (1976, 1983a).

Theorem 19.  Let the assumptions of Theorem 6 be satisfied, i. e. the functions of (NLP(¢))
are C? in (z,¢) in some neighborhood of (z°%), the (KKT), (SOSC), (SCS) and (LI) conditions
hold at z° € K (%) for (NLP(g)). Then, in a neighborhood of €Y, the local optimal value
function f; () is twice continuously differentiable as a function of ¢ and:
(a) fi(e) = Llx(e), ule), w(e), ]
(b)  Vefi(e) = VeLlz(e), ule), w(e) e] = Vef + 3200 uile)Vegi + 325 w;(e)Veh; =
=V.f+u(e)'V.g+w(e)V.h.
() VEfi(e) = Ve | VoL [o(e),u(e) w(e), ]| =
= Vo { VST S i) Vegi + Xy wi(2)Vehy | Vea(e)+
+{ V24 T i) PR+ S wy () Vs | +
S Vg Veue) + 37, vah}vgwj(s)} _
= V2.L[z(e),u(e), w(e),e] Vea(e) + 30, Veg! Veui(e)+
- Z?:l VgthVawj(E) + V2L [x(e),Tu(e), w(s)l, gl =
= VEL[x(e), u(e), w(e),e] + [N(e)] [M(e)] ™ N(e),
where the matrices M (g) and N (¢) have been previously defined.
We note that the previous results extend what in economic theory is called “envelope
theorem”, often stated without the appropriate assumptions which assure its validity; see, e.
g., Giorgi and Zuccotti (2008-2009) and the bibliographical references quoted in this paper. The

following results are obtained by Jittorntrum (1984) and by Fiacco (1983a). see also Fiacco
and Liu (1995).

Theorem 20. Suppose that the Karush-Kuhn-Tucker conditions hold at z° € K(g°) for
(NLP(%)) with some multipliers vector (u®, w), that the Strong Second Order Sufficient Con-
ditions (SSOSC) and the Linear Independence Condition(LI) hold at z°. Then, in a neighbor-
hood of €° the local optimal value function f; is locally Lipschitz, once continuously differen-
tiable and twice directionally differentiable. We have

(a)  fi(e) = Llx(e),ule), wle) el
(b> ng;(é‘) = VaE [37(8)’ u(g),w(s),g] ;
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(¢) Dfi(e,d) =d"V2.LDy(e,d) +d"V2Ld,
where y(¢) = [z(¢), u(e), w(e)] " and

Dfj(.d) = lim =5 (f7 < + 5d) ~ f;(0) ~ BDf (e.d)].

Jittorntrum (1984) also shows that, under the previous assumptions, the function y(-) is
locally Lipschitz near €°, it is directionally differentiable at €° and the directional derivative
Dy(e%, d) is a solution of a system analogous to (1). See also Bigelow and Shapiro (1974).

Following Fiacco and Kyparisis (1985) we now give some results due to Rockafellar (1984)
and to the same previous two authors; these results are concerned with the Hadamard directional
differentiability of f*(¢). The function f*(e) is said to be directionally differentiable in the
Hadamard sense if the limit

o fEttd) = 1)

d —d t
t—0t

= DHf*(S, d)

exists.
Before stating the next results we need the following definitions.

S(e) ={r e K(e): f(z,e) = [*(e)},
i.e. S(e) is the set of optimal solutions of (NLP(e)), already defined.

| (ww) s ugi(w,e) =0, w; 20, i=1,...,m,
Mo(z,¢) = { S UiVagi(2,2) + S, w0 Vahy(2,2) =0 [

Y(z,c) = (u,w) € M(x,e): the (SOSC) hold at = with
TE)= multiplier vectors (u, w) for (NLP(e))

Note that for z € K(e), the Mangasarian-Fromovitz C.Q. holds at z if and only if
Mo(z,e) = {0} .

Theorem 21 (Rockafellar (1984)). Let f*(¢") be finite and an appropriate boundedness
assumption be satisfied (see Rockafellar (1984)). Suppose that every optimal solution z € S(g°)
satisfies My(x,€%) = {0} (i. e. the (MFCQ) holds) and that

relintM (z,€%) C Y (z,€").

Then f* possesses finite one-sided directional derivatives at €° in the Hadamard sense, and
for every direction d it holds

Dpf*(e,d) = min  max V.L(z,u,w,&")d.

2€5(e%) (u,w)eM (z,e0)
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Under the assumptions of Theorem 9 (Kojima (1980)), the function z(e) is not locally
Lipschitz near ° (see Robinson (1982)) and f; is not in general differentiable. However, Fiacco
and Kyparisis (1985), exploiting some results of Rockafellar (1984), and assuming the conditions
of Theorem 9, prove the directional differentiability of f; () near £°.

Theorem 22 (Fiacco and Kyparisis (1985)).  Suppose that the Karush-Kuhn-Tucker con-
ditions hold at x° for (NLP(£°)); suppose further that at z° the (GSSOSC) and (MFCQ)
conditions hold. Then, in a neighborhood of €° the local optimal value function f;(¢) has finite
one-sided directional derivatives in the Jadamard sense and for every direction d it holds

Dyf*(e,d) = max V.L(v,u,w,e’)d.

(u,w)EM (x,€)

6. Sensitivity Results for Right-Hand Side Perturbations

In some books on mathematical programming (e. g. Bertsekas (2016), Florenzano
and Le Van (2001), Luenberger and Ye (2008), Ruszczynski (2006)), but also in some books
on mathematical economics (e. g. Intriligator (1971), Novshek (1993), Silberberg and Suen
(2001), Simon and Blume (1994), Sydsaeter, Hammond, Seierstad and Strom (2005)), sensitiv-
ity analysis is performed on the problem

min f(z)
(NLP(e)) : subject to: ¢gi(r) e, i=1,...,m,

h](])) = gj-‘rma .] = 17 e Py

where x € R".

This is due to the possibility, under suitable assumptions, not always respected in economic
analysis, to interpret the optimal Lagrange or Karush-Kuhn-Tucker multipliers as a first-order
measure of the sensitivity of the optimal value of the objective function with respect to right-
hand changes of the constraints (“shadow prices” in economic analysis). Let us assume that
all functions involved in (NLP;(¢)) are twice continuously differentiable in their domain. The
results of the previous sections are then easily fitted to problem (NLPi(¢)), in order to obtain
the well-known “Lagrange multipliers sensitivity results” and also the (not so well-known)
second-order changes in the optimal value function for problem (NLP;(¢)). See Fiacco (1980,
1983a). The Lagrangian function for (NLP;(¢)) is:

m

Li(w,u,w,e) = fla) + Y uilgile) —e) + Z w;j(h;(x) = €j4m)-

1=1

Theorem 23. If

(1)  The second-order sufficient conditions for a local minimum of (NLP;(0)) hold at z° with
associated multipliers vectors u" and w?;
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(2)  The gradients V,g;(2°), i € I(2°), and V,h;(z°), j = 1, ..., p, are linearly independent (i.
e. the (LICQ) holds);
(3) It holds u) > 0, for i € I(x°) (i. e. the Strict Complementarity Slackness Condition
holds),

then:

(a) % is an isolated local minimum point for (NLP;(0)) and the associated multipliers
vectors u” and w® are unique;

(b)  For ¢ in a neighborhood of 0 there exists a unique continuously differentiable vector
function y(e) = [z(e), u(e), w(e)]' satisfying the second-order sufficient conditions for a local
minimum of problem (NLPi(¢)) such that y(0) = [2°,u° w°]" and hence, z() is a locally

unique minimum of (NLP;(¢)) with associated multiplers vectors u(e) and w(e);

(¢)  For ¢ in a neighborhood of 0,
f1(e) = Li(e) = Ly [w(e), ule), w(e), e];

(d)  Strict complementarity and linear independence of the binding constraint gradients
hold at z(e) for € near 0;

(e) For e in a neighborhood of 0, the gradient of the optimal value function f;(¢) is
V.fie) = [~ule)", —w(e) '] (4)

(f) For € in a neighborhood of 0, the Hessian matrix of the optimal value function is
2 px _ vfu(g)
v = | gl | 6

Equations (4) and (5) give us the means, at least in theory, to calculate the gradient
V.f/(¢) and the Hessian matrix V2 f;(¢) of the optimal value function for problem (N LP;(¢)).
In practice, estimates of the values of the Karush-Kuhn-Tucker multiplers are usually available
and we can thus estimate V. f;(¢). However, we may not generally have available a functional
relationship for the Karush-Kuhn-Tucker multipliers and therefore may not be able to calculate
the gradient of the multipliers (the Hessian matrix of the optimal value function) directly. Ar-
macost and Fiacco (1975, 1976) in unpublished papers and subsequently Armacost and Fiacco
(1979), Fiacco (1980, 1983a) have presented a general procedure for obtaining the derivatives
of a Karush-Kuhn-Tucker triple for (NLP(e)), based on an observation developed by Fiacco
and McCormick (1968) and Fiacco (1976). This procedure has been specified also for problem
(NLP;(¢)) by Armacost and Fiacco (1976) and by Fiacco (1983a). The same procedure has
been applied by Fiacco (1983a) to a parametric linear programming problem of the type

min f(z,€) = 16121 + ... + CpEnTy

subject to: g;(z,e) = gi(z) —&; = 0,
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it =1,...,m, where m = n, the ¢; are constants and the g; are linear.

It is also possible to get general results (i. e. results for (NLP(g))) from the right-hand
side parametric problem (N LP;(¢)). In fact, as noted by Fiacco (1983a) and Rockafellar (1984),
any parametric problem of the form given by (NLP(e)) may be formulated as an equivalent
right hand-side parametric problem:

min f(z)
(NLPi(e)) : subject to: g(x) < &,
= 6‘27
by simply redefining ¢ in (NLP(¢)) to be a variable and introducing a new parameter a such
that ¢ = . This results in the problem

?111)1f(x,€)
(NLP(a)) : su’bject to: g(x,e) =0,
h(z,e) =0,
£ = aq,

which is clearly equivalent to (NLP(¢)) and in the form of (NLP;(e)).

We now give some basic results for (NLP;(¢)) in the case all functions f and g¢; of this
problem are convexr and all h; are linear. See, e. g., Fiacco and Kyparisis (1986), Florenzano
and Le Van (2001), Horst (1984a, b), Hogan (1973a). Let us rewrite (NLPi(¢)) in a more

convenient form:
min f(x)
(NLP(a, B)) : subject to:  ¢g;(z) S oy, i =1,...,m,
Let us suppose that f and g;, i = 1,...,m, are convex functions from R™ into RU {400}

and h;(z), j =1,...,p, are linear (affine), i. e. h;j(z) = Ajx —b;, j =1,...,p, where A; denotes
a vector of R™ (the j-th row vector of a matrix A of order (p,n)).

Theorem 24. Under the above assumptions the following results hold:
(1)  The optimal value function f* is convex.

(17) If a, o are such that a; < of, Vi =1, ...;m, then f*(a, ) 2 f*(/, B).
Proof.

(1) Let

fJzeR": g(z) Sy, t=1,...,m;
B = hy(e) =By j=Lop |

One can easily check that for A € [0, 1] we have the inclusion
AE(a, B) + (L= N E(, 3) € E(e(A), B(N))
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where a(\) = Aa + (1 — Ao/ and B(A) = A3 + (1 — \)B’. Consequently, if z € FE(a, ),
¥ e E(,3), Ae€0,1), then

F1 (@A), B(N) = fAz + (1= Na') = Af(2) + (1= A)f ().

Hence

@V, B) = Af*(a, B) + (1 = N f (', B).
(17)  Since E(a, ) C E(d/,B) if a; < o, ¥i =1,...,m, one has

fHa,B) = inf f(r)=z inf )f(ﬂﬁ):f*(o/,ﬂ)- -

z€E(a,B) T zeE(d B

We recall (see Florenzano and Le Van (2001) and the classical book of Rockafellar (1970))
that if f is a convex function on R", the element z* of R" is called a subgradient of f at x if

f(z) 2 f(z) +2"(z —x), V2 € R".

The set of subgradients of f at x is called subdifferential of f at x and denoted by 9f(x).
If 0f(x) # @ we say that f is subdifferentiable at x. The following proposition is basic to clarify
the links between differentiable convex functions and subdifferentiable convex functions.

Theorem 25. Let f be a convex function on R”. Then f is differentiable at x if and only if
Of(z) = {«*} . In this case Vf(x) = z*.

The following two propositions are proved, e. g., in Dhara and Dutta (2012) and in
Florenzano and Le Van (2001). With reference to (NLP;(a, f3)), it is convenient to assume,
at least for the original non perturbed problem (NLP;(0,0)), that the same admits a solution
and that the Slater constraint qualification is verified for the said problem:

e The vectors A;, j = 1,...,p, are linearly independent (i. e. the matrix A has rank p)
and there exists T such that A7 = b and ¢;(z) <0, for all i = 1, ..., m.

This assumption assures that the set of multipliers M (x°) for (NLP;(0,0)) is a nonempty
compact set of R x RP and that the feasible set of (NLP;(c, ()) is not empty for (o, f) in a
neighborhood of (0, 0).

Theorem 26. If 20 is a solution of (NLP;(0,0)), then:
(i)  The set of multipliers at 2° is equal to —9f*(0,0).

(17)  Further, if the Slater constraint qualification holds for (N LP;(0,0)), then f* is continuous
at the origin and the set of multipliers at 2° is a convex and compact set.

We remark that no differentiability assumption was made in Theorem 26; hence the terms
“set of multipliers” can be referred to the set of multipliers for a saddle point of the Lagrangian
function of (NLP;(«,3)) or for optimality conditions expressed in terms of subdifferentials.
Florenzano and Le Van (2001) give the following result, as a corollary to Theorem 26.
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Theorem 27. Let z2° be a solution of (NLP;(0,0)). Then the optimal value function f* is
differentiable at (0,0) if and only if there exists a unique multipliers vector (u,w) at z°. In this
case Vf*(0,0) = [—u”,—w'].

We remark that the multipliers vector (u, w) will be unique if the functions of (NLP(«, 3))
are differentiable and the gradients Vg;(2°), i € I(2°), Vh;(2°), j = 1, ..., p, are linearly inde-
pendent.

If the multipliers vector is not unique, the results of the above theorem have to be modified.
The following result, expressed perhaps in a more convenient form than the previous result,
can be found, e. g., in Hiriart-Urruty (2008). We rewrite the convex problem (NLP;(«, 3)) in

the form:
min f(x)
(P(a, B)) : subject to:  ¢g;(z) Sy, i=1,...,m,
AJ(I) — bj = Bj? ] = 1, -y P,
where A; denotes the j-th row of the matrix A of order (p,n). Besides the convexity of f and
every g;, t = 1,...,m, it is assumed that (P(0,0)), i. e. the non perturbed problem, admits a
solution and that (P(0,0)) verifies the Slater constraint qualification at a feasible point z.

Theorem 28 (Hiriart-Urruty (2008)). Under the above assumptions there exists the direc-
tional derivative of f* at (0,0) in the direction (o, ) of R x R? and is given by
T T
max —u «a)+ (—w .
x| {( )+ (—w'B)}

This shows that the graph of f* is not necessarily smooth at (0,0) when the set M () is
not a singleton: when M (2°) is a singleton, i. e. M (2°) = {(u,w)}, then f* is differentiable at
(0,0) and we have

Vf*(0,0) = [—uT, —wT] )

These questions have been treated also by Horst (1984a,b), with reference to a convex

optimization problem with no equality constraints. This author considers the problem

{ max f(x)

gl(x) § bi, 1= 1, L, m,

where (— f) and each g; are real-valued convex and differentiable functions defined on R".

We denote by K (b) the feasible set of the said problem and by f*(b) its optimal value

function:
sup f(x), if K(b) # 2,
f*(b) = z€K (b)

—00, if K(b) =@.
Theorem 29 (Horst). Assume that in the above problem the Slater constraint qualification
is satisfied: there exists Z € R" such that ¢;(Z) < b;, i = 1, ..., m. Moreover, let the set U(b) of
optimal solutions of the associated dual problem

min { sup (f(z) +u' (b— g(x))}

ueR” | zeRrn
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be compact. Then it holds

0r(0) = minu;, 1=1,..,m,
8[);_ ueU (b)
af*(b) .
= i) = 17 ) )
ab; wel) "
where ag;ib) denotes the right-hand side partial derivative and 97°®) denotes the left-hand side

b,
partial derivative of f*(b). The compactness of the set U (b) of optifnal dual solutions is assumed
to assure that the minima and maxima in the above relations exist. It could be replaced by:
“suppose that

min u; and maxu;

ueU(b) uelU(b)
exist”. Note that this will always be the case if we have only finitely many dual solutions.

From this result it is then possible to obtain the classical limitations, for the maximization
problem considered,
af*(b) 9f*(b)

— 1=1,..
obF ab- T

See, e. g., Balinski and Baumol (1968), Gale (1967), Takayama (1977, 1985), Uzawa (1958).
For general sensitivity results on the optimal value functionf*(«, 3) when the related

problem is not convex, the reader is referred to Gauvin (1979,1980), Gauvin and Tolle (1977),

Gauvin and Janin (1990), Geoffrion (1971) and the other authors quoted in this section.

A
A

U ., m.

7. Notes on Sensitivity for Linear Programming Problems

The literature concerning stability, sensitivity and post-optimal analysis in linear pro-
gramming problems is rather extensive: almost all good books on linear programming treat
these subjects. For (non exhaustive) surveys and interesting papers the reader is referred to
Akgiil (1984), Aucamp and Steinberg (1982), Gal (1984, 1979, 1986), Gauvin (1980a,b, 1995b),
Gauvin (2001), Horst (1984a,b), Jansen and others (1997), Peterson (1970), Ward and Wendell
(1990), Williams (1963). A good treatment of sensitivity properties of the optimal value func-
tion in linear programming problems (with no references to algorithmic questions), is contained
in the book of Achmanov (1984). This author takes into consideration the primal problem

maxc'
(P): { Az < b

and its associated dual problem

minb'p
(D): {ATp:c,pEO,
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where A is of order (m,n), x € R", b € R™ c € R" p € R™. X° and Y are, respectively, the
set of optimal solutions of (P) and (D). It is convenient to assume X° # &, Y° #£ &.

We recall some basic facts about the primal problem and its dual problem. If we denote
by X and y, respectively, the feasible set of (P) and (D), it holds:
(i)  On the basic assumption X # &, the primal problem (P) has a solution if and only if
Y # @.
(77)  On the basic assumption Y # &, the dual problem (D) has a solution if and only if
X #£@.

With f*(b) we denote the optimal value function of (P) and we shall write f*(b,c) if we
want to put into evidence the dependence of f*(-) from vector c.

Let us consider the sets

B ={z € R™: there exists x € R" such that z = Az},

C= {w € R" : there exists p € R™, p 2 0, such that w = ATp} .
The duality theorem for linear programs inplies that the function f*(b,c) is defined on
BxC={(z,w):z€ Bywe C}.

Theorem 30. The function f*(b, ¢) is positively homogeneous of first degree in both variables
b and c, i. e.
FrAbe) = Af*(be); f1(bAe) = Af*(bc), YA > 0.

Theorem 31. The function f*(b, ¢) is concave with respect to b and convex with respect to c.

If we consider the usual function f*(b), the two previous theorems become, respectively:

Theorem 30 bis. The function f*(b) is positively homogeneous of first degree, i. e. f*(b) =
Af*(b), YA >0.
Theorem 31 bis.  The function f*(b) is concave on its domain B (convex set).
An important property of f*(b) is its continuity.
Theorem 32. The function f*(b) is continuous on its domain B.
As for what concerns sensitivity results on f*(b), we have the following statement (Achmanov)

which characterizes the dual variables as “shadow prices”.

Theorem 33. If the dual problem (D) has a unique solution p*, then the optimal value
function f*(-) of (P) is differentiable at the point b and we have 0f*(b)/0b; = p}, i =1,...,m,
i. e.
Vo f*(0) = ()"
The conditions which assure uniqueness of solutions in a linear programming problem are
studied by Mangasarian (1979).

Following again Achmanov, we now see the differentiability properties of the function f*(b)
when the dual (D) has not a unique solution. When the primal solution is “degenerate” there
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may be multiple dual optimal solutions and in this case the thesis of Theorem 33 obviously
cannot hold. Let us consider the set of the extreme points (or vertices) of the set YO, the set
of solutions of (P), which is a polyhedral convex set, and suppose that this set is formed by k
elements: {pl, P, ..., pk} . Let us consider the following convex cones of R™

KT:{SERm:SpT—spi§O, i:1,2,...,k:},

for every r =1,2, ..., k.
Obviously K, # @ :bec K,, r =1,2,....k, as bp" = bp'.

Theorem 34. Let be s € R™, ||s| = 1, a vector defining a direction at the point b, s € K.
Then, the number sp” is the directional derivative of the function f*(-) at b in the direction s.

Remark 2. If we suppose that at least a dual solution p* verifies the property p; = 0 for
an index i, we can deduce that if the i-th component b; of vector b is modified, and the other
components are not modified (they are fixed), then the maximum value f*(b) does not change.

A result similar to Theorem 34 of Achmanov is given by Horst (1984a,b) and by Gauvin
(1980a). We report the version of Horst. This author considers the classical linear programming
problem with nonnegative variables

max CT[L'

(PL) : Ar <)
x 20,

where A is of order (m,n), c € R" b € R™, and its dual

minb'u
(DL) : Atuzec
u = 0.

Let us denote by U(b) the set of optimal solutions of the dual linear problem (DL). Then
the results of the previous Theorem 29 apply to (PL) and (DL). More precisely, we have the
following theorem.

Theorem 35 (Horst). Let the set U(b) be nonempty and compact. Then we have

o1 (0) = min u;; 01 () max u;
ob; weU(®) b, ueU(®)
where (EZS’) denotes the right-side partial derivative of f*, 859) denotes the left-side partial

derivative and u; denotes the i-th component of u.
Let the set U(b) be compact with k extreme point solutions %/, 1 < j < k. Then it is well
known that U(b) consists of all convex combinations of the extreme point solutions @/, that is

k k
U(b):{ueRm:u:Z)\juj, Z/\j:L /\jzoajzla-wk}-
=1

J=1
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This last one is a compact set. Moreover, in this case the quantities

min ; maxu;
uwelU(b)  uel(b)

which appear in Theorem 35 can be replaced by

min 4]; maxu;,
1255k 15j<k

since u; = u'e’, where e’ denotes the i-th unit vector, is a linear function that attains its
minimum and maximum at one of the extreme points @’ of U(b). See also Aucamp and Steinberg
(1979, 1982),
From the above results it is easy to draw the inequalities (see, e. g., Nikaido (1968))
af(b) 0f*(b)

= min u; < u; £ maxu; = 1=1,....m.
ob; wet(d) = T weu®) ¢ ob; T

A paper which applies to a nonlinear programming problem with linear constraints, the
results obtained by Fiacco (1983a) and other authors for the general nonlinear parametric
programming problem, is due to Kyparisis (1987a). In particular, this author takes into con-
sideration the problem

mxin f(z,v)
s. t. Az —b(v) 20
Dz — c(v) =0,
where v € R” is the perturbation parameters vector, f : R” x R” — R is of class C? in (z,v),
b: R — R™ ¢: R — RP; A is a matrix of order (p,n). Then this author takes into
consideration the problem with fixed linear constraints

minf(z,v)
P(v*): s. t. Az —b>0
Dz —c=0.

With reference to P(v*) Kyparisis proves the following results. Suppose that the (KKT)
conditions hold at z* for P(v*) and define the set

C={z:V.f(z*;v")2=0, A"2 20, Dz =0},

where A* is the submatrix of A which comprises rows Ay, k € I*, I* = {k : Apz* = by} .

Theorem 36 (Kyparisis). Suppose that (KKT) conditions hold at z* for P(v*) with some
(u*,v*), and that the Second Order Sufficient Conditions hold at z*. Then, there are neigh-
borhoods U of z* and V of v*, and a Lipschitz continuous function x : V' — U, such that,
for each v € V| z(v) is the unique solution in U of P(v*). Moreover, the one-sided directional
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derivative of x(v) at v* exists for any direction s # 0 and is given by Z which uniquely solves
the following system:
[V2f (" 0)2 + Vi, fa"v)s] 2 =0,

V2 f(z*,v")T + V2 f(z*,v")s € O,
7 € C, where C* = {z 2Tz 20, Vo € C} is the positive dual cone of C.

8. Notes on Sensitivity for Variational Inequality
Problems

Parallel to the stability and sensitivity developments in nonlinear programming prob-
lems, stability and sensitivity studies for variational inequalities have been expanding rapidly.
The results obtained before 1990 heve been surveyed by Kyparisis (1990a). Other works on this
subject are Gowda and Pang (1994), King and Rockafellar (1992), Kyparisis (1987b, 1990b,
1992), Mordukhovich (1994), Pang (1993), Liu (1995a,b), Qiu and Magnanti (1992), Tobin
(1986).

Variational inequalities were originally introduced in infinite-dimensional spaces (see, e.
g., Kinderlehrer and Stampacchia (1980), Baiocchi and Capelo (1984)). However, subsequently
finite-dimensional versions have been found to have applications to transportation planning,
regional science, socio-economic analysis, energy modeling, game theory, etc. An excellent
survey of finite-dimensional variational inequalities is given by Harker and Pang (1990). Also the
two volumes of Facchinei and Pang (2003) are a good reference work on variational inequalities.
In the present section we shall follow mainly the paper of Crespi and Giorgi (2002).

We recall that the general parametric variational inequality problem is defined as:

e Find z* € K(¢) such that
F(z*e)(x—2") 20

for all z € K(e), where F' is a mapping from R" x R” to R", K(-) is a feasible point-to-set
map from R” to R" (i. e. it assigns to each vector € the feasible set K(¢)), and ¢ € R” is the
parameters vector. Direct analysis of this problem is in general difficult, unless the feasible set
K (g) has a specific functional form. For example, K (¢) is a nonempty closed convex subset of
R™ or K(¢) is specified in a functional form. We shall consider this last case; more precisely,
we are concerned with the case where K () is given by

K(e)={x e R": g(z,e) £ 0, h(z,e) =0},

where g and h are mappings from R” x R" into R™ and RP, respectively, and £ € R" is the vector
of perturbation parameters. We shall call (V' I(¢)) this last variational inequality problems.

Since (VI(e) and (NLP(e)) are traditionally linked together, it has been quite common to
translate classical results of the latter problem to the former one. For instance, we shall recall
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that a function F' : R" — R" can be seen as the gradient of some function f : R" — R, i.
e. F(z) = Vf(z), provided that the Jacobian matrix V f(z) is symmetric for all = € dom(f).
If that is the case (the variational inequality is then said to be integrable), we have that the
Karush-Kuhn-Tucker type conditions for the variational inequality coincide with the ordinary
Karush-Kuhn-Tucker conditions for the optimization problem.

We assume that the functions F, g and h are C? in both variables (z,¢) at least in a
neighborhood of (z*,¢*), local solution of the unperturbed problem (VI(e*)). For (VI(e)) we
shall introduce a set of KKT type conditions, by means of the following Lagrangian function
(see Kyparisis (1987b, 1990a)):

Lp(x,\ pye) = F(x,e) + Vag(zr,e) + uVhy(x,€).

Let z* be a solution or also a local solution of (VI(¢*)); we say that the generalized
Karush-Kuhn-Tucker (GKKT) conditions hold at z* if

LD(Q:*v )\7 Ky 8*) = 07

Ai 20, Ngi(2",e") =0, i=1,...,m,
gi(z*,e") =0, 1=1,....,m; hj(z*,e")=0, j=1,...,p.

It is well-known that the (GKKT) conditions hold at the optimal point x* for (VI(*))
if some constraint qualification holds: e. g. the gradients Vg;(z*), i € I(z*), and Vh;(z*),
J =1,...,p, are linearly independent.

We call a point z* that satisfies (GKKT) conditions with some A and p a stationary point
for (VI(g)). It is also known (Tobin (1986)) that if for ¢ = £*, the functions ¢;, i = 1, ..., m,
are convex in z and the functions h;(z), j = 1,...,p, are affine in z, then any point z* which
satisfies (GKKT) (i. e. * is a stationary point for (VI(g))), is a solution of (VI(g*)).

Conditions (LI), (MFCQ), (SMFCQ), (CR) are applied to (VI(e*)) without any change.
Some second order conditions for (VI(¢)) are introduced.

Let 2* be a stationary point for (V' I(g*)).

e The second order conditions (SOC) hold at z* with (A, u) if
2 Vo Lp(z* )\, e%)z >0
for all z # 0 such that

Vgi(z*,e)z < 0, VieI(x),
Vgi(x*,e%)z 0, Vi € It(\, ),
Vhi(z*,e)z = 0, Vj=1,..,p,

where
I*Oyp)={i:1<i<m, A\ >0}
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for each pair of multipliers (\, ).
e The strong second order conditions (SSOC) hold at z* with (A, u) if

2"V Lp(z*, A\ 1, e%)z > 0
for all z # 0 such that

Vgi(x*,ez = 0, Vie I (\p),
Vhi(z*,e")z = 0, Vj=1,..,p.

e The modified strong second order conditions (MSSOC) hold at z* with (A, u) if
2 Vo F(z*,e%)z > 0

for all vectors z # 0 as in (SSOC).

e The general modified strong second order conditions (GMSSOC) hold at z* if (MSSOC)
hold at x* with (A, i), for all (A, p) € M(z*,e*), where M(x,e) denotes the set of multipliers
(A, u) which satisfy (GKKT) at (x,¢).

We are now ready to introduce some counterparts of sensitivity results for (NLP(¢)) to
variational inequality problem (VI(g)).

Theorem 37 (Tobin (1986), Kyparisis (1987b), Qiu and Magnanti (1992)). For (VI(e*))
suppose that (GKKT) conditions hold at x* with (A, u); suppose further that the (LI) constraint
qualification and the Strict Complementary Slackness Condition (SCS) hold at z*. Finally,
suppose that the (SOC) hold at z* with (A, ). Then:

a) For € in a neighborhood of * there exists a locally unique once continuously differentiable
vector function y(e) = [z(e), A(e), u(e)] " satisfying (GKKT), (SOC), (SC) and (LI) conditions
at x(e) with (A(e), u(e)) for (VI(e)) such that y(e*) = [a*, X, )] "

b)  Under additional assumption that, for any fixed ¢, all g; are convex in = and all h; are
affine in z, z(¢) is also a locally unique solution to (VI(¢)) with associated unique multipliers
vectors A(e) and p(e).

Theorem 38 (Kyparisis (1987b)).  Suppose that z* verifies (GKKT), (SSOC), and (LI)
conditions with multipliers (A, u) for (VI(e*)). Then:

(a)  For e in a neighborhood of £*, there exists a locally unique continuous vector function
y(e) = [z(e), Me), ()] " satisfying (GKKT) as well as (SSOC) and (LI) conditions for (VI(¢))
and such that z(e) € K () and y(e*) = [z, A\, 1)] .

(b)  There exist ¢ > 0 and d > 0 such that for all ¢ with ||e — *|| < d it follows

ly(e) —y(e)ll = clle — 7]

(¢)  Under additional assumptions that for any fixed ¢, all g; are convex in z and all h; are
affine in x, x(¢) is also a locally unique solution to (VI(e)) with associated unique multipliers
vectors A(e) and pu(e).
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Theorem 39 (Kyparisis (1990)). Let (GKKT), (MFCQ), (CR) and (GMSSOC) conditions
hold at z*. Moreover, assume for any fixed ¢, all g;, i = 1, ..., m, are convex functions in x and
all h;j, j = 1,...,p, are affine functions in . Then, for any ¢ in a suitable neighborhood of £*,
there exists (locally) a unique solution z(¢) of (VI (¢)) and this solution is a continuous function
of €. Moreover, x(¢) is directionally differentiable at €* with respect to any direction d # 0 and
its directional derivative Dx(e*, d) uniquely solves, for some (A, 1) in the set of extreme points
of M(z*,&*), the following linear variational inequality:
Find z* € LK (A, p) so that Vz € LK (A, p),

(VoLp(x* A, )2+ Vo Lp(x*, A\, e")d] (2 — 2%) 20 (6)
where

2 Vagi(x* e*)z+ Vegi(a*, e )d
K()Uﬂ’) = viﬂgl(‘r € )Z + vEgZ(m € )d z S I(l’*,é‘*)\\f—i_(}\,ﬂ),
Vihi(z*,e*)z + V. h;(a*,e")d =

Crespi and Giorgi (2002) have improved the previous result for a special case.
Theorem 40. Let the assumptions of Theorem 39 hold and let f : R” x R"” — R" be convex
and such that F' = V f. Then the conclusions of Theorem 39 still hold true and, moreover:
1. () is (locally) PC' and then locally Lipschitz and B-differentiable.
2. Dx(e*,d) uniquely solves (6) for all (A, u) € S(e*,d), where
S(e*,d) = argmax {A\V,g(z",e")d + pV h(z*, e)d | (A, u) € M(z*,e")}.

A

For the proof see Crespi and Giorgi (2002).
A similar result can be proved in a more general setting. First, we note that (6) can be
seen as the first order condition of the following quadratic programming problem:

1
min —z' V.Lp(x,\ p,€)z+ 2 V.Lp(x, A, 1, €)d.

zeLK(Au) 2

Define ] ]
@(.I',E,y) = §F($,€)(5L’ - y) + §F<y,€)($ - y)a
for y € K(e).

Definition 3. A function F: R® — R" is said to be monotone if

(F(x) — F(y)(x —y) 20, Va,y € dom(F).

Theorem 41 (Crespi and Giorgi (2002)). Let F' be continuous and monotone in z*. Then

x* solves (VI(e*)) if and only if z* € argmin®(x, *, x*).
€K (%)
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For the proof see Crespi and Giorgi (2002).
Finally, we quote the following results due to Crespi and Giorgi (2002) and which may be
considered as an extension to variational inequalities of similar results which hold for (N LP(¢)).

Theorem 42. Under the same assumptions of Theorem 39 and assuming F' monotone, we
have, besides the thesis of Theorem 39, that:

1. z(-) is (locally) PC' and then locally Lipschitz and B-differentiable.
2. Dzx(e*,d) uniquely solves (6) for all (A, u) € S(e*,d).

9. Estimates of Sensitivity Results for (NLP(g)) by
Means of Penalty Functions

In this final section we summarize the main results given by Fiacco (1976, 1983a) and
by Armacost and Fiacco (1975, 1978, 1979) on the use of penalty methods in order to estimate
some sensitivity results for a parametric nonlinear programming problem (N LP(¢)). The above
quoted authors consider (N LP(g)) with inequalities of the form g;(x,e) =2 0,7 =1,...,m, i. e.
the problem

min f(xz,¢)
(NLP(e)) : subject to:  g;(z,e) 20, i =1,...,m,
hj(z,e) =0, j=1,..,p.

In the present section we shall consider this form of (NLP(e)). For this problem the
Lagrange function is defined as

L(x,u,w,e) = f(x,e) — Zuigi(:v, €)+ ijhj(x,e).
i=1 j=1

For the reader’s convenience we recall the assumptions made in order to state Theorem 6,
assumptions that we impose also in the present section.

A1)  The functions defining problem (N LP(e)) are twice continuously differentiable in (z,¢)
in a neighborhood of (z*,0).
A2)  The second order sufficient conditions for a local minimum of problem (NLP(0)) hold
at z* with associated Lagrange-Kuhn-Tucker multipliers «* and w*.
A3)  The gradients V,g;(z*,0), for all ¢ such that ¢g;(z*,0) = 0, and V,h;(z*,0), j =1,...,p,
are linearly independent.
A4)  Strict complementary slackness (SCS) holds at (z*,0), i. e. u} > 0 for all i such that
gi(z*,0) = 0.

We recall also the basic local characterizations of a Karush-Kuhn-Tucker triplet, given by

Theorem 6 (Fiacco (1976)). If assumptions A1), A2), A3) and A4) hold for problem (NLP(¢))
at (2*,0), then:
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(a) z*isalocal isolated minimizing point of problem (N LP(0)) and the associated multipliers
u* and w* are unique.

(b)  For € in a neighborhood of 0, there exists a unique, once continuously differentiable vector
function y(¢) = [z(e), u(e), w(e)]" satisfying the second order sufficient conditions for a local
minimum of problem (N LP(¢)) such that y(0) = [2*, u*, w*]" = y* and hence, z(¢) is a locally
unique local minimum of problem (N LP(g)) with associated unique multipliers u(¢) and w(e).

(¢c)  For € near 0, the set of active inequalities is unchanged, strict complementary slackness
holds for u;(e) for i such that g;(x(g),e) = 0, and the active constraint gradients are linearly
independent at z(e).

We recall that when y(e) = [z(e), u(e), w(e)] " is available, then V.y(e) can be calculated
near £ = 0 by the expression

Veyle) = [M(e)] ' N(e)

where M (e) is the Jacobian with respect to (x,u,w) of the following Karush-Kuhn-Tucker
system (satisfied by y(e) near ¢ = 0, thanks to the previous conclusion (b)):

VoL [z(e), u(e), w(e), €] = 0,
u;(e)gi [x(e),e] =0, i=1,...,m
h;lx(e),e] =0, j=1,..,p,

and N (e) is the negative of the Jacobian of the Karush-Kuhn-Tucker system with respect to .

The authors quoted above use the logarithmic-quadratic-barrier-penalty function for prob-
lem (NLP(g)), considered by Fiacco and McCormick (1968), and defined as

W(:Jc,s,r):f(m,s)—TZl n(g;(z,¢)) Zths
i=1

Under assumptions Al), A2, A3) and A4, the following facts are known for problem
(NLP(0)) from penalty function theory (see Fiacco and McCormick (1968)):

(1) Forr > 0 and small, there exists a unique once continuously differentiable vector function
x(0,7) such that x(0,r) is a locally unique minimizing point of W (z,0,r) in

R#(0) = {x : gi(x,0) >0, i =1,...,m, and hj(z,0) =0, j=1,...,p}
and such that x(0,r) — 2(0,0) = z*, 2* local isolated minimizing point of (N LP(0)).

@) )
Tli_r)nor Z In(g;(z(0,r),0) = 0.

(3)

- 2
rlinozr Z h2( = 0.

33



(4)
Tli_n}DW(x(O,r),O,r) = f(z*,0).

The following theorem extends these results for problem (NLP(¢c)), where ¢ is allowed to

vary in a neighborhood of 0, and provides a basis for approximating the sensitivity information
associated with problem (NLP(g)).
The notation V2 denotes the matrix of second partial derivatives of W with respect to x.

Theorem 43 (Fiacco (1976)). If assumptions A1), A2), A3) and A4) hold for (NLP(¢e)), then
in a neighborhood about (¢,7) = (0,0) there exists a unique once continuously differentiable
vector function

y(57 7“) = [:L'(g, 7“), u(g, 7"), w(€7 T)]T

satisfying
V.L(z,u,w,e) =0,

wigi(x,e) =r, i=1,..,m,

hj(z,e) =w;r, j=1,..,p,

with (0,0) = (2*,u*,w*)" and such that, for any (&, r) near (0,0) and r > 0, (g, r) is a locally
unique unconstrained local minimizing point of W (z,¢e,r), g;(x(e,7r),e) > 0,7 = 1,...,m, and
V2W (x(e,7),e,7) is positive definite.

Just as before, we can immediately differentiate the above equations with respect to ¢, now
to obtain the perturbed formula for the parameter derivative V.y(e). The analogous reasoning
applies and we can obtain

Vey(e,r) = [M(e,r)] " N(e, )
where M and —N are the Jacobians of the perturbed KKT system with respect to (z,u,w)
and e, respectively.

Corollary 1 (Fiacco (1976)).  If assumptions Al), A2), A3) and A4) hold for (NLP(¢)),
then for any ¢ near 0,

(a)

Jim y(e,r) = y(e,0) = yle),

the Kuhn-Tucker triplet characterized in Theorem 6 and previously recalled in the present
section.

(b)
lim V.y(e,r) = Voy(e,0) = Voy(e).

r—0

This result motivates use of V.y(e,r) to estimate V.y(¢), when ¢ is near 0 and r is near
0, once y(e, ) is available. Theorem 43 provides the basis for an efficient calculation of V. y(¢),
since, at a local solution point (z,r) of W (x,¢e,r), it follows that

V. W lx(e,r),e,r] =0, (7)
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we can differentiate (7) with respect to € to obtain
VEW [x(e,7), 6,7 Vox(e,r) + Vo (VW [x(g,7),€,7]) = 0. (8)

By Theorem 43, V2W is positive definite for (¢,7) near (0,0) and r > 0, so V2W has an
inverse and

V.r(e,r) = —(V2W [z(e,7),e,7]) " 'VEW [x(e,7),,7].

Also, since
ul(€7r> :T/gl<x(87r)7€)’ /I/: 17"'7m7 (9)
and
w]<€7/r) :h]($<€7r)76)/r7 .] = 17"'7p7 (10)
for (¢,7) near (0,0) and r > 0, these equations can be differentiated with respect to € to obtain
Veoui(e,r) = —(r,/92) [Vegi(x(e,7),e)Vex(e, r) + 0gs(2(e, 1), €) /O] , (11)
Vewji(e,r) = (1/7) [Vihi(z(e,1),e)Vex(e, r) + Oh;(z(e, 1), €) /Oe] . (12)

Solving (8) and calculating (11) and (12) then yields the components of V. y(e,r), which
can be used to estimate V.y(e) for (¢, 7) near (0,0).

The next results extend this theory to an analysis of the optimal value function of problem
(NLP(¢)) along the Karush-Kuhn-Tucker point trajectory [z(e), u(e), w(e)]"

The optimal value function is defined as:

fH(e) = flz(e), € (13)
and the “optimal value Lagrangian” is defined as:
Lr(e) = Lx(e), ule), w(e),e],

where now

L(z,u,w,e) = f(z,e) — Zuigi(x, )+ ijhj(x,e).
i=1 Jj=1

The logarithmic-quadratic loss penalty function considered in the present section can also
be used to provide estimates of the first and second order sensitivity of the optimal value
function. Let the optimal value penalty function be defined as W*(e,r) = W(xz(e,r), e, 7).

Theorem 44 (Armacost and Fiacco (1975)).  If assumptions A1), A2), A3) and A4) hold
for problem (NLP(¢)), then for (e,7) near (0,0) and r > 0, W*(e,r) is a twice continuously
differentiable function of ¢ and
(a)

lim W*(e,r) = L*(e) = f*(e);

r—0
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VEW*<€, 7“) =V, WV 4+ V. W = Vs£<x7 u,w, 5) |(J:,U,w):(x(a,r)a(&r)vw(&?"));

lim V.W*(e,r) = V.L[x(e),ule), w(e), ] = V.f*(e); (14)

r—0

VIW*(e,r) = Vo(VeL (), ule), w(e),e]);

()
lim VZW*(e,r) = VZf*(e).
r—0
These results provide a justification for estimating f*(¢), V. f*(¢) and V2 f*(g) by W*(e,r),
V.W*(e,r) and VZW*(e, r), respectively, when r is positive and small enough. Since Corollary
1 and continuity imply that

lim f(l’(é,T’),S) = f*<5)7

r—s0t

another estimate of the optimal value function (13) is provided by f#(e,r) = f(z(e,7),¢)
when r > 0 and small. Direct application of the chain rule for differentiation then yields, for
x=z(e,r)

V.f#(e,r) = Vof(x,6)Vex(e,r) + Vof(z,e). (15)

Under the given assumptions, continuity also assures that V.f#(e,r) — V.f*(g) as
r — 07. Thus both V.f#(e,r) and V.W*(g,r) are estimates of V_.f*(¢) for r sufficiently
small. It should be noted that these estimates are functionally related since

m

VEW*(57 7“) = ng#(&', T) - Z ui(vxgivsx(gv 7“) + ngz) +

i=1

p
+ Z w;j(VahiVex(e,r) + Vohj)jo=a(er-

J=1

From this expression, it is clear that V.f#(e,r) is the better estimate of V.f*(¢), the
remaining terms in V. W*(e, r) simply consisting “noise” that is eliminated as r — 01. How-
ever, by using the expression for V.W*(e, r) given by (14) V.W*(e,r) can be calculated without
necessitating the calculation of V.xz(e,r), which is required to compute (15).

In summary, the basis for the estimation procedure, utilized by the authors quoted at the
beginning of the present section, for a specific problem, say (NLP(¢)), is the minimization of
the penalty function W (x, e, r) given by

W(z,e,r) = f(z,e) — TZln(gi(x, )+ % Z h2(x,¢).
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This yields a point z(e,r) which may be viewed as an estimate of a (local) solution z(¢)
of problem (NLP(¢)). The estimate f(z(e,r),e) of f*(¢) is immediately available when x(e,r)
has been determined, and the two estimates of V.f*(¢) given by (14) and (15) were already
discussed. The associated optimal Lagrange multipliers u(¢) and w(e) are estimated by using
the relationships given in (9) and (10), respectively. For other considerations on these types of
problems the reader may consult Fiacco (1983a).
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