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CHAPTER 1
Introduction and notation

1.1. Introduction

The present report aims to provide an overview of results from parametric opti-
mization which could be called classical results on the subject. These are results,
mostly obtained in the 80th and 90th.

We deal with programs of the type: For ¢ in a parameter set 7' C R? we wish to
find local minimizers x = z(t) of

(1.1) P(t): ngﬁg% f(x,t) st. x € F(t) ={z | gj(z,t) <0, j=1,...,m} .

Note that for any fixed parameter ¢ € T, the program P(t) represents a standard
optimization problem.

Suppose for fixed ¢ we have given the feasible set F'(¢), and a local minimizer T
of P(t) with corresponding value v(t) = f(Z,t). A main question in parametric
optimization is then the following:

Main question of parametric optimization. For parameter ¢ € T' close to {,

e how does the feasible set F'(t) change compared to F'(f)?

e does there exist a local minimizer x(t) of P(t) close to Z and if yes, how
does z(t) and the value v(t) = f(z(t),t) change with ¢? Continuously,
differentiably?

To give a concrete example we consider the parametric program
P(t) m%r% flz,t) = (v —1)*+ (22 — 2) s.t. x € F(t),
xre
where F(t) = {(z1,29) | 22 < 2t, 1 < 1} .

It is not difficult to see (cf., Figure 2.2) that for ¢ = 0 the (unique) minimizer of
P(0)is T = (0,0). More precisely for ¢ € R the (unique) minimizer x(t) of P(t)
with corresponding value function v(t) = f(x(t),t) is given by (see Figure 2.2)
[ (#,2t) for t<1 [ 2(t—-1)* fort<1
“”<t)_{ (1,2)  for t>1 v(t) = (t—1)2 fort>1
The minimizer function is piecwise linear and the value function is (differentiable
and) piecwise quadratic (see Figure 1.1). We refer to Section 6.6 to a general

result for this type of parametric quadratic program. This example indicates as a
rule of thumb the following behavior in parametric optimization:

3



4 1. INTRODUCTION AND NOTATION
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FIGURE 1.1. Minimizer function z;(¢) (1st component), value
function v(t).

e In general, we cannot expect that the minimizer function z(t) of P(t) is
globally differentiable. We only can hope for piecewise differentiable,
Lipschitz continuous functions z(t).

e The value function however may be smoother than the minimizer func-

tion z(t).
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FIGURE 1.2. Sketch for P(0) (above, left), for P(1/2) (above,
right), for P(3/2) (below).

Why such a report? There are books on this topic. Fiacco [10] wrote the first in-
troduction on parametric optimization. But this exposition is essentially restricted
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to programs where the assumptions of the Implicit Function Theorem are satis-
fied (see Chapter 4). The early book of Bank,Guddat,Klatte, Kummer, and Tam-
mer [2] does not yet contain many of the standard results on nonlinear problems.
The book Bonnans, and Shapiro [6] considers parametric programs under more
general cone constraints and reports on results beyond an introduction. In Klatte,
and Kummer [18] mainly nonsmooth Newton methods are considered. The book
contains a Chapter on nonsmooth (C'*!) nonlinear parametric programs.

Many results in the present report are only available through original articles in
journals, in the Lecture Notes edited by Fiacco [20, 21], or in the proceedings
of the conferences on “Parametric Optimization and Related Topics” organized
regularly by Jiirgen Guddat et al., [22, 23, 24, 25, 26].

So, the aim of this report is to make the classical results of Parametric Optimiza-
tion easier accessible to a broader group of mathematicians and engineers. To that
end the exposition contains many illustrative example problems.

The report is organized as follows. After a section with notations we start in
Chapter 2 with standard nonparametric optimization problems. We give a brief
introduction into properties and optimality conditions of unconstrained and con-
strained programs. As an application of mathematical programming, Chaper 3
gives a survey of programs occuring in models from traffic engineering.

Chapter 4 starts with parametric problems and presents stability results based on
the Implicit Function Theorem (IFT). Chapter 5 contains an introduction into
semicontinuity properties of feasible set, value function and solution set of con-
tinuous parametric programs P ().

Chapter 6 considers smooth (C?) nonlinear parametric optimization problems
P(t). Lipschitz stability of the feasible set mapping F'(¢) and the value func-
tion v(t) of P(t) are investigated under Mangasarian Fromovitz Constraint Qual-
ification. Moreover, the stability of local minimizers of P(t¢) is proven. Under
stronger assumptions directional differentiability of the value function v(t¢) and
the local minimizer function z(t) can be shown. We also study Lipschitz sta-
bility for minimizers of specially structured problems with linear right-hand side
perturbed constraints.

Chapter 7 deals with the directional differentiability of v(¢). In Chapter 8 we
present some applications. In particular we study stability and monotonicity re-
sults for programs appearing in the traffic models of Chapter 3. The Appendix in
Chapter 9 states some basic facts from analysis used throughout the report.

We start with some important remarks. In this report, for simplicity, we deal
with parametric programs (1.1) with only inequality constraints. We could also
consider programs with feasible sets defined by equalities and inequalities,

hi ,t :0,‘:1,...,
(1.2) P(t) : min f(z,t) s.t. (z, 1) ! ¢
z€Rn gj(x,t) <0, j=1,....m

We emphasize that all results in this report remain valid for (1.2) if the LICQ
condition for (1.1), that V,g,(Z,t), j € Jo(,t), are linearly independent (see
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Definition 2.4) is replaced by the LICQ condition,

Vxhl(f,t), 1= 1,...,(], and

(1.3) V.9i(T,t), j € Jo(T,t) are linearly independent,

and if the MFCQ condition for (1.1), that there exists £ with V,g;(Z, 1) < 0,7 €
Jo(Z, t) (see Definition 2.4), is replaced by the MFCQ condition,

(1.4) V.hi(Z,t),i=1,...,q, are linearly independent and there exists £
' such that Vxhz(f, Z)f = O,Z = 1, ..o q, ng](f,f)f < O,] S Jo(f, Z) .

We also wish to mention that Bonnans, Shapiro in [6] analysed parametric pro-
grams of the form: for ¢ € 7" solve

(1.5) P(t) : min f(x,t) s.t. G(z,t) € K,

r€eR™

with an open parameter set 7' C R?, f(z,t) € C(R"XT,R) (or f € C*,C?),G €
C(R™ x T,RM) and K C R a closed convex set. The constraint qualification
at (7, t), with G(z, t) € K, for this program reads (see [6, (2.178)]):

(1.6) 0 € int [G(7,t) + V.G(Z, H)R" — K] .

For the special case M = g +m, G = (G1,G2), Gi(z,t) = (hi(z,t),1 =
L...,q), Ga(z,t) = (gj(x,t),j =1,...,m),and K = {0} x R™, the feasibility
condition becomes

hl(xat)zo, Zzl,,q
g](l‘7t)§0;]:].,,m

as in (1.2), and the constraint qualification (1.6) splits into

0 € int [G1(T,t) + V.G (T, t)R"]
0 € int [G5(T,t) + V.Go(T, t)R* —R™] '

which is equivalent with the MFCQ condition in (1.4).
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1.2. Notation

We give a list of the notation used in this booklet.

zeR”
T e R”

B;(7)

B.(t)
Bs(S)

CO(R", R)
C(R", R)
C*(R",R)

Jo(T, 1)
L(z,t, 1)

column vector with n components x;,2 = 1,...,n
transposed of x, row vector z7 = (z1,..., x,)
the Euclidean norm of z € R”, ||z|| = /23 + ... + 22

the maximum norm of z € R", ||z||oc = maxi<;<y, |7;]

set of x € R™ with components z; > 0, (z; < 0),i=1,...,n
A € R™™ areal (n X m)-matrix

is the ith row of A

is the jth column of A

Frobenius norm, [|Af = />, a;. This matrix norm satisfies:
[ Az < [[A[[[|]l

gradient of f, Vf(z) = (%2, ... 42

Hessian of f, V2f(z) = (amfsz@))m

partial derivatives wrt. z, V. f(x,t) = (82(;’07 R 8}5(;”)

Hessian wrt. x of f

((')t(?—;x- f(z, t)) . ,second order mixed partial derivatives
j i i=1,...,n

j=1,...,p
directional derivative of () at ¢ into direction z, ||z|| = 1

upper directional derivative of v(t), see Definition 7.1

lower directional derivative of v(t), see Definition 7.1

given a sequence z; € R", [ € N, by ; — * we mean
limy oo 2 =T or lim, ||z, —Z| =0

the open 0 ball around the point z € R", § > 0,

Bs() ={r e R" | [lz —7|| <0}

the open ¢ ball around the parameter ¢ € R? , ¢ > 0

for some set S C R”, it is the open d-neighborhood around S,
Bs(S) = {z € R" | there exists T € S such that||x — Z|| < 0}
set of real valued functions f, continuous on R"

We often simply write f € C°

set of functions f, once continuously differentiable on R”

We often simply write f € C*

set of functions f, twice continuously differentiable on R"”

We often write f € C?

active index set at (T, ), Jo(T,t) = {j € J | g;(T,t) = 0}
Lagrangean function (locally at (Z, t)):

L(£7 t, ,u) = f(‘% t) + Zjejo(z,f) H;igj (ZL‘, t)
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the cone of critical directions, see Theorem 2.4

tangent space of critical directions, see Theorem 4.4
extended tangent space of critical directions, see Theorem 4.4
function of local minimizers of P()

parametric program see (2.7), (1.1)

feasible set of P(t)

value function of P(t)

set of (global) minimizers of P(t)

closure of the set S

interior of the set S

domain of the setvalued mapping F'(t), dom f = {t | F(t) # 0}



CHAPTER 2

Nonparametric optimization

Before starting with parametric optimization we have to provide an introduction
into standard nonparametric programming problems. We start with basic defini-
tions of some type of minimizers.

DEFINITION 2.1. Let be given a function f : ' C R" — R, continuous on the
subset F' of R™.

(a) The pointT € F is called a local minimizer of f on F if there is some § > 0
such that

f(@) < f(x) forall x € F satisfying ||z —Z|| < ¢ .

If () < f(z) Vx € F, then we call T a global minimizer. The point T is called
a strict local minimizer if

f@) < flx) forall xeF, 24T, |z —T| <6 .

(b) We say that T is a local minimizer of f on F of order s = 1 or s = 2 if there
are constants ¢, > 0 such that

flx) = f(@) = e —z|° VeeF, |lv—7l <d.

(c) Alocal minimizerT of f on Fis called isolated minimizer, if there exists § > 0
such that there is no other local minimizer & of f on F satisfying || — Z|| < 6.

A real symmetric (n X n)-matrix A is called positive semidefinite if
FAE>0  VEER™.

A is called positive definite if ¢£ A¢ > 0, V€ € R™\ {0}.
Throughout the report we use the abbreviation Bs(Z) = {z | ||z — || < 0} where
6> 0.

In the following, as usual, we distinquish between unconstrained and constrained
optimization.

2.1. Unconstrained minimization problems

In this section we consider unconstrained minimization problems of the form:
P: min f(z).

z€R™

Throughout the section we assume that f : R" — R is a C*-function.
Here are the well-known optimality conditions.

9
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THEOREM 2.1. [Necessary and sufficient optimality conditions]
Let f : R® — R be a C*-function.

(a) If T is a local minimizer of f then
Vf@) =0 and V?f(T) =0 (positive semidefinite)
(b) If T satisfies
V@) =0 and V?f(T) =0 (positive definite)

then T is a strict local minimizer of f of order 2. More precisely, for any ¢ < (3
where

B = g‘l‘l_n dTVZf(E)d >0,
there exists 6 > 0 such that
flx)—f(@) >c|x —EH2 forall x € Bs(T) .

Proof. See, e.g., [9, Lemmall.1,11.2]. To prove the last statement in (b), assume
that it is false. Then there exist ¢ < f and a sequence x; — 7 such that

fla) = f(@) < el —7)*.
Taylor expansion using V f(7) = 0 yields

cllo =7|* > flw) - f(T) = ;(mz—ﬂ?)TVQf( )(@1 =) + o[z — 7|

or after a division by ||z; — Z||?,

L —2)' oy (11— T)
(2.1) ——=Vf(T) +o(1)
2 ||z — | [l — |
Putting d; := we can assume (for some subsequence) d; — d, ||d|| = 1.

III ’II

Letting [ — oo from (2.1) we obtain
1_ _
> §dTV2f(f)d > B,

in contradiction to ¢ < 5.

A point T satisfying
V@) =0 is called a critical point of f .
In general, a strict local minimizer needs not be isolated (see Figure 2.1).

EX. 2.1. The minimization problem min f(r) = 2 + lx sin1/x has a strict
(global) minimizer * = (0. But there exist a sequence v; — T of strict local
minimizers x; of f. Note that f is not C* at 7.

Under the assumptions of Theorem 2.1(b) (in particular f € C?) however, the
strict minimizer 7 is isolated, i.e., there is a neighborhood Bj;(Z) such that T is
the unique local minimizer in B;(T).



2.2. CONVEX UNCONSTRAINED MINIMIZATION. 11

fx)y

- @ > T
FIGURE 2.1. Sketch of f(z) = 2 4+ $a*sin1/x

LEMMA 2.1. Let f be a C*-function and let T satisfy V f(Z) = 0 and V* f(T)
is positive definite. Then T is a locally unique critical point und thus an isolated
strict local minimizer.

Proof. Assume to the contrary that there is a sequence x; — T of critical points
xy, 1.e., Vf(x;) = 0. Then by Taylor expansion

0=V[(z) = Vf(@) =V (@) (0 —7)+o(|lz - 7).
Division by ||xz; — 7| yields

(21 — )

2 —
(2.2) 0= V2f(7) TRy o(1) .
The bounded sequence ﬁ has a convergent subsequence IIZZ :;H —d, ||d|| =
1. Taking the limit [, — oo in (2.2) gives 0 = V2f(Z)d = 0 and thus 0 =
d v? f(Z)d = 0, contradicting the positive definiteness of V2 (7). O

2.2. Convex unconstrained minimization.

Convex functions play an important role in optimization.

DEFINITION 2.2. [convex set, convex function]
A set D C R" is called convex if

forany xi,xo € D, T € [0,1] we have Tx1+ (1 —7T)x2 € D.
A function f : D C R" — R, D convex, is called convex on D if for any
x1,x9 € D and T € [0, 1] it follows
flrzy + (1 = 7)xe) < 7f(21) + (1 — 7) f(22) -
f is called strictly convex on D if for any x1,x5 € D, x1 # x9 and T € (0,1) it
holds
flray+ (1 =7)ws) <7f(z1) + (L= 7)f(22) .
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()

|
Z2 ’7'.2131—|-(1—7')332 1

FIGURE 2.2. Sketch of a convex function f(z)

The following is well-known.

LEMMA 2.2.

(a) Let f : D C R® — R, D convex, be a C*-function. Then f is convex on D if
and only if, for any © € D we have (cf., Figure 2.3)

f(x)> f@)+Vf@)(x—T)  forallx € D.

(b) Let f : D C R" — R, D convex, be a C*-function. Then f is convex on D if
and only if

V2f(z) is positive semidefinite for all x € D.
If V2 f(x) is positive definite for all x € D then [ is strictly convex on D.

Proof. We refer to [9, Th.10.9,Cor.10.4] O

1@ + @) - 7)

tangent line at ©

S

FIGURE 2.3. Sketch of a convex C''-function f(z)
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EX. 2.2. For a C'-function f : D — R, D C R" convex, we have

fisconvexonD & (Vf(z')—=Vf(z))(z'—2)>0 Vz,2' € D .

For a function f : [a,b] — R this means:
f is convex on [a,b] < f'(x) is nondecreasing on |a, b).
Note that we call f nondecreasing if
fly) < flx) fory<w.
Proof. =" By Lemma 2.2(a) for 2/, x € D we have
f@) = flx) > Vi@ (@ -
o) - f@) > V@)@ —)
Adding these relations yields
0> (Vf(z) = Vf()) (@' —z)
”<«:” The mean value theorem (see Appendix) implies,
f@) = f(2) =V [z +7(" —2))( —z),
with some 0 < 7 < 1. According to Lemma 2.2(a) it now suffice to show
(2.3) Vix+7 —x)(a —x) > Vf(x)(a —x).
By assumption, for T = x + 7(2’ — ) we have
V@& —2) 2 Vf(e)(T—x),
orinview of T — x = 7(2' — x),
Vi@)r(a' —x) > Vf(x)r(a' —x),
which after division by 7 > 0 gives (2.3).

O

The important fact in convex optimization is that we need not distinquish between
local and global minimizers. Moreover, only first order information is required to

characterize a minimizer.

LEMMA 2.3. Let f : D C R" — R be a convex function.
(a) Then any local minimizer of f on D is a global minimizer.
If f is strictly convex on D, then a (global) minimizer T is unique.

(b) Let f be a C'-function and let D be open. Then T € D is a (global)

minimizer of f on D if and only if V f(T) = 0.

Proof. We refer to [9, Th.10.5]. We only prove the uniqueness statement in

(a). Assume 7,2 € D, T # a2, are both global minimizers. Then for z :

1T + 12’ € D, strict convexity implies

1, 1, , _
flwo) < 31@) + 5 1) = (@),

an obvious contradiction.
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REMARK 2.1. Let f : D C R™ — R be a convex function. Then at each interior
point T of D the function f is locally Lipschitz continuous (cf., Definition 9.1).
See [9, Th.10.10] for a proof.

EX. 2.3. Show that the set of (global) minimizers of a convex function f is a
convex set.

EX. 24. Let f : [a,b] — R be a C'-function. Then we have:
f'(z) is strictly increasing on [a,b] = f(y) > f(z) + f'(z)(y — x) Yy # x € [a, b]
= f(x) is strictly convex on [a,b] .
Proof. Recall that we call i : R — R strictly increasing if
h(y) < h(z) for y<x.

Let f’ be strictly increasing and assume to the contrary that for some x # y in
[a, b] we have

fly) < @)+ @)y — =) .
Then by the mean value theorem it holds for some 7, 0 < 7 < 1,
Q4 Sy - f@)=flatTly—2)y—=) < f@)(y—2).

But by the monotonicity assumption on f’ in both cases + < y and z > y it
follows

f@)y —x) < fllo+7ly — =)y —=z),
contradicting (2.4). To prove the second implication take any x,y € [a,b], x # y
and define z, = y + 7(z — y) for 0 < 7 < 1. By assumption we must have

fl@) > flzz) + f(ar)(x — =)
fly) > fler) + fz)(y — ) .

Multiplying the first relation with 7 > 0, the second with 1 — 7 > 0 and adding
yields

Tf(x)+ (1 =7)f(y) > flar) + f @) (@ — 27) = flas) -

2.3. Linear programs

Let be given a matrix A € R”™*" with m rows aJT,j € J:={l,...,m}, and
vectors b € R™, ¢ € R". We consider primal linear programs (LP) of the form

(2.5) P: maxc'z st ze€Fp={zeR"|[ajz<b;, jeJ}.
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We often write the feasible set in compact form, Fp = {x | Az < b}. The
program

(2.6) D: minb'y st. yeFp={yecR"|Aly=c, y>0}

is called the dual problem. A vector x € Fp is called feasible for P and a vector
y satisfying the feasibility conditions ATy = ¢,y > 0, is called feasible for D.
Let vp, resp., vp denote the maximum value of P, resp., minimum value of D.

LEMMA 2.4. [weak duality]
Let x be feasible for P and y be feasible for D. Then
e < bTy and thus vp < vp .
If Tz = bT'y holds, then x is a maximizer of P and y a minimizer of D.
Proof. For x € Fp,y € Fp we obtain usingy > 0,0 — Ax > 0
by — o =y'b— (ATy) o = y"'(b— Az) > 0.
O

For T € Fp we define the active index set Jo(Z) = {j € J | alT = b;}.
For a subset Jy, C J we denote by A, the submatrix of A with rows a]T, 7€ Jo,
and for y € R™ by y, the vector (y;,7 € Jp).

DEFINITION 2.3. A feasible point © € Fp is called a vertex of the polyhedron
F’p if the vectors

aj, j € Jo(T), forma basis of R  or equivalently  if Az has rankn .

This implies |Jo(T)| > n. The vertex T is called nondegenerate if LICQ holds,
ie, aj, j € Jo(T), are linearly independent or equivalently A ;) is nonsingular
(implying | Jo(T)| = n) (see Figure 2.4).

as
a{x < bs a T
[\ < 1 a2
aq Z a9
F F
alz <b alx < by atz < b alx < by
1 1 2 1 2

FIGURE 2.4. Vertex = (left) and nondegenerate vertex 7 (right).
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The next theorem states the well-known strong duality results and related opti-
mality conditions in LP, see, e.g., [9, Section 4.1].

THEOREM 2.2.
(a) [Existence and strong duality] If both, P and D, are feasible then there exist
optimal solutions T of P and i of D. Moreover for (any of) these solutions we

have

AT = ng and thus vp = vp .

(b) [Optimality conditions] A pointT € Fp is a maximizer of P if and only if
there is a corresponding y € Fp such that the complementarity conditions

7 (b—AT)=0 or yibj—alz)=0, VjeJ
hold or equivalently if there existj;, j € Jo(T), such that KKT conditions are
satisfied:

Y mai=c, ;20,5 € J(T).
JEJo(T)

It appears that the solution of P arises at a vertex of Fp (cf. [4, Theorem 2.7]).

LEMMA 2.5. If the polyhedron Fp has a vertex (at least one) and vp < 0o, then
the max value vp of P is also attained at some vertex of F'p.

Remark. The Simplex algorithm for solving P proceeds from vertex to vertex of
F’p until the optimality conditions in Theorem 2.2(b) are met.

2.4. Nonlinear constrained Programs
We now consider nonlinear programs of the form
(2.7)  P: min f(x) s.t. reF:={xeR"|gj(x)<0, jeJ}
with index set J = {1,...,m} and feasible set F' (omitting equality constraints
to avoid technicalities). We again assume f, g; € C? throughout this section.
For 7 € F' we introduce the active index set
Jo(@) ={j € J|g;(x) =0}
and the Lagrangean function (near )
L(z,p) = f(z)+ > pg(x).
JE€Jo(T)

The coefficients p; are called Lagrangean multipliers.
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DEFINITION 2.4.

(a) We say that the Linear Independence Constraint Qualification (LICQ) is
satisfied at T € I if the vectors

Vg;(T), j € Jo(T), are linearly independent .

(b) The (weaker) Mangasarian Fromovitz Constraint Qualification (MFCQ) is
satisfied at T € F' if there exists a vector £ such that

Vg;(@)¢ <0, forall j e Jy(T) .

EX. 2.5. Show forx € F':
LICQ holds atx = MFCQ is satisfied at ©

We now state the well-known necessary optimality conditions.

THEOREM 2.3. [first order necessary optimality conditions]
Let T € F be a local minimizer of P.

(a)  Then there exist multipliers Ti, > 0,7i; > 0, j € Jo(T), not all zero, such
that the Fritz John (FJ) condition holds:

(2.8) IV (@) + Y 1V () =0.

jGJo(T)
(b) Letin addition MFCQ be valid at . Then there exist multipliers fi; > 0, j €
Jo(T), such that the Karush-Kuhn-Tucker (KKT) condition holds:

(2.9) Vi@ + Y BV =0.
j€Jo(T)
Proof. For a proof we refer to [9, Th.12.4,Cor.12.2]. O

A point z € F' satisfying the FJ condition, resp., the KKT condition with corre-
sponding nonnegative multipliers is called FJ point, resp., KKT point.

REMARK 2.2. If the constraints of P are given by only linear equalities/inequalities,
then without any constraint qualification assumption at a minimizer = the KKT
conditions must hold. For a proof see, e.g., [9, Th.5.4].

EX. 2.6. Let the KKT-condition (2.9) hold atx € F.

(a) Then if LICQ is satisfied at T, the multipliers Ti;, j € Jo(T), are uniquely
determined.

(b) If (only) MFCQ is satisfied at T, then the set of multipliers,

M(@) = {7 = (i € J(@)) | F; 2 0, j € ol®) and (2.9) holds}
is bounded (compact).
Proof. (b) By MFCQ there exist £ € R", o < 0, such that

Vg, (@E <o Vie ).
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The KKT condition yields using z; > 0
0< > mlol<— > 1Vy@E=VI@E,
jEJo(I) ]GJo(I)

and thus we obtain the bound for the Lagrangean multipliers:

0< Z ERE IVf()I

JjeJo(x
O

We give an example to show that without some Constraint Qualification the KKT
condition need not be satisfied at a local minimizer 7 of P.

EX. 2.7. [MFCQ does not hold] Consider the programs:
P, minx s.t x2§0, P,: minz? st 22<0.

Show that for Py at the minimizer T = 0 the KKT condition does not hold and
that for Py at the minimizer T = 0 the KKT-condition 0 + 10 = 0 is valid for all
multipliers 11 > 0.

In (nonconvex) optimization, in general, second order conditions are needed to
assure that * € F' is a local minimizer. However in special cases first order
conditions are sufficient for optimality.

THEOREM 2.4. [Sufficient optimality conditions]
(a) (Order one) LetT € F satisfy LICQ. Let with multipliers fi; the KKT
condition
(2.10) VL@ m) =Vf@)+ Y mVg@ =0, 7G>0, jc ),
j€Jo(@)

be satisfied such that strict complementarity (SC) holds,

f; >0, Vje Jo(z), (SC)

and | Jo(T)| = n.
Then T is a local minimizer of P of order s = 1.
(b) (Ordertwo) Letat™ € F with multipliers ji; > 0,j € Jo(T), the KKT
condition (2.10) hold and the second order condition

SOC : d"V2L(z, m)d >0 Vd € Cz\ {0},
where C5 is the cone of critical directions,
Gy = {d| Vf(2)d <0, Vg (@) <0, j € Jo()}

Then T is a local minimizer of P of order s = 2. More precisely, for any ¢ < [3,
where

B:= decmhg“ X §d V2L(Z,f)d > 0
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there exists 0 > 0 such that
f(x)— f@) >cllz—7|* forall x € F, z € Bs(T) .
Proof. We refer to [9]. The last statement can be proven by an easy modification

of the proof of [9, Th.12.6]. See also the proof of Theorem 2.1.
O

EX. 2.8. Let the KKT condition (2.10) hold at . Show that we have
Cz ={d | Vg;(T)d =0, ifﬁj >0, Vg;(@)d <0, l:fﬁj =0, j € Jo(T)}
If moreover SC holds, then Cz equals the tangent space:
Cz =T :={d|Vgj()d=0, j € Jo(T)} .

EX. 2.9. Show that the point 7 = 0 is the minimizer of order s = 1 of the
problem

min zo st gi(z) et —xy—1<0, go(x) =21 — 29 <0

Hint: Show that the assumptions of Theorem 2.4(a) are met.

To = X1

N '1‘1

FIGURE 2.5. Feasible set in Ex.2.9

EX. 2.10. Show that T = (\%, %) is the unique (global) minimizer of
P min f(z) =27+ (o —1)* st a9 <z}, 11>0.
Hint: Show that © satisfies the KKT conditions with 1 = 1 and SOC.

EX. 2.11. Show that under the assumptions of Theorem 2.4(a) we have Cz = {0},
i.e., SOC is automatically fulfilled.
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REMARK 2.3. The KKT conditions can also be given in the equivalent (global)
form:

(2.11) V@) +> nVgi(xr) = 0
jeJ
lujg](x) = OijJ

We give an example, where a strict local minimizer of P is not an isolated local
minimizer.

EX. 2.12. Consider the program

P: minz® st 2%1—sinl/z)>0.

Show that © = 0 is a strict local minimizer but not an isolated one.

Note that the problem functions are C?, but at T the condition MFCQ is not sat-
isfied.

Under the assumptions of Theorem 2.4 the local minimizer is isolated (see, e.g.,
[28, Th.2.3]).

THEOREM 2.5. Let f, g; be C*-functions. Assume that T € F satisfies MFCQ
and the KKT condition (2.9) with some multiplier ji1 > 0, as well as SOC (this
implies that T is a strict local minimizer of P of order 2). Then ¥ is an isolated
(locally unique) KKT point of P.

Proof. Suppose to the contrary that there is a sequence of KKT points z; € F',
x; — T, with corresponding Lagrangean multiplier vectors j; > 0. By continuity
of g; and MFCQ, with some § (see Definition 2.4) and some o < 0 we have for
large [,
Jo(z1) C Jo(ZT) and Vg;(7)€ <o, V()€ <o/2,Vje Jo(T) .
We define with p = (15,5 € Jo(T)), g(z) = (g(x), j € Jo(T)), the Lagrangean
L(z,p) = f()+ > pigi(x) = f(z) + p"g(x) .
j€Jo(T)

By MFCQ the sets of Lagrangean multipliers z; of z; are uniformly bounded (see
the proof of Ex 2.6(b)). So we can assume (for some subsequence) y; — & and
since Jy(7) is finite, we also can assume that the active index sets of x; are the
same, Jo(;) := Jo C Jo(T). So [w]; = fi; = 0 for all j ¢ J, and thus

0= gla) =n"g(T) .
Moreover
0= lhm VxL(l'l, ,ul) = VIL(E, ﬁ) y
— 00
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i.e., i is a Lagrangean multiplier wrt. T. In view of f(z;) = L(x;, 1), f(T) =
L(Z, ) and since by assumption (see Theorem 2.4) T is a second order minimizer,
with some x > 0 we have (for large [)

L@l»lﬁ) - L<E7ﬁ) 2 H||:L‘l - EHQ
In view of i/ g(z;) = " g(x;) = 0 (recall 7i; = 0, j ¢ Jo) we obtain

L(wy, ) = fx) + pf g(x) = f(@) + 7" g(x1) = Lz, 1)

and thus

(2.12) L(a, 1) — L(T, ) > &z — 7|

From SOC, by putting 0, := ||z, — T, d; := m, we find
1

L(z;,0) — L7, 1) = VL) (r —T)+ = 501 2dIV2 L(Z, m)d; + o(o})

(2.13) = —aldTV2 (z,1)d; + o(o}) .

Together, (2.12) and (2.13) yield for large [,

2
(2.14) d'V2L(Z, )d; > 2k + (;) > K
0

Later in Ex 4.8 the relation

(2.15) (e — 1) (g(a2) — g(T)) > 0

is proven. We also obtain

Vol(z, ) = Vf(z)+ p Vg(a)
= Vf(x) + 5" Vy(z) + (e — 1) Vg(x)
Vo L(x, 1) + (i — 1) [Vg(E) + O([|z — 7))

or

VoL (i, ) = Vo L(z, 1) = (1 — 1) [V9(T) + O(||l2 — z[])] -
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This together with (2.14) now leads to

(=" (9(z) = 9(@) = (u—-m"(g(x (7))
—(Va L(%Mz) L(T, 1)) (21 — T)

= (u—1m"(9(x) — 9(@))
—(VoL(a, Ml) L1, ) (2 — )

(V L(z, 1) — VLxﬁ)a:l—f)

= (mu—m"g(=) - g(@) — Vg(@) (2 — T)]
+O(m = allllz — )
—(VoL(z, 0) — V. L(Z, 1)) (z; — T)

= (=) [~ B V() (0~ )]

Ol — mllo?)
—(2 = T)"VIL(@, ) (1 — T) + of||z — 7|*)
= o(0?) — 2d'V2L(z, H)d; < —gaf

if [ is large, contradicting (2.15).

2.5. Convex constrained programs

DEFINITION 2.5. The program P is called convex if the functions f and g;, j €
J, are convex functions on R".

EX. 2.13. If the functions g;,j € J, are convex, then the feasible set F' of P is
convex.

In convex constrained optimization, the KKT conditions are sufficient for opti-
mality (cf., also Lemma 2.3).

LEMMA 2.6. Let P be a convex program and let f, g;,j € J, be C*-functions.
Then if T satisfies the KKT conditions (2.10), ¥ is a global minimizer of P.

Proof. We refer to [9, Cor.10.5]. O

LEMMA 2.7. Consider the convex program

P.: min f(z) st x€C,



2.5. CONVEX CONSTRAINED PROGRAMS 23

with C C R", a closed convex set, and f a convex C-function on C. Thenz € C
is a (global) minimizer of P. if and only if (cf., Figure 2.6)

Vi@)(x—7) >0 forall z€C.

FIGURE 2.6. Sketch of the condition in Lemma 2.7.

Proof. "=-:" Suppose to the contrary that there exists xy € C satisfying
Vi@)(zg—7)=a<0.
Then for x, =7 + 7(zo — Z) € C, 0 < 7 < 1, we find by Taylor’s formula,
flzr) = [f(@) +7V[f(@)(x0 —T) + o(7)
= f(@) +T1a+o(r) < f(T),

if 7 > 0 1s small enough, contradicting the minimality of .
”«<:” By convexity of f (see Lemma 2.2(a)) we obtain for all z € C,

f(x) = [(@) + V(@) -7) > [(T),

i.e., T is a minimizer of f. O

Let us look at the set M (Z) of KKT multiplier vectors of a KKT point 7 of P,

M@) ={0<peR™ | V(@) + ) 1;Vg(@) =0, p-g;(®) =0,j€J}.
jedJ

For convex programs all KKT points T have the same set M (7).

LEMMA 2.8. Let T,2', T # 2/, be two KKT points of the convex program P (by
Lemma 2.6 they are minimizers of P). Then M () = M (x').

Proof. For convex programs the Lagrangean L(x, ) = f(x) + >_;c; pi9;(x)
is a convex function of = (for p fixed). Let 4 € M(Z). The KKT condition
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V.L(Z, ) = 0 for T means that T is a global minimizer of L(x, u). In view of
1i9; () =0, j € J, we find
L@, ) = F@) + S wigs@) = L) = F@) + 3 w9,(@)
jeJ jeJ
= f(@=f{).
Using 1; > 0, g;(2") < 0 this implies 0 < > ; p1;9;(z") < 0 and thus
pigi(z') =0 forall j € J.
Consequently
L(a', p) = f(2') = f(Z) = L(Z, ) ,
and 2’ is also an unconstrained minimizer of L(z, u). Therefore V,L(z', u) = 0
must hold, implying p € M(z') and M (Z) C M (z'). Interchanging the role of 2’
and T gives M (2') C M(Z), i.e., M(T) = M ().
O

REMARK 2.4. Let the constraints of the convex program P be given only by
linear equalities/inequalities. Then (see Remark 2.2) at a minimizer = the KKT
conditions must hold and together with Lemma 2.6 we have in this case:

T € F'is a global minimizer of P < the KKT condition (2.10) is satisfied at 7



CHAPTER 3

Application: Models from traffic engineering

As an application of optimization, in this chapter, we investigate special models
from traffic engineering which are used to predict traffic flows on road networks.

3.1. Static traffic user equilibrium

In this model we have given a traffic network N = (V, E) with V, the set of
vertices ¢ (the crossings), and FE, the set of directed edges ¢ = (7,7), i,7 € V
(the road segments see Figure 3.1). Further are given pairs (s,,%,), w € W, of
origin-destination vertices s,,, t,, € V' (OD-pairs). We denote by

e P, the set of all directed paths p in /N connecting s,, with £,
o P = UwEWPw-

Between the OD-pairs (s,,, t,,) there is a certain traffic demand d,, i.e., d,, (cars/hour)
wish to go from s,, to t,,, w € W. This traffic will use certain paths from P,, and
the corresponding edges e of the network. We denote by

e 1. the traffic flow (cars/hour) on edges e € F,
o f, the traffic flow passing through path p € P.

J1
1

S1 Le

FIGURE 3.1. Example network

Then x = (z.,e € E) is the edge flow vector , f = (f,,p € P) the path flow
vector and d = (d,,w € W) the demand vector. In this model we finally are
given so-called cost functions

25
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e c.(z.), the edge cost functions, e.g., giving the travel times needed to
cross edge e,
e c,(x) =) ¢, Ce(xe), p € P, the path cost functions induced by the edge
flow x.
In this report we only consider the model with separated costs, where the costs
Ce = Ce¢(x.) only depend on the flow x. on the edge e. We assume

AT: The cost functions c.(z.), c. : Ry — Ry, e € E, are continuous, nonde-
creasing in ., 1.e.,
Ce(we) < ce(xl)  for z, < .

According to the definition, a feasible flow (z, f) € RIZl x RIPI must satisfy the
conditions

Af=d
(3.1) Af—z=0
f>0

where A = (A,,) is the path-demand incidence matrix of the network and A =
(A.,) the path-edge incidence matrix:

[ 1ifpeP, [ 1lifeep
Aup = { 0 otherwise and  Agp = { 0 otherwise

Let denote
o [y ={(x, f) | (z, f) satisfies (3.1) }, the set of feasible flow for given
demand d.

e X; = {z | thereexists f suchthat (z, f) € F,}, the projection of [}
onto the z-space.

It is easily seen, that the feasible set F; is compact (bounded and closed).
Note: Itis well-known (see, e.g., [9, Th.2.5]) that the projection X; of a compact
set F; given by linear equalities and inequalities (a polyhedron) is again a compact

set defined by linear equalities and inequalities (a polyhedron), i.e., (for d fixed)
there are matrices A, B and vectors a, b such that

(3.2) Xy={x| Ax =a, Bx <b}.

For this network model Wardrop [31] formulated in 1952 his famous equilibrium
conditions to predict the traffic flow in the network.

Wardrop Equilibrium: A feasible flow (z, f) € F} is called Wardrop equilib-
rium (WE) wrt. d if for all w € W it holds

cp(z) = cy(x) if f; >0
cp(x) <cy(z) if f;=0.

Such a Wardrop equilibrium is also called traffic user equilibrium.

(3.3) foranyp,q € P, wehave: f, >0 = {
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Meaning: In a traffic user equilibrium (z, f) according to Wardrop, for any
w € W it holds that for each used path p € P, between OD-pairs (s, %)
the path costs ¢,(z) must be the same.

Beckmann et al. [3] have discovered that the Wardrop equilibrium can be com-
puted as solution of the following optimization problem,

(3.4) Pwg: mnM@:E:/EWMhSL(LﬁE&.

ot eeE 0
This program has linear constraints and by Ex. 3.1, under AT, the objective N (x)
is convex, and differentiable. By (3.5) it satisfies

VN(z) = c(x) .

EX. 3.1. Show that by assumption AT the function N(x) in (3.4) is a convex
Sfunction of x in X 4. If in addition to AT the functions c.(x.) are strictly increasing,
Le.,

Ce(Te) < ce(xl)  for x, < .
then N (x) is strictly convex.

Proof. By AT according to the fundamental theorem of calculus the function
(3.5)

ne(ze) = /0 c(T) dr is differentiable with derivative nl,(x.) = c.(z.).

The statement then follows from Ex. 2.4. O

REMARK 3.1. By Remark 2.4, under AT, a flow (z, f) € Fj is a minimizer of
Py if and only if the following KKT conditions are satisfied with Lagrangean
multipliers —y € RWIwrt. Af =d, A € RE wrt. Af —2 =0and 0 < p € RIPI
wrt. —f <0,

clx) —A=0
(3.6) ATy + ATAN — =0
' f=0

We now obtain the Beckmann characterization of a Wardrop equilibrium.

THEOREM 3.1. Let AT hold. Then the following conditions are equivalent for a
flow (z, f) € Fy.
(a) Theflow (Z, f) is a Wardrop equilibrium.
(b) The flow (T, f) is a minimizer of Py p.
(c) We have
c@(x—7)>0  forall v€ X,.

Moreover, a WE (T, f) always exists.
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Proof. (a) < (b): By Remark 3.1, a flow (z, f) € F;is a minimizer of Py g
if and only if (Z, f) satisfy the KKT conditions (3.6) with multipliers 7, \, 7z. In
view of [ATc (E)]p = D eep Ce(Te) = ¢,(T) these conditions can equivalently be

written as ¢(Z) = A, i’ f = 0 and then as
_ N _ [ =c@ iff,>0
A7 = ATe(z) — or 7, =¢(T)— { CP(f) Sl
v (T) -1 Tw =@~ < e(T) if f, =0

which coincide with the WE conditions.
(b) < (c) Obviously (%, f) € F, is a minimizer of Py if and only if 7 solves
the program in x:

min N(z) st z€ X,.

T

In view of VN (z) = ¢(z) the claim follows by Lemma 2.7.
To prove the existence of a WE we only have to note that the feasible set [y
of Pyg (for fixed d) is compact and N(x) is continuous. Then, according to
Weierstrass’s theorem 9.1 the program Py i has a minimizer (at least one), which
isa WE.

O

REMARK 3.2. According to the proof of the preceding theorem, the equilibrated
costs ¢,(Z) of used paths p € P, of a WE (7, f) coincide with the Lagrangean
multiplier 7,,, i.e., for all w and p € P,, it holds:

f>0$cp() wa'

The next theorem establishes uniqueness results.

THEOREM 3.2. Let AT hold.
(a) Then for any two Wardrop equilibria (Z, f), (x', f') the costs are the same:
ce(Te) = ce(xl)  foralle € E.

(b) If in addition to AT the costs c. are strictly increasing then the edge flow part
T of a Wardrop equilibrium (T, f) is uniquely determined.

Proof. (a): By AT the functions ¢, are nondecreasing, i.e.,
ce(xe) < ce(T.) ifandonlyif z. <7, .
This is equivalent with
(3.7) (ce(we) — ce(Ze)) (we — ) > 0 forall z.,T., e € E,
and implies
(c@) —c(a) @ —2") = 3 (cel@e) — celal)) (@ — ) > 0.
ec€E
Since (T, f), («/, f') are Wardrop equilibria, by Theorem 3.1(c) it holds,
c(@) (' —2) >0 and c(2)'(T—-2")>0,
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and thus
—(e(m) — c(x'))T(E —2')>0.
Altogether we find
(c(@) = c@) (@ =) = D (cel@) = celal)) @ —a1) = 0,

ccE
which in view of (3.7) gives
(ce(@e) = celar)) (@ — ;) = 0.
For 7, # «, this yields
Ce(Te) — ce(2)) =0 .
But also for z, = 2, this equality is true.

(b): If the ¢.’s are strictly increasing, by Ex. 3.1, the objective N(x) of Py is
strictly convex in x. The uniqueness statement then follows from Lemma 2.3 (a).
O

Under the assumption of Theorem 3.2(b), the edge flow part 7 of a WE (z, f) is
uniquely determined. This does not hold for the path flow part f. We present an
illustrative example.

EX. 3.2. Consider the example network in Figure 3.2,

€1 €3

€2 €4

FIGURE 3.2. Example network

with 4 edges ej,j = 1,...,4. Let the strictly increasing edge costs be
Ce;(Te;) = 1+ ¢, j=1,...,4.

We further have an s-t-demand of d = 2 (thousand cars/hour). The unique x part
ofa WEisT = (1,1,1,1). There are 4 paths from s to t:

p1 = (6’1,63), P2 = (61764), pP3 = (6276’3), P4 = (62764) .

There are infinitely many possible WE path flows [ = (fp,, [ps, [ps [pa), cOFre-
sponding to T namely any convex combination Tf + (1 —7)f', 7 € [0,1] of

f=1(1,0,0,1) and f =(0,1,1,0).
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Hence for certain aspects it is convenient to write the Wardrop equilibrium prob-
lem as a program only in the = variable (as we did before in Theorem 3.1(c)).
This program reads (cf., (3.2))

(3.8) Py p: min N(x)= Z/ 406(7) dr st. e Xy.
r 0

eeE

Note. Given a minimizer T of P, then any solution f of

Af=d
Af—T=0
f>0

yields a minimizer (Z, 7) of Py g, i.e., a WE.

For Py, we can say more about the minimizer 7, i.e., about the WE edge flow 7.

COROLLARY 3.1. Assume that in addition to AT the costs c. are continuously
differentiable with

c(z.)>0  forall xz.>0,e€FE.
Then a minimizer T of Py is a unique strict minimizer of order 2.

Proof. By Lemma 2.2(b), the positivity assumption on the functions ¢, implies
that the functions n(z.) = [ c.(7) dr are strictly convex with n//(z.) = c.(z.).
Hence, the Hessian

Ce,(Tey) -+ 0
(3.9 V:N(z)= is positive definite .
0 e Cl (xe )
CE| |E|

Theorem 3.2(b) assures uniqueness of the minimizer = of P, ;. To prove the sec-
ond order property, by Theorem 2.4(b), we only have to show that the Lagrangean
of Py (cf., (3.2)),

L(l’, /\Hu) = N(I’) + (A:E - a)T)\ + (B.I’ - b)T/u )
satisfies at the minimizer 7, with corresponding multipliers A, 0 < 7i, the relation
d"V2L(T,\,f)d >0 forall d € Cg\ {0} .

But this inequality trivially holds, since the Hessian V2L(Z, A\, 1) = V2N () is
positive definite, i.e., we have

d"VAL(z, N\, i)d >0 forall d+#0.
(Il

Later in Section 8.5 we will consider such traffic models as a parametric problem
depending on perturbations of the demand d and/or the costs c..
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3.2. System optimum

The WE traffic flow is characterized by the selfish behavior for the network
users: each driver will only use a path with minimal path costs.

A public authority on the other hand would prefer another flow, e.g., a flow that
minimizes the so-called social cost

(3.10) S(z) = erce(xe) )
eckE

This function can be seen as a measure for the total travel time of all users.

The so-called system optimum z* € X, is a minimizer of the program,

(3.11) P? minS(z) =Y weco(ze) st z€X,.

S
eckE

EX. 3.3. Let AT hold and assume that the functions c.(z.),e € E, are twice
continuously differentiable on R with

c(ze) >0, (xe)>0 for z.>0.

Then the function S(x) is strictly convex on lel.
Proof. For s.(z.) := w.c.(x.) we obtain s.(z.) = z.c.(x.) + c.(z.) and the
assumptions imply

sh(xe) = xell(we) + 26 (z) > 0.

e

The claim then follows from Lemma 2.2(b). O

THEOREM 3.3. Let the costs c.(x.),e € E, satisfy the assumptions of Ex. 3.3.
Then the system optimum z°, i.e., the minimizer of PZF, exists and is uniquely
determined.

Proof. Since X, is bounded (compact) the existence of a minimizer of P7 is as-
sured by the Weierstrass Theorem 9.1 and in view of Ex. 3.3 the uniqueness of x*
follows by Lemma 2.3(a). O

3.3. Elastic demand model

Now we examine a traffic model where the demand d,, is “elastic” in the sense
that d,, depends on the (equilibrated) costs (travel time) v, on the paths p €
Py, w € W (cf., Remark 3.2). So we assume that we have given separated
demand functions

(3.12) dy(vw) : Ry — Ry, continuous and strictly decreasing .
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Then the inverse functions

Y 1= Gu(dw) = dgl(du)

exist, are continuous, and strictly decreasing (see Figure 3.3).

(1’“, Yw +

FIGURE 3.3. Sketch of a function d,,(7,,) (left) and  ~,(d,) (right)

Wardrop equilibrium for elastic demand. A flow (z, f) and corresponding
demand d > 0 with (z, f) € Fj is called an elastic Wardrop equilibrium (eWE)
wrt. gy, (dy), w € W, if for all w the relations hold: For all p € P,, we have

>0 = c¢(z) = gu(dy)
fo=0 = c)() > gu(dw)

As we shall see, the Beckmann program corresponding to this model is:

d“}
Pwg: m;%Mx d) = Z/ ) dr — Z/ Guw(T) dT  s.t.

weW
Af=d
Af—z=0
f>0
d>0

(3.13)

with linear constraints and convex objective function M. The gradient of M (x, d)
is given by

V. M(z,d) =c(x) and VyM(z,d)=—g(d) .

Note that the integral function m.,(d,,) = — fo " 9w (7) d is continuously differ-
entiable with m/ (d,) = — g (dy).

The KKT conditions for a minimizer (7, f,d) of P.iyp read: with Lagrangean
multipliers —5 wrt. Af = d,Awrt. Af —x = 0,z>0wrt. —f <0Oando >0
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wrt. —d < 0 we must have,

() —A=0,
(3.14) ~ANF+ AT - =0, g"f=0
—g(d)+7—-o=0, c7d=0.

These conditions can equivalently be written as,

Ny=Ale@) -, 7=g9d)+7, @'f=0, 7d=0,

or componentswise as (use 7, = 0 if d,, > 0, m, = 0if fp > 0): forallw € W
and p € P,,

7.4 = Guw(dw) }f dy >0 and 7, = Cp(f) %f Ip>0
> gu(dy) if dy, =0 <) if f,=0
which coincide with the conditions for an elastic WE. Summarizing, as in Theo-
rem 3.1 and Theorem 3.2(b) we obtain

THEOREM 3.4. Let AT and (3.12) hold. Then the following conditions are equiv-
alent for a flow (T, f, d) feasible for P.y .
(a) The point (T, f
(b) The point (Z, f,d) is a minimizer of P.y .
(c) We have

@ (x—-7)—g(d)(d—d) >0  forall (x,d)€ XD,
where X D is the projection

XD = {(x,d) | withsome f, (z, f,d) is feasible for P.wg} .

(d) Let in addition, the costs c.(x.) be strictly increasing. Then the (T, d) part of
an elastic Wardrop equilibrium (T, f, d) is uniquely determined.

,d) is an elastic Wardrop equilibrium.






CHAPTER 4

Parametric optimization

In this chapter we start with unconstrained and constrained parametric programs.
We analyse the dependence of minimizers on the parameter under assumptions
such that the Implicit Function Theorem (IFT) can be applied.

The next section gives a short introduction into parametric equations and states
the Implicit Function Theorem which can be seen as the most important basic
theorem in parametric optimization.

4.1. Parametric equations and the Implicit Function Theorem

We begin with an illustrative example and consider the non-parametric equation:
Solve for x € R

H(z) =2"—-2r—1=0 orequivalently (z—1)>-2=0
with solutions 715 = 14 /2.
The parametric version is: For parameter ¢ € R find a solution = = z(t) of
4.1) H(x,t):=2> -2tz —t* =0 orequivalently (z —t*)>—2t*=0.
The solutions are (see Figure 4.1)

T19(t) = 12 £ V212 = (1 £ V?2)

Obviously the solution curves bifurcate at (z,t) = (0,0). At this point we find
for the partial derivative of H

V.H(T,1) =2z -2t _=0.

Rule. For H : R? — R, H € C*, the solution set of a one-parametric equation
H(x,t) = 0is “normally” locally given by a one-dimensional C' solution curve
(z(t),t). However at points (T, ¢) where V,H(T,¢) = 0 holds, the solution set
may show a singularity (such as a bifurcation or nonsmoothness).

The Implicit Function Theorem

More generally we consider systems of n equations in n + p variables:
H(z,t)=0 where H:R" xRV - R" (z,t) e R" xRP.
35
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z1(t)

(t)
FIGURE 4.1. Sketch of the solution curves x;(t), z2(?)

The Implicit Function Theorem (IFT) makes a statement on the structure of the
solution set of this equation in the “normal” situation.

THEOREM 4.1. [General version of the IFT]
Let H : R" x R? — R"™ be a C'-function H(x,t). Suppose for (T,t) € R" x R?
we have H(Z,t) = 0 and the matrix

V.H(z,t) is nonsingular.

Then there is a neighborhood B.(1), € > 0, of t and a C*-function x : B.(t) —
R" satisfying x(t) = T such that near (T,t) the solution set S(H) = {(x,t)
H(z,t) = 0} is described by

42) {(z(t),t) ER" xR” | t € B.(})}, ie, H(a(t),t)=0forte B.(F).

So, locally near (T,t), the set S(H) is a p dimensional C*'-manifold. Moreover,
the gradient Vx(t) is given by

Va(t) = —[V.H(x(t),t)] 'V, H(z(t),t) fort € B.(t).

Proof. See e.g., [29]. Note that if z(¢) is a C'-function satisfying H (x(t),t) = 0,
then differentiation wrt. ¢ yields by applying the chain rule,

V. H(z(t), )Va(t) + V H(x(t),t) = 0.

Pathfollowing in practice

We shortly discuss how a solution curve (x(t), ¢) of a one-parametric equation
H(z,t)=0 H:R"xR—=R" tekR,

can be followed numerically.



4.2. PARAMETRIC UNCONSTRAINED MINIMIZATION PROBLEMS 37

The basic idea is to use some sort of Newton procedure. Recall that the classi-
cal Newton method is the most fundamental approach for solving a system of n
equations in n unknowns:

H(z)=0 H:R"—R".

The famous Newton iteration for computing a solution is to start with some (ap-
propriate) starting point 2° and to iterate according to

P = gF — [VHEM'H(2Y), k=0,1,.. .

It is well-known (see, e.g., [9, Th.11.4]) that this iteration converges quadratically
to a solution 7 of H(Z) = 0 if

e 20 is chosen close enough to Z and if

e VH(T) is a nonsingular matrix.
The simplest way to follow approximately a solution curve z(t) of H(x,t) = 0,
i.e., H(z(t),t) = 0, on an interval ¢ € [a, b] is to discretize [a, b] by
b—a

N )
(for some N € N) and to compute for any ¢ = 0, ..., N, a solution x, = z(t,) of
H(z,t;) = 0 by a Newton iteration,
b = af — [V H (b, t)) 7 H(2f, t), k=0,1,..,

starting with x) = z,_; + (b]_va)x’ (te—1) (for £ > 1). The derivative 2’(t,_1) can be

computed with the formula in Theorem 4.1. We refer the reader to the book [1]
for details e.g., on:

tg:a—i—f 6207...,]\7,

e How to perform pathfollowing efficiently?
e How to deal with branching points (7, ) where different solution curves
intersect?

4.2. Parametric unconstrained minimization problems

Let f(x,t) be a C*-function, f : R x T' — R, where the parameter set 7' C R?
is open. We consider the parametric problem: for parameter ¢ € T find a local
or global minimizer x = z(t) of

(4.3) P(t):  min f(z.?)
We recall that if for any ¢t € T the function f(x,t) is convex in x then a (local)

minimizer z(t) is a global minimizer of P(¢) (cf., Lemma 2.3). In this case we
can define the (global) value function of P(t) by

v(t) = xieann f(z, ).

In the general nonlinear case, x(t) is thought to be a local minimizer of P(t) and
the value function is defined locally by

o(t) = f(x(t),1) -
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To solve this problem P(t), for ¢ € T, we have to find solutions x of the critical
point equation

(4.4) H(z,t):=V,f(x,t)=0.

The next examples show the possible bad behavior in case the regularity condi-
tion, that V. H (7,t) = V2 f(7,t) is nonsingular, does not hold.

Consider e.g. the parametric program
P(t) miﬂrg f(z,t) =tax* for tcR,
xe
near t = 0. Here for the critical point equation H(x,t) = 2tz = 0 we find at

t =0, V,H(x,t) = 2t = 0. So the regularity condition fails at all solutions
x € Rof H(x,t) = 0. The set S(t), of global minimizers is given by:

{0} fort>0
St)y=¢ R fort=0
) fort<O0

EX. 4.1. For
1
P(t): min f(z,t) = 5953 —tx

the minimizers are given by x(t) = |t| with minimal value v(t) := f(x(¢t),t) =
2}
It

EX. 4.2. Show that for the parametric minimization problems

1
Pi(t) : min fi(x,t) = gtx?’ —tx
1
Py(t) : min fo(x,t) = §t3x3 —tx
we obtain for the minimizers x(t) and the value function v(t):
~1 t<0 23
for Pi(t):  ax(t)={ R t=0 , o(t) = { AN 8
1 t>0 3
—q t<0 20 40
for Po(t):  at)={ R t=0 ,o(t)= { s, U<
1 -2t t>0
m t>0 3

t|

\
Note that in both cases the set S(0) of minimizers of P1(0), P,(0) is S(0) = R
(see Figure 4.2)

The next theorem describes the solution set of (4.4) near a (non-singular) mini-
mizer (T, t) of (4.3), where the IFT can be applied.
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S(0) 5(0)

FIGURE 4.2. Minimizers of P (t) and minimizers of P(t)

THEOREM 4.2. [local stability result based on IFT]
Let f(x,t) be a C*-function. Suppose, T is a (local) minimizer of P(t), t € T,
such that

V.f(@, 1) =0 and Vif(7,t) =0 (positive definite).

(According to Theorem 2.1, Lemma 2.1, T is an isolated strict local minimizer of
order 2.)

Then there exists a neighborhood B.(t), ¢ > 0, of t and a C'-function x :
B.(t) — R™ such that x(t) = T and for any t € B.(t), x(t) is an (isolated)
strict local minimizer of P(t). Moreover for t € B.(t),

Va(t) = —[V2F(a(t), ) V2, (), 1)
and the value function v(t) := f(z(t),t) is a C*-function with
Vou(t) = Vif(z(t),t) and Vu(t) = Vi f(x(t),t)Va(t) + Vif(z(t),t) .
Proof. Apply the IFT to the critical point equation V, f(z,t) = 0. O

Remark. Note that for f € C? the solution function z(¢) is C'* but the value
function v(t) is C?.

EX. 4.3. For

1
P(t) : min f(z,t) := §x3 —t22? —t'z

the critical points are given by the curves x; 5(t) = t>(1 & v/2) and the minimizer
by z1(t) (maximizer by z5(t)) (cf., Figure 4.1). At all points of the solution curves
x1(t), xo(t) the IFT can be applied except at the branching point at ¢ = 0.

Rule. The following appears:

e The value function v(t) = f(x(t),t) behaves “smoother” than the mini-
mizer function x(t).
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e A singular behavior may appear at solution points (Z,t) of V, f(z,t) =
0 where the matrix V2 f (7, ) is singular.

EX. 4.4. Check the singular behavior for the examples Ex. 4.1 and Ex. 4.2.

4.3. Parametric linear programs

In a parametric linear program (LP) we have given a C*-matrix function A(t) :
R — R™™ with m rows a;j (t),j € J = {1,...,m}, C*-vector functions
b(t) : R — R™, ¢(t) : R — R™ and an open parameter set 7 C RP:  For any
t € T we wish to solve the primal program

4.5) Pt): max c(t)’z st z€ Fp(t)={z|Alt)x <bt)} .

The corresponding dual reads

(4.6) D(t): min b(t)'y st ye Fp(t)={y| A@t)'y =c(t),y > 0}.
Fort € T and T € Fp(t) the active index set is Jo(Z,t) = {j € J | a;(1)TT =

b;(£)}-

Suppose for ¢ € T the point T € Fp(t) is a vertex solution of P(¢). To find for
t near ¢ solutions z(¢) of P(t) we have to find feasible solutions z and y of the
system of optimality conditions,

4.7) for P(t):  Ap@p(t)r = bs@p(t)
(4.8) for D(t) 1 Ap@i(®) vsen =) Yi@a =0
If T is a nondegenerate vertex of P(%), i.e., if Aj 7 (f) is nonsingular, and the

minimizer 7 of D(t) satisfies the strict complementarity (SC) condition 7; >
0,7 € Jo(T, 1), this is possible by applying the IFT to these systems.

THEOREM 4.3. [Local stability result]
Let T € Fp(t) be a vertex maximizer of P(t) with corresponding dual solution
Y jo(z,5) SUch that

(1) ¥ is a nondegenerate vertex, i.e., LICQ holds,

2 y;>0,Vj€ Jo(T, 1) . (SC)
(According to Theorem 2.4(a), T is a maximizer of P(t) of order s = 1.) Then
there exist a neighborhood B.(t), ¢ > 0, and C'-functions x : B.(t) — R",
Ysn & Be(t) — RIO@D! sych that (1) = 7, y s@nd) =7 Jo(zp) and for
any t € B.(t) the point x(t) is a vertex maximizer of P(t) (of order s=1) with
corresponding multiplier y;, 7)(t). Moreover, for t € B.(t) the derivatives of
x(t) and the value function v(t) = c(t) x(t) are given by

Va(t) = [As@n O] (Vosy@n () — VA,gn0)z(t))

and

Vu(t) = Ve(t) 2(t) + Ya@n O] [Voien () — VA en(Oz(t)]
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Proof. Since the vertex T is nondegenerate, the matrix A ; ;7 (f) is nonsingular
(see Definition 2.3). So the IFT can be applied to the systems (4.7), (4.8), yielding
in a neighborhood B () vertex solutions z(t) of P(t) and ¥,z (t) > 0 (since
U@ = Yo (t) > 0) of D(t). Differentiating the relation

Aj@nt)zt) = by (t)
wrt. ¢ directly leads to the formulas for Vx(¢) and Vu(t). O

Linear production model and shadow prices

We discuss a production model to present a simple application of the result in
Theorem 4.3. Assume a factory produces n different products P, ..., P,. The
production relies on material coming from m different resources R, ..., R,, in
such a way that the production of 1 unit of a product P; requires aj; units of
resource I?;.

Suppose we can sell our production for the price of ¢; per 1 unit of F; and that b,
units of each resource I?; are available for the total production. How many units
x; of each product P; should we produce in order to maximize the total receipt
from the sales?

An optimal production plan T = (Z1, ..., T,)’ corresponds to an optimal solution
of the linear program

4.9) P: max 'z st Axr< b, ©>0.

Here A = (aj;) is the matrix with the elements aj;. Let Z be a maximizer with
corresponding minimizer 7 of the dual problem

(4.10) D: min by st Aly>c, y>0.

and maximum profit z = ¢’z = b'7.

Could we possibly increase the profit by spending money on increasing the re-
source capacity b and adjusting the production plan? If so, how much would we
be willing to pay for 1 more unit of resource 12;?

Let us increase for fixed jo € Jo(7) only the capacity of R, as follows. For fixed
b we consider the vector b(¢) given componentwise by

(4.11) b (t) = bj, +1, bj<t) =bj, J # Jo s

depending on the parameter ¢ € R near ¢ = 0. So we have given the parametric
linear programs

Az < b(t)
x>0

ATy > ¢

_ T
P(t): max ¢’z s.t >0

, D(t): min b(t)Ty s.t,

for t near £ = 0. We assume that the optimal solutions T of P(¢) and 7 of D(?)
satisfy the assumptions in Theorem 4.3. Then, since ¢, A do not depend on ¢ and
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(see (4.11))

d _ d. - . )
%bjo(t) =1 and Ebj(t) =0, j#Jo,

for the derivative of the value function v(¢) in Theorem 4.3 we find

This means that near ¢ = 0 the value function v(¢) has a first order approximation

v(t) =v(t) + %U(E) +o(t) =b"g+ 7t +ot)

and thus (note that by assumption y; > 0) we would not want to pay more than
t - y;, for ¢ more units of I2;,. In this sense, the coefficients y; of the dual optimal
solution ¥ can be interpreted as the shadow prices of the resources I?;.

REMARK. The notion of shadow prices furnishes also an intuitive interpretation of com-
plementary slackness. If the slack s; = b; — Z?zl a;;Z; s strictly positive at the optimal
production Z (and thus 7j; = 0), we do not use resource R; to its full capacity. Therefore,
we would expect no gain from an increase of R;’s capacity.

4.4. Parametric nonlinear constrained programs

Let T' C R? be some open parameter set. We consider nonlinear parametric pro-
grams of the form (omitting equality constraints): For ¢ € 7" find local minimizers
x = x(t) of

(4.12) P(t): min f(x,t) st. x € F(t) ={z e R" | g;(z,t) <0, j€ J}.

We assume throughout this section, f, g; € C*(R" x T, R).

We emphazise again, that we have to distinquish between convex and nonconvex
programs. If for any ¢ € T the functions f(x,t), g;(z,t), j € J, are convex in
x then for any ¢ the program P(t) is convex (cf., Definition 2.5) and any (local)
minimizer x(¢) is a global one. In this case we can define the (global) value
function of P(t) by

v(t) = b f (@, 1),

(v(t) = oo, if F(t) = () and the set S(t) of global minimizers:
St) ={z e F{t)| f(z,t) = v(t)} .

In the general nonlinear case, we consider local minimizer x(¢) of P(t) and the
corresponding local minimum value function,

o(t) = f(x(t),1) -
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We extend the notation of Section 2.4 to the parametric context. For ¢ € T and
feasible 7 € F'(t) we denote by Jy(T, t) the active index set,

Jo(@,t) ={j € J|g;xt) =0},
and by L(x,t, 1) the Lagrangean function (near (7, t)),

Lz, t,p) = fz,t)+ > pig(a,t) .
JE€Jo(@F)
Strict Complementarity (SC), second order conditions (SOC) and the cone of
critial directions C’m are defined accordingly (cf., Theorem 2.4). To find, near
(T, 1), local minimizers = of P(t) we are looking for solutions (x, ¢, ) = (z(¢), t, u(t))
of the KKT equations with p; > 0,5 € Jo(7, 1),

Vaf(z,t)+ > w;Vagi(z,t) =0,
(4.13) H(x,t,p) = JE€Jo (T F) _

From the sufficient optimality conditions in Theorem 2.4 we obtain the following
basic stability result by applying IFT to the KKT-system (4.13).

THEOREM 4.4. [Local stability result based on IFT]
LetT € F(t). Suppose that with multipliers Ji; the KKT condition V. L(T, t, i) =
0 is satisfied such that

(1) LICQ holds at (T, t).

(2) i; >0, Vj € Jo(Z, 1) (SC)
and either

(3a) (order one condition) | Jo(T, )] = n

or

(3b) (order two condition)
d"V2L(z,t,m)d >0 Vd € Ty; \ {0}

where Ty is the tangent space Tz = {d | V,g;(T,t)d = 0, j €
Jo(Z, 1)}
(According to Theorem 2.4, T is a local minimizer of P(t) of order s = 1 in case
(3a) and of order s = 2 in case (3b).)
Then there exist a neighborhood B.(t), € > 0, of t and C*-functions x : B.(t) —
R”, i : B.(t) — RP@D such that x(t) = 7, u(t) = 7 and for any t € B.(%)
the point x(t) is a strict local minimizer of P(t) (of order 1 in case (3a) and of
order 2 in case (3b)) with corresponding multiplier vector p(t). Moreover, for
t € B.(t) the derivative of the value function v(t) = f(x(t),t) is

Vo(t) = Vo L(x(t),t, u(t)) .
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The derivative of the solution function x(t) is given in case (3a) by

Va(t) = < ngj(f(t),t): j € Jo(Z,t) )-1 < Vtgj(x(t)7t): j € Jo(@,b) )

and in case (3b) by (cf., (4.13))
< gﬁg ) = [V H (@), t, u(t)] 7" VeH (x(t), t, p(t)) -

Proof. In case (3a), by LICQ and |.Jy(T, )| = n the system (4.13) splits into the
system of n equations in n variables,

g9i(z,t) =0,  j€ (T,
for x = x(t) with Vz(t) given as solution of (derivatives wrt. t)
(4.14) Vegi(x(t), t)Va(t) + Vig;(x(t),t) =0, j€ Jo(T,1),
and the equations
(4.15) Vol ((t),t) + > 1 Vagi(a(t),t) =0,
je€Jo(T,t)

for the components 11; = p1;(t),j € Jo(T,t) (u;(t) = 0,5 € J\ Jo(Z, t)). For the
value function v(t) = f(x(t),t), by differentiation wrt. ¢, we find using (4.14)
and (4.15)

Volt) = Vef(a(t),)Va(t) + Vif((t),t)
= = D w(OVagi(a().)Va(t) + Vef (x(1). 1)
j€Jo(T 1)
= > wOVigi(a(t).t) + Vif (@(t). 1) = ViL(x(t).t, pu(t)) .
jGJo(f,i)
In case (3b) we have to apply the IFT to the coupled system (4.13) and to make
use of Ex. 4.5. to show that the matrix V, ,)H(Z, {, i) is nonsingular, where
T ViL(z,t,n) B . o -

V(x#)H(ﬂf,t,ﬂ) = ( v gT M) 0 ) with B = (v:cgj(x>t)T>j € JO(xat))

O

REMARK 4.1. Note that the statement of Theorem 4.3 for linear programs repre-
sents a special case of Theorem 4.4, case (3a).

EX. 4.5. Let A € R™*" be a symmetric matrix and B € R"*™ (n > m). Suppose
the matrix B has full rank m and the following holds:

d"Ad #0 Vd € R™\ {0} such thatBTd = 0.
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Show that then the following matrix is nonsingular:
A B
BT 0

EX. 4.6. Let the KKT conditions (4.13) be satisfied at (T,t). Then (see Ex. 2.8)
SC = CE,Z = Tf,f .

We add an exercise on a parametric program as in Theorem 4.4 but with only
equality constraints which will be used in Chapter 7.

EX. 4.7. Consider
P_(t) : m]}%n flz,t) st zeF_(t)={x]|gjx,t)=0, j=1,...,m},
reR"

where f,g; € C*(R™ x T,R). We assume that LICQ holds at (T,t), T € F_(t),
ie, V.9;(T,t), j =1,...,m, are linearly independent, as well as the KKT con-
dition

VmL(E,f,X) VT, t) Z V.9 (T, t) =0

with multipliers Xj € R (not necessarily > 0 ). Suppose the second order condi-
tion holds:

d"V3IL(T,1,A)d >0 VdeT_;\{0},
where T3 = {d | V.9;(T,t)d = 0,5 = 1,...m}. Then, T is a local minimizer
of P—(t) of order 2 and there exist a neighborhood B.(t), € > 0, differentiable
functions x(t) : B.(t) — R™, A(t) : B.(t) — R™, x(t) = T, \(f) = ) such that
fort € B.(t) the point x(t) is a local minimizer of P—(t) and with corresponding
multiplier \(t) the KKT relation holds with second order condition.
Proof. For the proof that T is local minimizer of P_(t) of order 2 we refer to [9,
Th.10.6]. To prove the further statements we have to apply the IFT to the system
of KKT equations:

Vf(z,t)+ g A\ Vagi(x,t) = 0
Jj=1
gj(x,t) = 0, j=1,...,m.

Remark. Many further (often difficult) results are dealing with generalizations
of these stability results in Theorem 4.4, Ex. 4.7 under weaker assumptions, i.e.,
LICQ and/or SC does not hold; see e.g., [2], [6] and Chapters 6,7.
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The next example presents a monotonicity result needed later on.

EX. 4.8. With g(z,t) = (gj(x,t),5 € J), (x,t) € R* x T, consider the feasible
set F'(t) of P(t),
F(t) ={z | g(z,t) < 0}.
Let be given ty,ts € T and corresponding feasible points x1 € F(t1), xo € F(t2)
satisfying with multiplier vectors |11, j1o > 0 the complementarity conditions
prg(ent) =0, pyg(rs,ts) =0.

Then the monotonicity relation

(2 — 1) (9(22, t2) — g(21,t1)) >0

holds. In particular this relation is true if g = g(x) does not depend on t.

Proof. In view of the complementarity conditions and ulg(ws,ty) < 0,
udg(z1,t1) <0 we find
(o — )" (g(z2, t2) — g(x1,11)) = pz g(wa,ta) + py (w1, th)

—pg g(z1,t1) — pi g(x2, ta)
0.

v

A similar monotonicity property holds for the following right-hand side perturbed
convex program,
Ax =t

(4.16) P(t): min f(z) s.t >0

where f is a C'! convex function on R? and A € R™*", ¢ € R™. A minimizer
7 = (%) of P(%) satisfies the KKT conditions with multipliers A € R™, 0 < i €
R"™ (cf., Remark 2.4):

VF@)T + ATX -
—T
(4.17) H

8=
I

(VAT
O O O

4 5

LEMMA 4.1. Let f € C" be convex on R'.. Let further T,T be (global) minimiz-

ers of P(t), P(t) with corresponding multipliers \, ji and \, i in (4.17). Then the
monotonicity relation holds:

A=NTt-D<-p'z2-a"2<0.
Proof. By convexity of f (see Ex. 2.2(a)) we have
(Vi@ - V@)@ -7)>0.



4.4. PARAMETRIC NONLINEAR CONSTRAINED PROGRAMS
Using the KKT relations for z, 7 leads to,

(i—ATN—u+ ATV 7 -7) >0,
or in view of 117 = 'z = 0,

—A=NTAG-7) = -(G-NTE-1)

> —(p-p)'@-7)=p"T+E'T>0.

Multiplying by —1 proves the statement.
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CHAPTER 5

General continuity properties of parametric
programs

5.1. Introduction

In the present section we analyze the parametric behavior of a parametric program
under weaker assumptions, where the Implicit Function Theorem is not applica-
ble. We try to keep the introduction of new concepts to a minimum and motivate
the results by examples.

Consider again the parametric optimization problem
(5.1) P(t): min f(z,t) st. v € F(t) ={x € R" | gj(z,t) <0, j € J},

depending on the parameter ¢ € 7', where 7' C RP? is an open parameter set and

again J = {1,...,m}. All functions f, g; are assumed to be (at least) continuous
everywhere.
Recall that v(t) = mingepy) f(z,t) denotes the (global) minimal value of P(t)

t)
(v(t) = oo if F(t) = () and S(¢) is the set of global minimizers, S(t) = {z €
F(t) | f(z,t) = v(t)}-

The mappings F': 7" = R"and S : T' = R" are so-called setvalued mappings.
dom F' denotes the domain of the setvalued mapping F', dom F' = {t € T |

F(t) # 0}.

In this section we mostly consider (semi) continuity properties of F'(t), v(t), S(t).
Lipschitz continuity and differentiability properties are discussed later on in Chap-
ters 6, 7.

Main questions of parametric optimization: How do the value function v(¢)
and the mappings F'(t), S(t) change with ¢. Continuously, smoothly?

DEFINITION 5.1. Let v : T' — R, be given, where R, = R U {—o00, o0}.
(a) The function v is called upper semicontinuous (usc) at t € T if for any € > 0
there exists 0 > 0 such that

v(t) <wo(t)+e forall ||t —¢] <§.
49
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(b) The function v is called lower semicontinuous (Isc) at t € T if for any ¢ > 0
there exists o > 0 such that

o(t) > v(f) —c forall |t — 7| < 4.

We shall see that the lower- and upper semicontinuity of the value function v(t)
depend on different assumptions. Obviously, to assure the upper- (lower) semi-
continuity of v at ¢ the feasible set F'(¢) should not become essentially smaller
(larger) by a small perturbation ¢ of ¢. To avoid an “explosion” of F'(t) we will
need some compactness assumptions for F'(¢) and to prevent an “implosion” a
Constraint Qualification will be needed.

DEFINITION 5.2. Let the setvalued mapping F' : 7" =% R" be given.

(a) F is called closed at t € T if for any sequences t;,z;, [ € N, with t; —
t, x; € F(t;), the condition x; — T implies T € F(t).

(b) [no explosion of F(t) after perturbation of t = t]

F is called outer semicontinuous (osc) at t € T if for any sequences t;, 7;, | € N,
with t, — ¢, x; € F(1;), there exists T, € F'(t) (for large [) such that ||, — 7| —
0 for [ — oo.

(¢) [no implosion of F (t) after perturbation of t = t]

F is inner semicontinuous (isc) at t € T if for any T € F'(t) and sequence t; — {,

there exists a sequence x; such that z; € F'(t;) (for large ), and ||x; — Z|| — 0 for
[ — o0.

The mapping F is called continuous at ¢ if it is both osc and isc at .

Remark. There are other concepts of semicontinuity for mappings F' : 7' = R"
(see e.g.,[2]): F is called upper semicontinuous (usc) at ¢ € T'if for each e > 0
there exists 6 > 0 such that

F(t) € B.(F(?)) forallt e Bs(7).

F is called lower semicontinuous (Isc) at ¢ € T if for each ¢ > 0 there exists
0 > 0 such that

F(t) C B.(F(t)) forallt e Bs(t) .
One can show (as Ex.)

Fisuscatt € Tifand only if F'isoscatt € T
Fislscatt € Tifand only if Fisisc. att € T'

We give an example to show that even nicely behaving setvalued mappings F'()
need not be osc if F'(t) does not satisfy some compactness condition.
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V\ ) /

/ F(t)

~

Snal el
~+ -

FIGURE 5.1. F'is closed, osc, isc F is closed, osc, not isc

V@\ F(t), /

~

Spal el
| -

FIGURE 5.2. F not closed, not osc, isc  F' not closed, not osc, not isc

EX. 5.1. Let F(t) = {(x1,72) € R?* | xy < tx1}, t € R. Show that F is not osc
att =0 (at any t € R) but it is isc.

Solution: Take t, \, 0 and z; = (3, i) € F(t;). The nearest point in F(0) is
f4

Ty = (%,O) with ||Tg — ZL‘@H = i — Q.

5.2. Closedness and outer semicontinuity of F’
By continuity of the functions g; the feasible set mapping F'(¢) of P(t) is always

closed.

EX. 5.2. Show for F(t) = {z € R" | gj(z,t) < 0, j € J}, t € T, (g,
continuous) that the mapping F' : T' = R" is closed on T.
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EX. 53. [F(t),S(t) compact, LC (see below) does not hold and v is not lsc
and F(t) is not osc att.] ~ Consider with t = 0 the problem

1
P(t): min xo — 2 st x9 < txy — g7 L2 < —txq, o > xo(x7)
where x5(x1), 11 € R, is piecewise linear with x5(0) = —1, 25(t) = —5 for
|z1| > 1. Show that F(t) is not osc at t. Moreover show:

oy ={ TLomm TS0 gy [ D) <0
~la+d) fo<t<t G-y ro<t<ji.

FIGURE 5.3. Feasible set '(0) and F'(¢) fort = 1/8 in Ex. 5.3.

Definition 5.2 suggests a strong relation between closedness and osc of a mapping
F'. Indeed, under some extra compactness condition closedness of F' implies osc.

LC. [local compactness of I at t]
Let F: T = R",t € T. We assume that there exists § > 0 and a compact set Cj,
such that

U F(t)CC().

=

LEMMA 5.1. Let for F' : T' = R" the local compactness condition LC be fulfilled
at t. Then if the mapping I is closed at t it is osc at t.

Proof. Assume that " is not osc at ¢, i.e., there exist sequences t;, x;, t; — t, x; €
F(t;) and € > 0 such that for all /

(5.2) |z —z|| > ¢ forall z € F(t).

LC implies z; € Cy, with Cy compact, and there exists a convergent subsequence
1y, — T. By closedness of F' it follows Z € F(t) contradicting (5.2).
O
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5.3. Inner semicontinuity of F'(t)

To obtain isc of the feasible set mapping F'(t) = {x | g;(z,t) <0, j € J} we
need some other condition.

DEFINITION 5.3. The Constraint Qualification CQ is said to hold for the feasible
set map F(t) at (T,t) withT € F(t), if there is a sequence x,, — T such that

gj(xy,t) <0  forallje J.
F(t) satisfies a global CQ at T if CQ holds at (%,) for all T € F(7).

EX. 5.4. Let CQ hold at (T,t), T € F(t). Show that F'(t) # () holds for all t with
small ||t — ©||.

Proof. For fixed v, we have g;(z,,t) < 0, € J. By continuity also g;(z,,t) <
0,7 € J, is satisfied for small ||t — ]| O

The preceding Ex. in particular shows that under CQ at (7, ¢), T € F(t), after a
small perturbation of ¢ the feasible set F'(¢) still contains points near Z.

LEMMA 5.2. Let F(t) satisfy the global CQ att € T with F(t) # (. Then F(t)
is isc at t. In particular, F(t) # () for all t, with ||t — t|| small.

Proof. Assume to the contrary that ' is not isc at £. This means that there exist
T € F(t), a sequence t; — t and ¢ > 0 such that for all [ (large)

(5.3) |e) —Z| > e forall z; € F(t;) .

By CQ there is a sequence z,, — T with g;(z,,t) < 0 for j € J. Choosing vy
large such that ||x,, —Z|| < €, by continuity of g; and using g;(x,,,t) <0, j € J,
we find g;(z,,,t;) < 0 for [ large enough, and thus x,, € F'(¢;) in contradiction
to (5.3).

O

EX. 5.5. [CQ is not satisfied at t]

Consider F(t) = {xr € R | g(x,t) := |z|] —t < 0}, t € R. Here, F(t) = 0 for
t < 0, F(0) = {0} and CQ does not hold at t = 0. Show that F is not isc at
t=0.

5.4. Lower semicontinuity of v(t)

Lower semicontinuity of v depends on the following technical condition, combin-
ing a weak outer semicontinuity and a compactness assumption, saying that for ¢
near ¢ at least one point z; € S(t) can be approached by elements in a compact
subset of F'(t).

AL. There exists 6 > 0, and a compact set C' C R" such that for any ¢,
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|t — || < & with F(t) # ( there is some x; € S(t) N C and some T; € F(t) N C
satisfying ||a;, — Ty,|| — O for each sequence ¢, — t.

LEMMA 5.3.
(a) Let AL be satisfied at t. Then v is Isc at t.

(b) Let the local compactness condition LC be fulfilled at t. Then AL is satisfied,
i.e., vislscatt.

Proof. (a) Choose any ¢, ||t — ¢|| < §. For F'(t) = ( it follows co = v(t) > v(¥).
In case F'(t) # 0 letz, € S(t), T, € F(t) satisfy the conditions in AL. Then by
the uniform continuity of f on C' x {t | ||t — t|| < §} we find for ¢; — ¢:

U<tl) - ,U<z) Z f(xtptl) - f(ftmz) —0.
(b) Note that by LC, for ||t — || < 6 and F'(t) # () the feasible set is contained in
a compact set Cp. So S(t) # () and we can choose elements x; € S(t) N Cy. By
Lemma 5.1 the feasible set mapping F'(t) C Cj is osc at t. So in particular the

weaker osc condition of AL is satisfied with C' = Cj.
O

To assure lower semicontinuity of v at £ we (minimally) need compactness of
F(t) (even in the case that F'(¢) behaves continuously). This fact is illustrated by
the next

EX. 5.6. [Linear problem, F'(¢) = F' constant, not bounded, and v is not Isc.]
For the problem minxzy — tzy s.t. 1 > 0, x5 > 0 we find

{(0,0)} fort <0

<

o(t) :{ Y gi;g and  S(t) = { {(21,0) | 21 >0} fort =0
1] fort > 0

5.5. Upper semicontinuity of v(t)

Upper semicontinuity of v depends on a constraint qualification which assures
that no implosion of F'(¢) near ¢ can occur. The local compactness condition LC
is not sufficient and not necessary.

EX. 5.7. For the problem min z; s.t. +/ x% + :1:% < —t, which obviously satisfies
LCatt = 0, we find

{\/WSM} fort <0 t fort<0
{(0,0)} fort=0 and o(t) = { fort > 0
0 fort >0 e

F(t) =

F(0) = {(0,0)} does not satisfy a constraint qualification and F'(¢) is not isc at .
So v is Isc but not usc at .
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The problem in this Ex. is that the mapping F' is not isc at . To assure upper
semicontinuity of v at ¢ we only need an inner semicontinuity condition at one
point T € S(t).

AU. There exist a minimizer T € S(t) and 6 > 0 such that for all ¢, ||t —¢|| <,
there is some x; € F'(t) satisfying ||x;, — Z|| — 0 for each sequence ¢; — ¢.

A natural condition to force the assumption AU is a Constraint Qualification.

LEMMA 54.
(a) Let AU be fulfilled at t. Then v is usc at t.

(b) Let CQ be satisfied at (T,t) for (at least) one point T € S(t). Then the
condition AU is satisfied, i.e., v is usc at t.

Proof. (a) Consider any sequence ¢, — ¢ and the corresponding points z;, €
F(t;), satistying ||z, — Z|| — 0 according to AU. By continuity, for any ¢ > 0,
the inequality | f(xy,,t;) — f(Z,t)| < £ holds for [ large enough. So

v(ty) < flay,t) < f(@T,t) +e=0v(t) + ¢,
proving that v is usc at .

(b) Assume to the contrary that AU is not satisfied for (zZ,t), T € S(). This
means that there exist a sequence ¢, — ¢ and € > 0 such that for all / (large)

(5.4) |z; —Z|| > e forall z; € F(t;) .

By CQ there is a sequence z,, — T with g;(z,,t) < 0 for j € J. Choosing v
large such that ||z,, —Z|| < &, by continuity of g; and using g;(z,,,t) < 0, we find
gj(x,, 1) <0, € J, for [ large enough and thus z,,, € F(¢;) in contradiction to
(5.4).

O

5.6. The behavior of S(t)

Let us study the continuity properties of the mapping S(¢). Obviously the inner
semicontinuity of S is stronger than the condition AU. So if S is isc the func-
tion v is usc (see Lemma 5.4). However the inner semicontinuity of S(¢) is a
strong condition. Even if the local compactness condition LC and the Constraint
Qualification CQ hold it need not be satisfied. We give an example of a simple
parametric LP.

EX. 5.8. [LC and CQ holds but S is not isc.]
min xo — tz; s.t. |z1] <1, || < 1. Then near ¢ = 0 we obtain

{(—-1,-1)} fort <0
Sit)=1<¢ {(x1,—1) | |x1] <1} fort=0 and w(t)=-1-1]¢t.
{(1,-1)} fort >0
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We now discuss closedness and outer semicontinuity of S.

LEMMA 5.5. Let CQ be satisfied at (T, t) for (at least) one point T € S(t). Then
S is closed at t.

Proof. Assume to the contrary that S is not closed. This means that there are
sequences t; — t, x; — T with ; € S(¢;) but T ¢ S(¢). By closedness of F it
follows T € F(t). So, T ¢ S(t) yields

v(t) < f(@,) = lim f(z, ;) = lim o(t;).

Consequently, v is not usc at ¢ in contradiction to Lemma 5.4(b). O

LEMMA 5.6. Let LC be satisfied at t and let CQ hold at (T, t) for (at least) one
T € S(t). Then there exists an e-neighborhood B.(t), € > 0, of t such that for all
t € B.(t) the set S(t) is nonempty and contained in a compact set Cy. Moreover
the mapping S is osc at 1.

Proof. By LC and CQ, in some e-neighborhood B.(f) of ¢ the sets F(t) are
nonempty (¢f: Ex. 5.4) and contained in a compact set Cy. So () # S(t) C C for
t € B:(t). Assume now that S is not osc at , i.e., there exist t; — ¢, z; € S(t;),
6 > 0, such that

(5.5) oy —=z|| >0 forallz e S(7).

By LC (taking a subsequence if necessary) we can assume x; — r. By Lemma 5.5
it follows = € S(t) contradicting (5.5).
O

5.7. Parametric convex programs

By Ex.5.3, in the general (non-convex) case, the condition () # F(#) compact
is not sufficient to assure LC and the outer semicontinuity of F'. Moreover, the
condition () # S(t) compact does not imply the lower semicontinuity of v. Under
the following convexity assumptions the situation is changed.

AC,. For each (fixed) t € T the functions g;(z,t) are convex in x for all j € J.

AC. In addition to AC,, for each (fixed) ¢t € 7" the function f(z,?) is convex in
x, i.e., the problems P(t) are convex programs.

LEMMA 5.7. Let the convexity condition AC, hold and assume () # F(l) is
bounded (compact). Then the local compactness condition LC is satisfied. In
particular, the feasible set map F is osc and v is Isc at t (cf. Lemma 5.3).
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Proof. Assume to the contrary that LC doesn’t hold, i.e., there exists t; — £,
x; € F(t;) with ||a;|| = oo. Since F'(¥) is bounded, we can choose some p > 0
satisfying

(5.6) |z|| < p forall z € F(t).
Given some T € F(t) determine 0 < 7; < 1 such that 7; := T+7,(z; — ) satisfies
|Z:|| = p. Selecting some subsequence, we can assume z;, — = with ||Z|| = p.

By convexity of g; using z; € F'(t;) we find for all j € J,
9@, 1) < (1 =m)g; (T, tr) + mgj(x, ti) < (1 —7)g;(T, 1) -

||z ||
[l —|]

The condition ||Z|| = p, ||z;|| — oo implies 7, = — 0 and then

g;(,t) = Jim g;(7, 1) < lim (1= 7)g;(7T, ) = g;(7, ) <0.

So Z € F(t) and |Z|| = p in contradiction to (5.6).
]

In the convex case even the boundedness of S(¢) is sufficient to assure that v is
Isc at ¢.

THEOREM 5.1. Let the convexity assumption AC hold and let S(t) be nonempty
and bounded (compact). Then v is Isc at t.

Proof. Consider the lower level set F(t) := {z € F(t)| f(x,t) < v(t)}. Then
the set ['(f) = S(%) is nonempty and bounded and the constraint set F(¢) satisfies
the assumption of Lemma 5.7. So the mapping F has the local boundedness
property LC, i.e., with some 60 and € > 0,

U Fycéo.
l[t—tll<e
Consider now any ¢, ||t — 7| < e. If F(t) = 0 it directly follows v(¢) > v(). In
case F'(t) # () the set F'(t) is a (nonempty) compact lower level feasible set for
P(t). This means that the problem

P(t) : mwin flt,z) st xeF(t)

with value v(t) has a nonempty solution set S(¢) and S(t) = S(t) implying v(t) =
0(t). Since LC holds for F at ¢ by Lemma 5.7 the function v(¢) and thus v(¢) is
Isc at ¢.

O

If we assume convexity in the variable (z,t) then we can even say more.

AC*'.  Let the functions f(x,t), g;(x,t), j € J, be convex in (z,t) on R" X T,
T’ convex.
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EX. 5.9. Let AC** be satisfied. Then dom F is convex.

Proof. For t1,ty € T, t1,to € dom F take xy € F(t1),z9 € F(t2) and define
x; =781+ (1 = 7)x9, t; =7t + (1 — 7)ta, 7 € [0,1]. Then forall j € J we
find

gi(xr,t;) < 7gi(x1,th) + (1 —7)gj(w2,t2) <0,
ie,x, € F(t;)and t, € dom F.

THEOREM 5.2. Let AC*' hold and assume S(t) # 0 for allt € T. Then the
function v(t) is convex on T. In particular v is Lipschitz continuous on each
pointt € int T.

Proof. Let x; € S(t1), xo € S(t2), t1,t2 € T and define x, = 721 + (1 — 7)z2,
t =7t1 + (1 — 7)ta, 7 € [0, 1]. Then for all j € J we find
gj(xT7tT> S ng(xlatl) + (1 - T)gj<x27t2) S 0 )
i.e., z, € F(t;). We moreover obtain
o(t;) < flar,tr) < 7mf(z,t) + (1= 7)f(22,t2)
= 71o(t1) + (1 —7)v(ts) .
The last statement follows from the fact that any convex function on 7' (convex)

is Lipschitz continuous at any interior point ¢ of 7" (cf., Remark 2.1).
a

5.8. Parametric linear inequalities, Lipschitz continuity of F'(t)

We start with the famous Hoffman Lemma [16] (cf., also [18, Lemma 2.7] for a
proof).

LEMMA 58. Let A € R"™*" and F(t) = {x | Ax < t}, t € R™. Then there is
some Ly > 0 (only depending on A) such that for each x € R", and t € R™ with
F(t) # 0, the following holds: there exists x;, € F(t) satisfying

(5.7) |z — x| < Ly lrénjagn(/lj.x — )",

where A;. is the jth row of A, and for o € R, at := max{0, a}.

As an application of this lemma we obtain global Lipschitz continuity of the fea-
sible set mapping
F(t)={x| Az < t}.

COROLLARY 5.1. Let F(t) = {x | Ax < t}, t € R™. Then there exists Ly > 0
such that for any t,t' € dom F it holds: to any © € F(t) we can find a point
x' € F(t') such that

2" — x| < Lollt" — t]| -
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Proof. Let be given ¢, € dom F,and x € F(t),i.e., Av <tor Ax —t' <t—t.
By Lemma 5.8 there exists ' € F'(t') such that
r < eV
o' ~all < Lo max (40— ¢)

< Lo 1%aé§1(tj — )" < Lot —t]| .

O

According to Corollary 5.1, for the right-hand perturbation, a global Lipschitz
result holds for F(t) even if F'(t) is not bounded. Ex. 5.1 shows that this is no
more the case if in a feasibility condition A(t)z < b(t) also A(t) depends on the
parameter ¢t. We give an illustrative example:

(58) F(t) = {(1’1,{[‘2) | :tl’l S 1, :l:ZEQ S 17 tl’l S OH .

Obviously
0<0 fort=0
tr1 <0 < r1 <0 fort>0
r1 >0 fort <O

So for ¢ near ¢ = 0 the feasible set F'(¢) behaves as sketched in Figure 5.4. From

F(0) F(t) F(t)

FIGURE 5.4. Sketch of the sets F'(0), and F'(¢) fort > 0 and ¢ < 0.

this picture it is clear that
F(t) is osc at ¢ = 0 but not isc .

The problem here is that the functions g; describing #'(0) do not fulfill a constraint
qualification (see Definition 5.3). Indeed for the constraint g(z,¢) = tx; there is
no x € F(0) satisfying

g(x,0)=0<0.

EX. 5.10. Consider the parametric LP,
. T1
P(t) min (1,1) ( ) s.t. xeF(t),
z€ER? To

with F(t) in (5.8). Show that the vertex minimizers of order 1 are given by (see
Figure 5.4):

—1,—1) fort <0
o(t) = { Eo,—1)) fort >0
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The preceeding discussion shows that without some constraint qualification we
cannot expect a feasible set F'(t) = {z | A(t)z < b(t)} to be isc but only osc. To
assure the latter only some compactness assumption is needed. Based on Hoff-
man’s Lemma we can prove Lipschitz osc of F'(t) (see also [27]).

LEMMA 5.9. [Lipschitz outer semicontinuity of the solution set of linear inequal-
ities] Let
F(t)={z[A)z <b(t)}, teR’,
and suppose the functions A(t), b(t) are Lipschitz continuous at t € RP. Further
assume that () # F(t) is bounded. Then F(t) is Lipschitz osc at t, i.e., there exist
B.(t) and L > 0 such that for any x(t) € F(t), t € B.(t), there exists some
Z(t) € F(t) with
l(t) —z@)| < L[t —¢]| .

Proof. We first show that there exist ¢ > 0, K > 0, such that the boundedness
relation holds:

|lz(t)]| < K forall x(t) € F(t), t € B-(t) .

Assume to the contrary that there are sequences t; — ¢, x(t;) € F(t;), satisfying
|x(t;)|| = oo for I — oo. Then (for some subsequence) ”zg;;” — d, ||d|| = 1 and
so, the inequality

A(tl) x<tl) < b<tl)
[~ =@l
Thus, with T € F(t) the whole ray {T + 7d | 7 > 0} is contained in F(¢)
contradicting the boundedness of F'(t).
Now take any z(t) € F(t),t € B.(t), i.e., A(t)z(t) — b(t) < 0. Lipschitz
continuity at ¢ for A(t), b(t) means that there exists L; > 0 such that for all j we
have

yields for [ — oo the relation A(t)d <0 .

[4;.(8) = A (DI < Lallt =2, [b;(¢) — b;(®)] < Lallt — 2| -
Thus we find
A (H)z(t) — b;(?)

IN

(A ()2 () = bi(B)] = [A;.(£)x(t) — b;(1)]
[(A5-(8) = A.(0)x(t)] + [b; () — b; (F)]
< 4@ = A Ol @)1 + [6;(8) = b;(D)]
< Lyt - tHK + Lyt — 7|
Li(K+ 1)t =t .
According to Hoffman’s Lemma with A = A(?), there exists some L > 0 such
that for 2:(t) € F\(t) there exists T(t) € F(t) with
l2(8) = Z(O)]l < LoLa(K + 1|t — 7]
and the lemma is proven with L = LoL, (K + 1).
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REMARK 5.1. Since an equality Ax = ¢ can be written equivalently as
Ar <t and — Az < -—t,

Hoffman’s Lemma remains valid if (in addition to inequalities) equality con-
straints are present. For the equalities we only have to replace (5.7) by

lz — zell < Lo max [Aj.z —t;] .

Consequently also Lemma 5.9 remains true for linear equalities or combinations
of linear equalities and inequalities.

5.9. LP with right-hand side perturbation, Lipschitz continuity
of v(t)
As a special case of Theorem 5.2 we consider linear programs (LP), where the
parameter ¢ only appears in the right-hand side of the feasibility condition:
5.9 Pt): maxc'z st z€F(t)={v]| Az <t}.
Recall that the dual of P(t) reads:
D(t): mint'y st ATy=c y>0.

Corollary 5.1 leads to a global Lipschitz result for the value function v(¢) of P(t)
in (5.9), cf., also Theorem 5.2.

COROLLARY 5.2. Assume that the dual D(t) of P(t) has a feasible solution
ATy = ¢,y > 0. Then there exists L > 0 such that for any t,,ty € dom F we
have

v(t1) = v(t2)| < L[ty — 2| -

Proof. Take t1,t, € dom F. Note that by Ex. 5.9 dom F' is convex. By LP
duality, since the dual of P(¢) is feasible, maximizer z1, x5 of P(t1), P(t,) exist.
By Corollary 5.1, for x; there exists o € F'(t2) such that ||z —Zo|| < Lol|t1 —12]|.
So

v(te) —v(ty) < "3y — "oy < lc||[|Z2 — 1] < Lollc|l|It2 — .

The same can be done by interchanging the role of x1, x5. This shows the result
for L = Lg||c]|.
O






CHAPTER 6

Local stability in nonlinear parametric optimization

We consider again for some open parameter set 7" C R? the parametric program:
fort € T solve

(6.1) P(t): min f(z,t) st. v € F(t) ={x € R" | g;(z,t) <0, je J},

with J = {1,...,m}. We assume throughout this section that f,g;,j € J, are
(twice) continuously differentiable on R™ x T', notation f, g; € C* (€ C?).

In this chapter (except for Sections 6.5, 6.6) we deal with general nonlinear para-
metric programs. So, we consider local minimizers x(t) of P(t) with correspond-
ing local value function

(Except for Lemma 6.2(b)).

In what follows, we are interested in local stability (continuity) of the feasible set
map F'(t) and a function of local minimizers x(t) of P(t) for t near {. Appro-
priate constraint qualifications and compactness assumptions will directly lead to
Lipschitz continuity results for the feasible set mapping F'(¢) and the value func-
tion v(¢). In this section we do not distinquish between Lipschitz outer and inner
continuity for F'(t).

6.1. Local Lipschitz stability of F'(t)

Without a constraint qualification we cannot expect that F'(¢) behaves continu-
ously. Components of the feasible set may disappear after perturbations of ¢. We
start with an example.

EX. 6.1. Let F(t) C R? be given by

) S t ’ )

F(t) :
and t = 0. Then F(0) (see Figure 6.1) consist of a full dimensional set Fy(0) and
an isolated point F»(0) = {(1,0)}. Fort < 0 (small) Fy(t) changes continuously
but the component Fy(t) disappears. Note, that at the isolated point of F5(0) no
constraint qualification is satisfied.

63
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T

£ (0 L0

FIGURE 6.1. Feasible set £(0) of Ex. 6.1

So, in order to assure that some component of F'(¢) behaves stably (continuously)
we should assume some constraint qualification, e.g., a Mangasarian Fromovitz
Constraint Qualification (MFCQ).

Let again F(t) = {z € R" | g;(z,t) <0, j € J} with g; € C*. Recall that the
MFCQ is said to hold at (Z,t), T € F(t), if there exists some ¢ such that

Vg (@m0E<0 Ve ().

We say that the global MFCQ holds for F'(t) if MFCQ holds at (, ¢) for all points
T € F(1).

Under MFCQ the feasible set behaves (locally) Lipschitz stable.

LEMMA 6.1. Let g; be C*-functions and let MFCQ hold at (T,t), T € F(t) with
a vector &.

(a) Then there exists Bs,(T), Be,(t), 61,61 > 0, such that MFCQ is satisfied

with € at all (z,t) € Bs,(T) x B.,(t) and int F(t) N Bs,(T) # 0 holds for all

t € B.,(t). More precisely, with some p > 0, for any 6 > 0, 6 < 01, there exists
5

e=¢():= oier < €1 such that

int F(t)N{z | [|lx —Z|| =0} #0 forallt € Be(1) .
(b) There exist Bs,(T), B.,(t), 62,69 > 0, such that F(t) N By, (T) is Lipschitz

continuous in B, (t). More precisely, there exists L > 0 such that for any t,ty €
B, (t) it holds: for any x1 € F(t1) N By,(T) we can find some o € F(t3) N
Bss, (T) satisfying

[y — @2 < Lty — L] -

Proof. (a) By MFCQ and continuity of g;, V,g,,j € J, we can choose Bj,(T),
B, (t) and some ¢ < 0 such that

(62) J0($7t) C JO(fa E) and ng(I, t)f S o v ($7t> € B(So(f) X BSO (%) .
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We now define z(t) := Z+ p&||t —#|| and the Lipschitz constant ¢, := max;e j, z7)
SUD (s, 1)€ By, (%) x Beg (1) |Vigj(x,t)]|. We will determine p > 0 appropriately as fol-
lows. By applying the Mean Value Theorem (cf., Appendix), for any j € Jo(T, ),
with some 7 = 75, 0 < 7 < 1, we find assuming (x(t), t) € By, (T) x Bx,(t):
g9i(x(t).t) = gi(x(t),1) — g;(T, 1)
= Vg (@+7(xlt)—7),t+ 7t —1))(x(t) — T, t —t)
= pVug; T+ 7(x(t) —T), t+7(t — 1)t — ¢t
V05T + 7(x(t) — T), T+ 7(t — D) (t — 1)

(6.3) < (op+e)llt—1 .

We firstly fix p such that op + c; < 0 or p > 2 > (. For x(t) we consider the
conditions

64 l=(t) 7 = plielit 7 {Z} 6 or it~ {_} pudgu

We now choose 41, £ such that

0 < (50 and €1 < ¢€o

as follows. In case 5 ”5” < g9 we put
d do oy
(51 == and g1 1= = .
2 2pll€ll pll€ll
If 50 ”5” > gy we define £, := % and determine ¢, via % =gy or 01 := p||¢|le1,

in which case 01 = p||{||% < pl[¢]le0 < do, i-e., 1 < do. In both cases, d, ¢ are
related via

€ 01
1= .
pll€ll
This construction in mind, for any 0 < § < §; we define
)
6.5) £(6) = -2
pll€ll

In view of (6.3), (6.4) the points y(§) := T + p&e(d) =T + 5\\6” , 0 < 0y, satisfy
y(0) eint F(t)N{z | ||z —T|| =0} Vt e Bs(t) .
Indeed, as in (6.3) we obtain for j € Jy(7, 1),

9i(y(0),t) < poe(d) + et — ||
< (po+c2)e(d) <0 Vte Be((g)(g) .

We also have for z(t) = T + p&||t — ||
z(t) €eint F(t) Vte Byy)(t), t#t1.
(b) Letasin (a), Bs, (T), B, (t) be such that (see (6.5)) &1 = p”&‘
Jo(z,t) C Jo(Z,t) and V,g(x, 1) <o V (x,t) € B;s,(T) X B, (1) .

and



66 6. LOCAL STABILITY IN NONLINEAR PARAMETRIC OPTIMIZATION

We now choose
51 _1 (51 o €1

dg = — |, Egi=——0=—.

2 dplell 4
For given t1,ty € B, (t), z1 € Bs,(T) we define 25 = x1 + p€||ta —t1|| where p is
determined as in the proof of (a). Using z:; € F(t;), we find for any j € Jy(7, )

as in (6.3),
gi(xa,t2) = gj(wa,t2) — gj(x1, 1) + gj(21, 1)
< gj(wa, t2) — gj(w1, 1)
< (po+e)llta —taf] < 0.

It only remains to check xo € By, (T) = Bas,(T). Indeed, in view of x; € By, (T),
t1,t2 € Be,(t) we obtain

lzo = 7| < [Jog — T + [[z2 — 21]]
< oy =7l + pllélll[ta — tall < 02 + pll€]|2e2
51 &1 51 (51
- u R R T
5 + pll€]] 5 — 3 1773 1 2

FIGURE 6.2. Sketch of feasible sets F'(0) (red) and F'(t) (blue,
dashed) for small ¢ under MFCQ at 7.

6.2. Stability of local minimizers and Lipschitz continuity of
v(t)
We first study the stability (existence) of local minimizers. Suppose that T is a

strict local minimizer of P(¢) in (6.1). Then only MFCQ suffices to assure the
existence of local minimizers x(¢) for ¢ near ¢.

THEOREM 6.1. Let f,g; be C'-functions. Let T be a strict local minimizer of
P(t) such that MFCQ holds at (Z,t). Then there are 6, > 0 such that for any
t € B.(t) there exists a local minimizer x(t) € Bs(T) of P(t) (at least one) which
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is a global minimizer in {x | ||x — T|| < §}. Moreover these minimizers satisfy
x(t) — T fort — t. More precisely, for any 61, 0 < §; < 6, there exists some 1,
0 < g1 < ¢, such that we have

z(t) € By, (T) forallt € B.,(t) .
Proof. Let T be a strict local minimizer of P (%) such that
(6.6) f(@) < f(z) forall z € F(t)Ncl By, (T), © # 7T,

for some dp > 0. Let 0] be the minimum of d;, d2 from Lemma 6.1(a),(b) and put
0y = = m1n{§o, 5} Then we have (cf., Lemma 6.1(a)) for all 65, 0 < 03 < 09,

(6.7) 1ntF()ﬂ{x|H:U—acH:53}7é(Z) Vt € Be(sy (1) .

where €(0) = ng

o > 0, and some 03,0 < J3 < do — o, such that with min-value m := f(7, 1)) it
holds:

By continuity of f, in view of (6.6), there exist & > 0, a small

f@ﬂj§m+% Vi € By, (T)

6.8) f(z,t) > m44da Ve e F(), bg—o<|x—Z|| <dh+o.

_03

oIl smaller, if necessary, due to the continuity of f,

By making d3 and £(03) =
we have

6.9) f(z,t) < m+a Vo€ Bsy(T),t € Besy(t)

(6.10) f(z,t) > m+2a Vre F(t), |z —T| =02, t € Besy)(t) -

The first inequality is clear. For the second let us assume to the contrary, that there
exist sequences t; — t, x;, € F(t;) such that

(6.11) |z, —Z|| =62 but  f(zy,t;) <m+2a.

By Lemma 6.1(b) we can chose &;, € F(t) N Bag, satisfying ||a;, — &y, || < L||t; —
t|| < o (for large [). With a Lipschitz constant ¢; for f wrt. (x,t) near (Z,{) we
obtain

|flao,t) — f(aa,D)| < ez — @]l + [t — 1))
O([lt: — ¢l

and thus by (6.8) using 62 — 0 < ||z, — T|| < 2 + o (recall ||y, — 24 || < 0),

flay, tr) = f(&y, 1) — Oty — 2[])
> m+da—O(|t—1]).

Letting ¢; — ¢ this contradicts (6.11).

The relations (6.9) and (6.10) together assure that for all t € B (53)( ) there must
exist a global minimizer x(t) on the compact set F'(t) N {z | ||z — Z| < 2}
satisfying ||x(t) — Z|| < 2. Thus, x(t) is a local minimizer of P(t) and the
existence statement is proven with £ := ¢(d3) = ” oiey and 6 == 0.

To prove the continuity condition let us assume to the contrary that there is some
41 > 0,8, < 6, such that there exists a sequence ¢; — t and for the global
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minimizers z(t;) of P(t;) in {z | ||z — Z|| < 0} it holds ||z(¢;) — T|| > 6;. We
then have (for some subsequence) x(t;) — & # 7, & € B;s(T). Closedness of F(t)
(see Ex. 5.2) yields & € F'(t). But # # T means that Z is not a global minimizer
of P(t)in {z | ||x — T|| < ¢}, i.e., with some p; > 0 we have

f(ij) > f(f7z) + P
In view of Lemma 6.1(b) there are points y(¢;) € F(¢;) such that ||y(t;) — Z|| =

O(||t; — t||). For these points we then obtain (note, y(t;) € Bs(T) for large [)
f(y(tl), tl) > f(l’(tl), tl) and thus

F@ 1)+ 0t =) = fly(t). t) = fx(t),tr) — f(@,8) = f(@.8) +p1
leading to the contradiction

O(||t; — t||) > p1 >0 forall large [ .

EX. 6.2. Let T be an isolated local minimizer of P(t), then T is also a strict local
minimizer.

Proof. Assume 7 is a local minimizer but not a strict local minimizer, i.e., there
exist z; — T with f(x;,¢) = f(,¢). This means that T is not an isolated local
minimizer. O

MFCQ together with some compactness condition on F'(t) implies Lipschitz con-
tinuity of the value function. We give a local and a global version.

LEMMA 6.2. Let f, g; be C*-functions.

(a) Let T be a strict local minimizer of P(t) such that MFCQ holds at (T, t). Then
with the local minimizers of P(t), x(t) € Bs(T) (see Theorem 6.1), and some
Ly > 0, for the minimum values f(x(t),t) we have

F@(t).t) = F@ D < Lt =7 forallt € B.(7) .
(b) Let MFCQ hold at (T,t) for any T € S(t). Assume there exists a neigh-
borhood Be,(t), ey > 0, such that Uiep, ) F(t) C Co, with Cy compact. In
particular, this assures the existence of a global minimizer (at least one) of P(t)

forallt € B.,(t). Then there exists some ¢ > 0, Ly > 0, such that for the
minimum value v(t) of P(t) we have

l(t)) —v(®)| < Lao|[t — || forall t € B.(%).

Proof. (a) Let T be such that 7 is strict global minimizer in cl Bys(T), 6 > 0.
For ¢t € B.(t) let the point z(t) € Bs(T) be the local minimizer of P(t) (global
in cl Bs(T)) according to Theorem 6.1. By Lemma 6.1(b) (choosing §,e > 0
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smaller if necessary) to any ¢ € B.(t) there exists y(t) € F(t) N Bays(T) such that
with L > 0 we have

(6.12) ly(t) —z(B)]] < Lt =] -
So, in view of f(Z,t) < f(y(t),t), with Lipschitz constants

cl = max Ve f(2, )], = max IVif(x,t)]
(z.t)ecl (Bs(@)xB- (7)) (z,t)ecl (Bs(@)xB: (1)

we find using (6.12),

f@1) = fzt).t) < flyt),1) — f(z(t),?)
Vaf (2(t), ) (y(t) — x(t) + Vof (2(t), 1) — 1)
+o(lly(t) = =(®)1l) + o([It —£[])
clly(t) — ()] + callt — £l + oIt —2[])
(1L + e[t =l + o[t =) < 2(erL + o)t =2,

IA A

if ||t — || is small. In the same way choosing Z(¢) € F(t) such that [|Z(t) — 7| <
LIt — t|| (see Lemma 6.1(b)) we get

fx(t),t) — f(@,t) < f(@1),t)— f(T,1)
< 20 L+ )|t — ¢t

and the statement is true with L; = 2(c1 L + ¢3).

(b) Let T € S(t) be a global minimizer of P(¢). By MFCQ at (z,t) (see
Lemma 6.1(b)) in some neighborhood B.(t) there exist x(t) € F(t) such that
|lx(t) —Z| < L|[t—t||. In view of v(t) < f(x(t),t) we obtain as in (a) with some
Li >0

U(t) o U(Z) < f(w(t)>t) - f(E’ Z) < LIHt o zH :

The compactness condition Ucp_ )£ (t) C Cy assures that for all t € B.(¢)

(with 0 < & < &) the set S(t¢) of global minimizers is nonempty and contained
in the compact set Cy.
We now show that there exists ¢, > 0 such that for all ¢t € B.(t) we have:

for any x(t) € S(t) there is some Z(t) € F(1)

(6.13) with [[2() — Z()]| < e[t — 7| .

If this holds then using v(t) < f(Z(t),t), for z(t) € S(t) we obtain with some
Lipschitz constant L > 0,

v(E) — o(t)

IA A

IN
52
=
|
=
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Now it only remains to prove (6.13). Assume to the contrary that there exists
sequences t; — t, 1; € S(t;), such that
(6.14) min W2 o 1 00
zeF() ||t — 1|

By compactness condition (for a subsequence) we have x; — Z. By closedness
of S(t) at ¢ (in view of MFCQ and thus CQ at (7, ¢) for any T € S(t), see
Lemma 5.5) we must have & € S(t) C F(f). Again by MFCQ at (z,?) (see
Lemma 6.1(b)) to z; (near z) there exists T, € F(t) with ||z, — 7|| < collt; — 1]
for some ¢, > 0. This contradicts (6.14).

O

6.3. Lipschitz and Holder stability of local minimizers of P(¢)

In this section we are interested in the question whether a strict local minimizer
of P(t) of order 2 behaves Lipschitz stable for ¢ =~ .

Constant feasible set F'(t) = Fj.

We firstly consider the special case that the feasible set () # F{, does not depend
ont,ie., gj = g;(z),j € J, and only f(z,t) depends on ¢. In this case we obtain
a general Lipschitz stability result (cf., also [6, Prop.4.36]).

THEOREM 6.2. Assume f,g; € C? Let the feasible set ) # Fy of P(t) be
constant.

(a) LetT = x(t) be a (strict) local minimizer of P(t) of order 2. Then there are
g,0, L > 0 such that for all t € B.(t) there exists a local minimizer x(t) € Bs(T)
of P(t) (at least one) and for each such local minimizer we have

l=(t) —Z|| < L|t — 2| -

(b) IfT is alocal minimizer of order 1 then we have for some £ > 0,

x(t)=T  forall t € B.(t) .
Proof. (a) Since T is a strict local maximizer of order 2 (see Definition 2.1) with
some ¢ > 0,0; > 0 it holds:
(6.15) f(x, ) — f(@, 1) >cllz —7||* VoreBs(@)NF.
The existence of (at least) one local minimizer z(¢) of P(t) near T follows easier
than in the proof of Theorem 6.1. Since 7 is a strict local minimizer with min-

value m := f(T,t), by continuity, there exist numbers ¢, > 0, § > 0, 6 < Iy,
such that

6.16)  f(T,1)

f(a,1)
6.17)  f(z,t)

m—i—% vt € B.(T)

m+2«a Vre Fy,|z—Z| =0
m+a VreFy,|x—T| =6,t€ B(t) .

(AVAR AVARR VAN
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The existence of a local minimizer z(t) with ||z(¢) — || < 0 fort € B.(t) follows
from (6.16) and (6.17) using the fact that T € Fj, is feasible for P(t) .
For a local minimizer x := x(t) € Bs(Z) we find f(z,t) — f(Z,t) < 0 and then

[ ) = f(z.1) = [f(z,0) = flz,0)] = [f(@.1) = f(@ )] + [f (. 1) — f(Z,1)]
< [flt) = fl@ 0] = [f(@,1) = f(z,1)]
= V.[f@+7(x-2),t) - f@+7(x—7),t)](z—7)

with some 0 < 7 < 1. In the last equality we have applied the mean value

theorem wrt. x to the function f(z,t) — f(z,t). By using V. [f(x,t) — f(z,t)] =
Vi (@, )(t = 1) + o([[t = T]}) we find

Fa D= f@D < max V2000 + o]t — e 7]
zecl Bs(z)
Letting v := max__ Bé(f)[HVfctf(z,f)H + 1], with (6.15) we obtain (recall z =
z(t))
— < — — Y <
cle=z|* <Allt =l - e =z or [lz(t) =l < [t =]l ,

and the Lipschitz continuity result is valid with L := ~/c. Note that in the last
step we tacitly assumed ||z(¢) — Z|| # 0.

(b) Assume that there is a sequence ¢; — ¢ such that x(¢;) # T for local min-
imizers x(¢;) of P(t;) in Bs(T) (see (a)). By definition of a local minimizer of
order 1, with some ¢, 4; > 0 we have

fl@,t) = f(@,1) 2 c|z == Yz e B (T)NFo.
Then arguing further as in (a) we obtain for = = x(¢;)

clle(t) —Z| <Al =t - lz(t) = 2| or 1< %th — |l vI.

which in view of ; — t is a contradiction.
O

We give an example showing that under the assumptions of Theorem 6.2(a) a
strict local minimizer Z of P(t) (of order 2) may be perturbed into a whole set of
local minimizers, i.e., the local uniqueness of the local minimizer is lost.

EX. 6.3. We look at the parametric program:

1—2t 1—t 1—t
P(t) : mm—ng 1—-t 0 -t |z st z€k
1—t —t 0

where Fy = {x € R® | 2y + 29 + 23 < 1,2; > 0,4 = 1,2,3}. Then for
t = 0 the point T = (1,0,0) is a strict minimizer of order 2 such that LICQ,
SOC holds but not SC (two of the active multipliers are zero). It can be shown
that for small ¢ > 0, the program P(t) has the (nonstrict) minimizers z.(t) =
7(1—1¢,0,t)+ (1 —7)(1—1,¢,0), 7 € [0,1]. So the strict local minimizer is lost.
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We will see later that even when SC does not hold under a stronger second order
condition the strict local minimizer behaves locally Lipschitz stable (see Theo-
rem 6.4).

Feasible set /'(¢) depending on ¢

Now we allow also the functions g;(x, t) and thus F'(¢) to depend on ¢. Under the
same further conditions as in Theorem 6.2 we only obtain a Holder stability result
with exponent 1/2 for the local minimizer. We start with an example.

EX. 6.4. Consider fort € R the program
(6.18) P(t) min f(z) =2 + (22— 1)* st ap<a], 13<t.

It is not difficult to see that the minimizers are given by (see Figure 6.3)
(0,1) t<0
z(t) =9 (£V/]tht) 0<t<!
(£53)  t>3
In view of the relation
|z(t) —z(O)|| =Vt + 2 =V1+t-Vt for 0<t<1/2,

the solution functions are (only) Héolder continuous at t = 0. In this example,
at the strict local minimizer T = (0,0) of P(t), MFCQ is satisfied and the KKT
condition holds with SOC (but not with SOC2, see Definition 6.1). Note that at
t = 0 a bifurcation of the minimizer curve occurs.

Hint for the proof: On the set x5 = % the objective function takes the values

h(xa) = f(z1,22) = 22 + (% - 1)2 = x% — o9+ 1.

This function h(xs) is strictly decreasing for 0 < zy < % Note that for the
above program P(t) at ¢ < 0, only the constraint x5 < t is active. Att = 0
the other constraint 7, < z% becomes active and for the solution (0, 0) of P(0)
the condition LICQ is not satisfied such that around ¢ = 0 the IFT cannot be
applied (to the KKT conditions; otherwise the solution function z(¢) would be a
C'-function und thus Lipschitz continuous).

We now present the Holder stability result for the local minimizers. Such a re-
sult has firstly been presented in [11], however onder the stronger second order
conditions SSOC in Definition 6.2.

THEOREM 6.3. Let P(t) be given with f, g; € C*.

(a) Let MFCQ hold at (%,t), T € F(t), and let T be a local minimizer of order
2 of P(t). (This holds, e.g., if the KKT conditions are satisfied at T with SOC, cf.,
Theorem 2.4(b).)

Then there are neighborhoods Bs(T), B.(t), 0, > 0, such that for all t € B.(t)
there exists a local minimizer x(t) € Bs(T) of P(t) (at least one) and for each
such local minimizer we have with some ¢ > 0,

|z(t) —Z|| < ¢||t —T||V/? forallt € B.(7) .
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F(1/4)

FIGURE 6.3. Feasible set of Ex. 6.4

(b) Letx be a local minimizer of order 1. Then we have with some c,c > (0
lz(t) —Z|| < ||t —t|| forallt € B.(t).

Proof. (a) By assumption (see Theorem 2.4(b)) there exists Bs,(Z) and some
K > 0 such that

(6.19) f(z, 1) — f(@,1) > kl|lz —Z||* Vo€ F()NBs,(T) .

By Lemma 6.1(b) there exist 6,6 > 0, 6 < &g, and L > 0, such that for any
t € B.(t) we can find some y(t) € F(t) N Bs(T) with

(6.20) ly(t) ==l < Liit — 2 .

The existence of a (at least one) local minimizer x(t) € B, (T) (globalincl Bs, (7))
for some 0y, 0 < 20; < 6 forall t € B, (t) (0 < g; < ¢) was proven in Theo-
rem 6.1.

By Lemma 6.1(b) we also can choose some z(t) € F(¢) N Bos, (T) satisfying

(6.21) 12(t) — @] < Lllt =2l -

With a Lipschitz constant co > 0 for f (wrt. (x,t)) we find using (6.20) and
(6.21),

f@ 1) < fz(),8) < fa®),0) +ea(llz(t) — 20 + It —2I)
< f(a(t), 1) + o L+ )W—W
< fly(0) 1) + (2L + 1)t — 7]
< @1+ BL+2)|t -1

and thus
0 < f(2(t),t) — f(T,1) < ca(BL+2)||t — ¥ -
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Combining this with (6.21) and (6.19) we finally obtain for small ||t — ||,
() =zl < z(t) = 2@ + [[2() — =]

f(0),0) — f(@. %))”2

R

(6.22) < L|t—17+ <

<
(b) In this case, with some dg, ¢ > 0 we have
flz,t) — f(ZT,t) > kllr — 7| Vx € F(t)N Bs,(T) .
Then arguing further as in (a) instead of (6.22) we find

f(z(t)vf) — f(f7%)>

202(3L + 2))1/2 ||t i %HI/Q
K

K

le(t) ~7| < Llt—7) + (

L+ cy(3L+2)
< ( -

) It =2l -

O

In the proof of the next main theorem we need an auxiliary result concerning the
Lagrangean multipliers (t) € RI70@D! of the local minimizers 2(t) of P(t) in
Theorem 6.3. Recall that the multiplier set M (x(t),t) corresponding to the KKT
point z(t) is defined by

M (x(t),t) = {n € ROEI |, f((t), 1)
(6.23) + > i Vagi(z(t),t) =0, p>0}.

J€Jo (Ey%)

LEMMA 6.3. Let the assumption of Theorem 6.1 hold. Then the following osc
condition is valid for M (x(t),t) at t: There exist B-(t),e > 0, and Ly, Ly > 0,
such that for any p(t) € M(xz(t),t), t € B.(t), there is some fi(t) € M(Z,1)
satisfying

l(t) = B@)|| < Lallz@) — 2| + Lalt — 2] -

Proof. According to (6.23) the multiplier set M (z(t),t) is defined as a solution
set of the linear equalities and inequalities for y;, j € Jo(T, 1),

Y i Vegia(t),t) = =Vof(x(t),0)
]'GJQ(E,E)
—p; < 0.
Putting J(] = Jo(f,
columns V,g;(x(t),
this system becomes

1) and introducing the matrix function A(t) € R™*ol with
t)T, j € Jy, and the vector function b(t) = -V, f(z(t),t)7,

A)p=>5(t), and —Ipu<O0.
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Let ¢y;, resp., co; be Lipschitz constants with respect to (z,t¢) for the rows
(%gi(x(t),t),i € Jo) of A(t), resp., components _a% (x(t),t) of b(t). Then

with L := maxg< <, max{ci;, ca; } we find using H(:c,t])H <||z|| + |1t
[A4;.() = A (O < Loll(2(2),) — (@, )] < Lo(ll(t) — =] + [t —[])

16;() = b; (D) < Loll(z(t),t) = (T, D)l < Lo(ll=(t) — = + [t —£]]) -

Recalling that by MFCQ the set M (T, t) is nonempty and compact, the statement

then follows from Lemma 5.9 (see also the proof) and Remark 5.1. We emphasize

that x4 corresponds to z in Lemma 5.9 and that ¢ in Lemma 5.9 is now (z(?), t).
O

If in comparison to Theorem 6.3 we impose a stronger second order condition we
even obtain Lipschitz stability for the local minimizers.

DEFINITION 6.1. We say that at a KKT point T of P(t) the second order condi-
tion SOC?2 is satisfied, if with the multiplier set

M (%, 1) = {p € RPE | Y, L(Z,T, 1) = 0, u > 0}
it holds with some 3 > 0:
d"V2L(Z, 1, p)d > B||d|* Vd € Cyz, and V€ M(Z,1) .

THEOREM 6.4. Let the assumptions of Theorem 6.3 be satisfied with SOC re-
placed by SOC2. Then for the local minimizers x(t), with some ¢, ¢y > 0 it holds:

|lz(t) — Z|| < ||t —¢|| forallt € B.(t) .
Proof. Assume to the contrary that there exists sequences t; — ¢, r; := z(t;) —
7, with local minimizers x; of P(t;) such that
(6.24) la =2l 0 o 1500

[t 1]

By MFCQ the Lagrangean multiplier vectors p; € M (x(t;),t;) corresponding to
the KKT-points x; are uniformly bounded (see Ex. 2.6), and by Lemma 6.3 there
exist ) € M(x, ) with
(6.25) e = pll < Ol = z[}) + O(l[ts — 7)) -
We put

_ - x1] -7
o= \lz;—7=|, m=|t—-t|| d:= )
o)

Taylor expansion yields for j € Jy(7, t),
0> gj(l‘l, tl) — gj(f, %) = Jlegj(E,f)dl + O(O‘l) + O(Tl) .

Since by Lemma 6.2(a) the local minimum values are Lipschitz continuous at 7,
we also find

O(Tl) Z f(l'l;tl) - f(f’ E) = Ulvxf(fvf)dl + O(Ul> + O(Tl) .



76 6. LOCAL STABILITY IN NONLINEAR PARAMETRIC OPTIMIZATION

So, after division by o; we get

V0,7, Ddi < o1) + o<§l>, V. (@, D)dy < o(1) + O

T

).
In view of (6.24) using d; — d, ||d|| = 1 (for some subsequence), we find
V.9;(Z,1)d <0, j € Jo(T,?), V.f(@1)d<0.

Thus 0 # d € Cyz. We now define g := (g;,j € Jo(Z, 1)), 2 := (1, ), 2 =
(%, piy) and

o}

H(z,t) = < Vw_l;g((xx,jtg)u) > for z = (x, u)

with Jacobian

Note that we have
VA 0(1) = SR+ Vgl i a0

(6.26) = 2'ViL(z,t, u)x .
We recall the monotonicity condition in Ex. 4.8,
—(p = )" (9(z,t1) — 9(7,%)) <0
Together with the KKT condition for z;, T this yields
Ay = (H(zt) — H(z,0) (2 — 7))
= (VoL(z, i, ) — Vo L(Z, T, 1)) (2, — T)

— (= )" (g(@, 1) — g(T,7))
< 0.

On the other hand, by the Mean Value Theorem in Lemma 9.1, for the vector-
valued _function H, and using SOC2 as well as (6.25), (6.26) and d; — d €
Cz7, |ld|| = 1, we get for large [

Ay = (H(z,t) — H(z,1)) (21 — 7))

1
= (z— zZ)T/ V.H(z,+7(z1— 2),t) (2 — 2) dr
0
1
= 012/ dINV2LT@ +7(x — 7).t 4y + 7( — ) dy dr
0

_ o {Zf (V2 L(Z, 1)) + o(1)]d + o(1)

1
> oi8+ato(1) > Sotf.
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Altogether, again using (6.25) and the boundedness of 1;, we finally obtain
1 _
—550'12 2 Al — A2 = (H(Zl,tl> — H(Zl, t))(Zl — le>

= (VaL(a, ty, ) — VoL, €, m)) (z — T)
— (= )" (g, 1) — g(a1, 7))
= O(om) + [O(ay) + O(1)]O(11) = O(oym) + O(77) .
Division by o;7; yields
1 oy i

—=f—>0(1)+ O(

2 T o

)

which in view of (6.24) is a contradiction.
(I

We give an example showing that under the assumptions of Theorem 6.4 at (T, t),
still a bifurcation of the minimizer curve is possible.

EX. 6.5. [cf [28, p.213]]

—r1+ 229 <0

—T1 — 2$2 S 0 ’

Show that at the minimizer T = (0, 0) of P(t), ¢ = 0, LICQ and SOC2 hold. The
global minimizers of P(t) are given by

(0,0) fort <0,

o(t) = { t(3,£3) fort>0,

1
P(t): min §(xf — ) —tx; st

with a bifurcation at £ = 0. For ¢ > 0 there is also a saddle point (KKT-point)
z(t) = (¢,0).

Under a stronger second order condition such a bifurcation is excluded.

DEFINITION 6.2. We say that the strong second order condition (SSOC) holds at
a KKT point T of P(t) if with the multiplier set M (z,1) := {0 < pu € RI@I |
V. L(Z,t, 1) = 0} it holds for some 3 > 0:

VL@ wd = BldP Y d e Toplu) and ¥ € M(T.F)

where Ty 3(11) is the tangent space Tp(pn) = {d | pu;V.g;(@ t)d = 0,j €
JO (fa t)}
Note that C;; C Ty;7(p) holds with Ty (1) = Cyz if the SC-condition j1 > 0 is
satisfied.

The following result goes back to Robinson [28].
THEOREM 6.5. Let f,g; € C? and let MFCQ hold at (T,t), T € F(t). Assume

the KKT condition is satisfied at T with SSOC. Then there exist neighborhoods
Bs(T), B:(t), 6,& > 0, such that for all t € B.(t) there is a unique KKT point
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x(t) of P(t) in Bs(T), and this point x(t) is thus an isolated local minimizer of
P(t). This minimizer function x(t) is continuous in B.(t) and by Theorem 6.4
satisfies with some cy > 0,

let) — 2| < |t~ forall t € B.D).

Proof. The existence of (at least) one local minimizer x(t) € Bs(T) for all B.(t)
is shown in Theorem 6.1. By Lemma 6.1(a) MFCQ holds at all these minimizers
z(t),t € B.(t). So these points are KKT points. Assume now to the contrary,
that the KKT points z(¢) are not unique in some (possibly smaller) B.(¢). Then
there must exist a sequence t; — t and KKT points y; of P(t;) in Bs(T) with
x; = x(t;), ; # y;. By continuity of g; we have

Jo(zy, ty), Jo(yi, t1) C Jo(Z, 1) ,
and by taking an appropriate subsequence, we can assume that
fly,t) — flz, t) <0 VU or  f(y,t) — flx,t) >0 VI
holds. Wlog. we suppose
(6.27) flut)) = fla, ) <0 Vi
For the Lagrangean multipliers ™ := (u5',j € Jo(Z, 1)), p = (u¥,j €
Jo(Z, 1)) wrt. 2, y, we have

\Y L(l’[,tl, wl) \Y L(ylatlvuyl) =0.

Since z;,y; € Bs(T) and by the boundedness of the Lagrangean multipliers due
to MFCQ (see Ex 2.6) (by taking a subsequence if necessary) we can assume

1 — T €cl Bs(T), y —7yeclBsy(z), and p™ — pu®, p¥ — .

Since the mapping of KKT points of P(t) is closed at ¢, with the unique KKT
point T of P(t) in Bs(Z) (see Theorem 2.5), we have

T=y=7 and p* € M(T,1).

By putting o, := ||y, = ylo;lzl we can assume d; — d, ||d|| = 1. A

Taylor expansion using pj' > 0 = g;(x;,t;) = 0, yields for j € Jy(7,t) with
st > 0:

0 > gj(yl,tz)—gj(l’zatl)
= oVagj(z, t)d; + UszVzgg(ifz,tl)dl+0(Uz)
and see (6.27)
0 > f(yz,tz)—f(:cz,tz)

= O.lvzf(xlatl) + 201 dTv2f(xl7tl)dl + O(Ulz) :
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Division by o; leads to

1 e
(6.28) 0 > Vzgj(xl,tl)dl—|—§JlleV§gj(xl,tl)dl+o(al) if pi5t >0

1
6.29) 0 > wa(xl, tl)dl —+ ialleVif(:cl, tl>dl -+ O(O’l) .

Letting | — oo using d; — d gives in view of u? > 0= u;’-” > () (for [ large)
Vog;(@,0d <0 ifpul >0, V,f(Z,1)d<0.

By the KKT condition V. f(7,f)d = — > i@ 15V 2g;(,1)d > 0, this im-

plies V. f(7,%)d = 0 and then

(6.30) V.9;(@,8)d=0 if pl >0 andthus d € Tpz(p").

Multiplication of (6.28) by uf and adding to (6.29) finally gives

0> V. L(xy, ty, u™)d; + %aldngiL(zl, ty, p™)d; + o(oy)
or in view of V,L(zy, t;, p™) = 0,
%alleViL(xl,tl,u”)dl < o(ay) .
Division by o; and letting [ — oo yields in view of ¥ = T,
d' V2L(E 1 pT)d <0 withd € Typ(u7), || =1,

contradicting SSOC.

We finally prove that in (a possible smaller) B. (%) the function x(#) is continuous.
Assume that this is not the case. Then for any small £ > 0 there exists ¢, ||t. —
t|| < e such that z(t) is not continuous in ¢.. This means that there is some
sequence t; — t., and some « > 0 such that

|z(t) —z(t)]| 2 VL.

Now we can argue as in the proof of Lemma 6.1. By construction, z(t;), z(t.) €
Bs(T) are global minimizers of P(t;), P(t.) in {z | ||z — 7| < 0}. So we can
assume (for some subsequence) z(t;) — & # x(t.), & € Bs(T). Closedness of
F(t) (see Ex. 5.2) yields & € F(t.). But & # z(t.) means that & is not a global
minimizer of P(t.) in {z | || — Z|| < 0}, i.e., with some p; > 0 we have

f(@,1) = fla(te), te) + pr -
In view of Lemma 6.1(b) there are points y(¢;) € F(¢;) such that ||y(t;) —x(t.)|| =
O(||t; — t.||). For these points we then have (note y(t;) € Bs(x) for large 1)
fly(t),t) > f(z(t;), ;) and thus
fla(te),te) + Ot = tell) = fy(t), )
fla(t), tr) = f(&,t) = fla(te),te) + pr

v
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leading to the contradiction
O(||t; — tc||) > p1 > 0 forall large [ .

6.4. Stability of local minimizers under LICQ and SSOC

In this section we analyse stability properties under the stronger assumptions that
at a KKT point T of P(t), LICQ and SSOC is satisfied but not SC. In this situation
we can sharpen Theorem 6.4. The result goes back to Jittorntrum [17]. We start
with an auxiliary lemma on the stability of tangent spaces.

LEMMA 6.4. Let A(t) € R™*, t € B.(t), ¢ > 0, be a continuous matrix function
such that for all t € B.(t) the matrix A(t) has full rank k (k < n). Let
T@):={deR" | At)'d=0} and C(t):=TEt)N{d||d||=1}.
Then for any d(t) € C(t), t € B.(1), there exists d(t) € C(t) such that
ld(t) —d(®)]

Proof. We firstly construct a continuous basis of the tangent spaces 7'(t) as fol-
lows. By applying Gauss elimination (see, e.g., [9, Section 2.1]) there exists some
e > 0, a permutation matrix P € R***_ continuous nonsingular lower triangular
matrices L(t) € R*¥** and continuous upper triangular matrices U (t) € R**™ of
rank k, such that

—0 fort — 0.

L) PAW)T =U(t)  forall te B.(7).
So A(t)Td = 0 is equivalent with the triangular system U (t)d = 0. By a standard
procedure, solving this triangular system recursively, we obtain a basis,
di(t), da(t),. .., dnk(t),

of T'(t), continuously depending on t. The elements d(t) of T'(¢) are given as
combinations

d(t) = Zujdj(t) = B(t)u,

if B(t) € R"™" % is the matrix with columns d;(¢),j = 1,...,n — k, and
u = (U, ..., Up ). Since B(t) has full rank n — k, the matrices B(t)” B(t)
are positive definite with smallest eigenvalue \;(¢) > 0 (see (8.2) later on),
. uTBt)TB(t)u
MO =T
It is well-known that the eigenvalues of a continuous symmetric matrix function
are continuous in ¢. So, by making € > 0 smaller (if necessary), we can define

Ar:= min A (t) > 0.
tecl B.()




6.4. STABILITY OF LOCAL MINIMIZERS UNDER LICQ AND SSOC 81
For any d = B(t)u € T'(t) with ||d|| = 1 we then find
1=d"d=u"Bt)"B(t)u > \ju'u, te B.(t),
and thus

1
(6.31) IBt)ul| =1 = |ul| < vl
Now for any d(t) = B(t)u € T(t), |d(t)|]| = 1, ie., d(t) € C(t), we can
define d(t) = B(t)u € T(f) and d(t) = |§g;| € C(t). Obviously, using Cauchy
Schwarz inequality, in view of (6.31) we find

ld(t) —dl = I(B(t) - B@D)ull = | iuj(dj(t) —d;(D)]

IA
=
=
S
—~

~
~—
&
—~

~
=

VAN
3
i
=
<o
~__—
=
[\
q
M1
S
=~
S~—
|
S
=
Pt
T
~_
=
[\

n—~k 1/2
< % (Zudm —%(BIF) |

So recalling d;(t) — d;() for t — , we have ||d(t) — d(t)|| — 0 and ||d(t)|| —
ld(t)|| = 1. This proves ||d(t) — d(t)| — 0 for t — .
O

We now analyse stability under the stronger assumptions that at a KKT point  of
P(t) the conditions LICQ and SSOC are satisfied but not SC. Recall that 7 is then
an isolated local minimizer of order 2. Under these conditions we can sharpen the
statements of Theorem 6.5.

THEOREM 6.6. Assume f,g; € C% Let LICQ hold at (Z,1), T € F(t), as well as
the KKT condition with (unique) multipliers fi; > 0, j € Jo(%, 1), such that SSOC
is satisfied (see, Definition 6.2).

Then there exist neighborhoods Bs(T), B.(t), 0, > 0, and functions z(t) :
B.(t) — Bs(T), u(t) : B.(t) — RIP@DI continuous on B.(t), such that x(t) is
unique KKT point of P(t) in Bs(T) with unique multiplier vector y(t). Moreover,
x(t) satisfies LICQ and for x(t), u(t) SSOC holds for all t € B.(t). In particular,
the points x(t) are isolated local minimizers of P(t) of order 2.

Proof. Recall that LICQ implies MFCQ at (7, t) (see Ex. 2.5). So, the assump-
tions of Theorem 6.5 are satisfied, assuring the existence of the continuous local
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minimizer function z(¢) in B;(Z). Since Vg,(T,t),j € Jo(T,t), are linearly in-
dependent, by continuity in (a possibly smaller) B. (%), also the gradients
V.g;(x(t),t), j € Jo(T,t), are linearly independent.
Also recall, that by continuity we have
Jo(z(t),t) C Jo(Z, 1),

so that LICQ also holds at (x(t), t). Consequently for ¢ € B.(t) there is a unique
multiplier vector u(t) € RI%@DI for the KKT point z(¢). We now prove the

continuity of x(t): By defining the continuous functions b(t) = —V,. f(z(t),t),
A(t) = (Vg (z(t),t)T, j € Jo(T,1)) the KKT condition for z(t) reads
At =0b(t) ,
with unique solution y(¢) > 0. This solution must satisfy
ADTAM) = At)"b(t) .
By LICQ the matrix A(t)T A(t) is positive definite (and thus nonsingular), so that
also the latter system has a unique solution which must coincide with the unique
multiplier x(¢). So pu(t) is explicitly given by
-1

u(t) = (A®TA®) " AWTb(1) |

which is a continuous function of . Next we prove

SSOC for x(t), u(t): We show (see the SSOC condition in Definition 6.2),

6.32)  d'VAL(x(t),t, u(t))d >

N |

forall d € T (u(t)), ||d|| =1,

where T4 +(44(t)) is the tangent space

T (p(t)) = {d | Vg (x(t), ) = 0 j € Jo(m, ) with pi;(t) > O} |
and L is the (local near (T, ¢)) Lagrangean function

Lz t,p) = flw,0)+ > pgi(a,t).
jeJo(T,t)

Recall that by continuity we have for small ||t — ||,
(6.33) Jo(x(t),t) C Jo(T,¢) and p;(t) > 0= pu;(t) >0.
If we define

Toy(1(B)) = {d | Vg (a(t), ) = 0 j € Jo(@, ) with () > 0},
we thus have
(634) Tooa(1(8)) € Tugyo (D)

In Lemma 6.4 we have proven that for any d(t) € Ty +(1(2)),
exists d(t) € Tyz(pu(?)), |d(t)|| = 1, such that ||d(t) — d(t)

d(t)|| = 1, there
| = 0fort — .
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Therefore, by continuity, the SSOC condition for (7, ¢) implies that for ¢t € B.()
(with possibly smaller ¢) the condition

L), p(t)d > 5 foralld € Ty (@), 0] =1,

is satisfied. In view of (6.34) this proves the SSOC condition (6.32) for (x(t), uu(t)).
O

We now will prove that the functions z(t), () in Theorem 6.6 possess direc-
tional derivatives. Recall that the directional derivative, e.g., of x(¢) at ¢ into the
direction z, ||z|| = 1 is defined by

Var(t: 2) = lim x(t+712) — x(t)
’ 710 T '

So for fixed t € B.(t) and z we have to consider the program P(¢ + 7z) for
small 7 > 0. Recall that by continuity, for the local minimizer (¢ + 7z) and
corresponding multiplier vector (¢t + 72z) for small 7 > 0 we have

=0 ifpu(t) >0

<0 ifp(t)=0 "7 € Jo(T,1) .

(6.35) gj(x(t+712),t+712) {
So, for fixed t € B.(t), and fixed z, the program P(t + 7z) with parameter 7 > 0
reads:

P(t+72): min  f(z,t+712) st

=0 ifu;(t) >0 ) _ -
satr{ 20 20 e @,

These programs have unique local minimizers z(t + 7z) € Bs(Z) with unique
multiplier 4(t 4+ 7z). Note that for j € Jo(T,t) with p;(¢t) = 0, for small 7 > 0,
we may have

gj(x(t+712),t+72) =0 or gj(x(t+712),t+72)<0.
By continuity we have (¢ fixed)
Jo(x(t +72),t + 72) C Jo(x(t),t) C Jo(T,1) .
So, if we define

Ju(x(t), 1) = {j € Jo(a(t), 1) | p;(t) > 0},
Ja(x(t), 1) = {5 € Jo(x(t), 1) | p;(t) = 0} ,

for any index set R, J1(x(t),t) C R C Ji(z(t),t) U Jo(x(t),t) we can look at the
parametric program with parameter 7 > 0 (¢, z fixed):

(6.36) Pr(t+72): minf(zx,t+72) st gj(z,t+72)=0,j€R.
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Under the assumption of Theorem 6.6, this program satisfies LICQ and the second
order condition in Ex.4.7. Consequently, the IFT can be applied, and for each R
there exist local minimizer functions, differentiable in 7, (¢, 2z fixed) (see Ex. 4.7)

xr(t+7z) of Pg(t+ 7z) with unique multiplier pg(t + 72) .
Note: By construction, for each 7 > 0 there exists some R = R(7), J;(x(t),t) C
R C Ji(x(t),t) U Ja(x(t),t) such that the local minimizer (in Bs(T))
x(t+7z) of P(t+ 72) coincides with zx(t + 72) .

THEOREM 6.7. Assume f,g; € C*. Let the assumptions of Theorem 6.6 be sat-
isfied at (T,t), T € F(t). Then, in addition to the statement in Theorem 6.6, for
any t € B.(t), the local minimizer function x(t) € Bs(T) and corresponding
multiplier function (t) have directional derivatives Vz(t; z), Vu(t; z) in any di-
rection z, ||z|| = 1. Moreover, in B.(t), the value function v(t) := f(x(t),t) is
differentiable with derivatives Vu(t) = V,L(x(t),t, u(t)) and the second direc-
tional derivatives V?v(t; z) exist.

Proof. We start proving that for any ¢ € B.(¢) the directional derivatives
Vx(t; z), Vu(t; 2) exist. We only treat the case ¢ = t since the arguments for any
other fixed ¢ is the same. To do so, for fixed z, ||z|]| = 1, we analyse the local
minimizers x (¢ 4+ 7z) of P(t + 7z) and multipliers p(¢ + 72) for small 7 > 0. Let
us introduce the abbreviations Jy := Jy(T, t) and

Jy = {j < Jg ’ ,LL](E) > O}, Joy = {j € JO | /LJ(Z) = 0} .
The following is known from the proof of Theorem 6.6 and the discussion above:
there is some p > 0 such that
o z(t + 72), u(t + 72) are continuous in 7, for 0 < 7 < p,
o gi(x(t+712),t+72)=0,Vj€ JforT,0 <7 <p.
e For each 7,0 < 7 < p, there exists R = R(7), J; C R C J; U Ja,
such that x(t + 72) coincides with the differentiable minimizer function
zr(t + 72) of Pg(t + 72) in (6.36).
So, only for j € J,, depending on 7 > 0, there are two possible cases,
gj(x(t+712),t+72)=0 or
gj(x(t+712),t+72) <0 andthen u;(t+72)=0.
We now introduce the two index sets,
Ri={jeJo|gi(x(t+72),t+72) =0V0 <7 < pi(j) for some p;(j) > 0}
Ry={j€ Jo|gj(x(t+72),t+72) <0V0 <7 < pa(j) for some ps(j) > 0}
and put p3 := min{minjcp, p1(j), minjer, p2(j)}, Rs := Jo \ (R1 U Ry). Note
that we have Ry N Ry = () and J; C R;.
case R3 = (): Then forall 7,0 < 7 < p3, the minimizer z(¢ + 7z) coincides with
the (differentiable) minimizer x g, (t + 72) of Pg, (t + 72).

case R3 # (): For j € R3 by definition the following holds:
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if gj(x(t + 112),t + 12) < 0 for some 0 < 73 = there is some 7o,
0 < 79 < 71, wWith gj(x(t + T22),t + 722) =0
if g;j(z(t + m2),t 4+ T22) = 0 for some 0 < 75 = there is some 73,
0 < 73 < To, with gj(x(t + 732),t + 132) < 0.

So, for each j € R3 and 7 | 0 the values

(6.37) g;(z(t + 72),t + 72) alternate infinitely many times
between values 0 and < 0.

Assume for the moment that B3 = {j} contains only one index. Then for any 7,
0 < T < p3, the local minimizer x(¢+ 7z) coincides with one of the differentiable
local minimizer functions

zg, (t+72) of Pr,(t+72) or xgug}(t+ 72) of Pr,uger(t+72) .

Since 7 € Rg, in view of (6.37), for 7 | 0, the continuous minimizer function
z(t + 72) will switch infinitely many times between the curves z g, (t + 72) and
T R,utj0} (t + 72). Consequently, these curves intersect infinitely many times for
7 | 0. Both curves are differentiable and satisfy z g, (t) = zg,ug}(f) = z(t) =
7. Thus the following limits exists and are equal:

m TruLo(E+ T2) — TR U ()

lim LRy (z + 7—2) — TRy (z) — i
70 T 710 T

I

and because z( 4 7z) coincides with either of these functions z g, or zg,ugj,} wWe
must have

x(t +72) — x(t) xR, (t+72) — R, (1)

Vz(t; z) = lim = lim
710 T 710 T
— lim 'TR1U{j0}(t + 7—2) - leu{Jo}(t) '
70 T

Let now Rj3 consist of several indices. Then, there are subsets R; C R3 with the
property:

for any p > 0 there exists 7,0 < 7 < p such that z({ + 72)

coincides with the minimizer xz, g, (t 4 72) of Pr,ug,(t + 72) .

Now we define the set S := {R; C R3 | (6.38) is satisfied}. Then for 7 | 0 the
curve z(t4-72) switches infinitely many times between all curves x g, ug; (t+72),
R, € S. So, as for the case Ry = {jo} before, we can conclude that the following
limits exist and are equal,

(6.38)

_ 1 —x(t (t+ - /(t
Vi 2) = lim 2T =20 Tron(H72) Zomon®) g g

740 T 710 T

Similar arguments can be used to show that the directional derivatives V pu(t; z)
exist.

To prove the statements on the directional derivatives of the value function, we
take a fixed t € B.(t) and small 7 > 0, and we look at the value function v(t +
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7z) = f(x(t+72),t+7z). Recall that the minimizer xz(t+7z) of P(t+7z) satisfy
for small 7 > 0 with corresponding multipliers y;(¢ + 7z) the KKT conditions

(6.39) V. f(x(t+72),t+712)+ Z pi(t+72)Vegi(x(t+72),t+72) =0
jedo@)
and
gj(x(t+72),t+72)=0 for je& Jo(z,t) with p;(t) >0.
Differentiation with respect to 7 yields at 7 = 0,

for j € Jo(T,t
(640 Vagp{a(t).)Va(t:) + Vigs(at).0: =0 11 E (g)( nt)
So we find using (6.39) and (6.40)

d
Vou(t;z) = Ef(x(t +72),t +T2) =0
= V.f(z(t),t)Va(t;z) + Vif(x(t),t)z
— = Y Vg (0), OVt 2) + Vef (), )2
J€Jo(T1)
= > wOVagi(a(t), )2+ Vif(x(t), 1)z
JEJO(T,1)
= ViL(z(t),t,ut))z .
Since VL (z(t),t, u(t))z is linear in z, the value function is differentiable with

gradient Vu(t) = VL(x(t),t, u(t)). For the second directional derivative we
obtain the formula

Vi(t:2) — lim Vou(t + 72;2) — Vo(t; 2) _ iVU(t oz ) m
70 T dr

d
= EVtL(x(t +72),t + 72, u(t + 72)) 21r=0

= V2 L(x(t),t, u(t))Vat;2) + 2" V2L(x(t), t, u(t))z
+ Z Vi;(t; 2)Vegi(z(t), 1)z .

jEJ() (Evf)
O

Remark. In [17] it is stated that the directional derivative Vx(t;z) can be
computed as unique minimizer of the quadratic program,

@z):  min %iTviL(x(t% tu(t)€ + 2" Vi L(w(t),t,u(t)E st

Vagila(0.06+ Vio.0:{ 20 1070 e nm.
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The proof of this fact relies on results in [5], in particular, [5, Theorem(ii)]. For
the proof of this Theorem the authors refer to [7, Theorem 2.2, p.539]. This
reference however seems to be incorrect.

6.5. Stability without CQ, linear right-hand side perturbed
system

For the local stability results above, the MFCQ condition played an essential role.
We now consider a special class of parametric programs with parameters (¢, )
where t € T C RP, T' open, and r € R C R™, R open:

(6.41) P(t,r): min f(z,t) st. z€ F(r):={z| Az <r}
where A € R™*" and f € C*(R™ x RP, R).

In this section we do not assume any constraint qualification (such as Slater’s
condition, see Ex 7.1). Such a constraint qualification will be replaced by the
following (minimal) assumption.

A..: Let (z,7) with T € F(7). We assume that F'(7) is not a singleton and that
there is some 9, > 0 such that

(6.42) F(r)y#0, Vre Bs (7).

We firstly are interested in the existence of local minimizers of P(¢, ) near a strict
local minimizer Z of P(¢,7). Similar to Theorem 6.1 we obtain

THEOREM 6.8. Let | be a C*-function and let T be a strict local minimizer of
P(t,T) such that A., holds at (Z,T). Then there are 5, > 0 such that for any
(t,7) € B.(t,T) there exists a local minimizer x(t,r) € Bs(T) of P(t,r) (at
least one) which is a global minimizer in {z | ||z — Z|| < §}. Moreover these
minimizers satisfy x(t,r) — T for (t,r) — (t,T). More precisely, for any 4,
0 < ; <0, there exists some €1, 0 < g1 < g, such that we have

z(t,r) € By, (T) forall (t,r) € B, (t,T) .
Proof. Let T be a strict local minimizer of P(¢,T) such that
f(@) < f(x) forall z € F(t)Ncl By (T), x £ T,

for some &y > 0. By A, there exists some Ty # Z, Tp € F(F). Note that by
convexity also the whole line segment [Ty, Z| between T and T, is contained in
F(7). Put 6 = $min{d, |Zo — ||} and take the point Z, € [Ty, Z] such that
|Zo — || = d2. By assumption f(Z) < f(&o). The continuity of f assures that
there exist & > 0, a small ¢ > 0, and d3,0 < d3 < &2 — o, such that with
min-value m := f(7, 1)) it holds:
fed) < m+3 Vo€ By (@),
(643) f(z,t) > m+da Ve e F(F), h—o<|z—-7| <d+o0.
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By making 63 smaller, if necessary, due to the continuity of f, we can chose some
€ > 0 such that

(6.44) f(x,t)
(6.45) f(z,t)

The first inequality is clear. For the second let us assume to the contrary, that there
exist sequences (t;,7;) — (¢,7), z; € F(r;) such that

(6.46) |le, —Z|| =92 but  f(xy,t;) <m+2a.

m+a Vz € Bs,(T),t € B(t)

<
> m+2a V€ F(r), ||t —T|| = da, (t,7) € B(t,7) .

By Corollary 5.1 using A., we can chose 2, € F(T) N By, (T) satisfying ||z; —
|| < Loljr; — 7| (for large [) with some Ly > 0. With a Lipschitz constant ¢;
for f wrt. (x,t) near (T,{) we obtain

|fant) = f(@, )] < e(lla—all + It — )
= O(l(t, ) = @ 7))
and thus by (6.43) for large [,

[, ) f(@,8) = Ol (tr,m) — (7))

>
> m+da—O(|[(t, ) — &7)) -

Letting (¢;,7;) — (¢,7) this contradicts (6.46). From Corollary 5.1 we also can
deduce that (for € small enough) we must have

F(r)N Bs,(T) #0 Vr € B.(F) .

The relations (6.44) and (6.45) together assure that for all (¢,7) € B.(t,T) there

must exist a global minimizer x(¢, ) on the compact set F'(r)N{z | ||z—Z| < 2}

satisfying ||z(t,7) — Z|| < d2. Thus, z(¢,r) is a local minimizer of P(t, r) and the

existence statement is proven with € and ¢ := 9,.

The proof of the continuity statement is the same as in the proof of Theorem 6.1.
U

We also obtain a Lipschitz condition for the value function of our special program.

LEMMA 6.5. Let f be a C'-function and suppose, T is a strict local minimizer
of P(t,T) such that A., holds at (T,T). Then with the local minimizers of P(t,r),
x(t,r) € Bs(T) in Theorem 6.8, and some ¢, Ly > 0, for the minimum values
f(z(t,r),t) we have

[f(z(t,r),t) = f(@ D] < Lall(t,r) = &7) - forall (t,r) € Be(t,7) .

Proof. The proof follows with the same arguments as in the proof of Lemma 6.2,
with the difference that instead of Theorem 6.1 we use Theorem 6.8 and instead

of Lemma 6.1(b) under A., we have to apply Corollary 5.1.
O
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Concerning a stability result for the minimizer function (¢, ) of P(t,r) we could
transfer the proof of the Holder stability statement of Theorem 6.3 to our program
(6.41). However for this special problem we expect generally a Lipschitz stability
result as in Theorem 6.4. To do so we need at least some boundedness result
for the Lagrangean multipliers as in Lemma 6.3. This is achieved with a trick
which avoids the MFCQ assumption. We simply chose appropriate Lagrangean
multipliers (¢, r) corresponding to z(t, r).

So we again consider a strict local minimizer T of P(¢,7) and the local minimizers
x(t,r) of P(t,r) for (t,r) near (¢,7) in Theorem 6.8. Since P(t,r) has linear
constraints (see Remark 2.2) the minimizers must satisfy the KKT condition

(6.47) Vof (x(t,r),t) + Y pa; =0, 1;>0,j€Jy,
J€Jo

where a are the rows of A (see (6.41)), and Jo := Jo(T,7) = {j € J | a] T =T}
(J ={1,...,m}) is the active index set of Z. Recall that by continuity for small
||(¢t,7) — (¢,7| we must have

Jo(z(t,r),r) C Jy .

To obtain bounded multipliers we chose ;1 = u(t,r) € Rl as solutions of the
parametric program

(6.48) Q(t,r): min ||u|| st psatisfies (6.47) .
“w

Note that the following problem has the same solutions:

~

1
(6.49) Q(t,r): min §||u||2 s.t.  u satisfies (6.47) .
17

Since under A, for each (t,7) € B.(f,7) the feasible set of Q(r,t) (or Q(t,))
is nonempty, by the Weierstrass Theorem 9.1 solutions of these programs exist.
Indeed, with a feasible point po(¢, r) (¢, r fixed) the lower level set

{u| pis feasible and || || < ||po(t, 7)[|}

is compact. Moreover, due to strict convexity of the objective % ul i of Q(t, r),

the solutions (¢, 7) of Q(¢,r) and thus of Q(¢,r) are uniquely determined. The
next lemma proves a result for P(¢,) as in Lemma 6.3.

LEMMA 6.6. Let A,, hold at (T,7). Let f € C? and suppose, x(t,r) are the
minimizers of P(t,r) for (t,r) € B.(t,7) (T = x(t,T)) according to Theorem 6.8.
Then for the unique solutions u(t,r) of Q(t,r) we have for (t,r) — (t,7):

(6.50) It r) = w(EF)l = Ol (t,r) = 2l + I(t.r) — E)) -

Since x(t,r) — T it follows ||u(t,r) — p(t,7)|| — 0 for (t,r) — ({,7) and in
particular the multipliers u(t,r) are uniformly bounded in B.(t,T).
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Proof. step 1. Let (¢,7) € B.(,T) be fixed. With the local minimizer z(r, t) of
P(t,r) and T of P(t,T) we define

b= -V, f(x(t,r),t) , b= -V.f(T,1).

Then with a Lipschitz constant ¢; for V f wrt. (z,t) near (T, t) we obtain

68 = 0° = |Vaf(z(t,7),t) — V. f(T, 1)
< er(fla(t,r) —z|| + ||t —E])
(6.51) < a(lzt,r) =z + ) — E7)) -

Now we introduce the parametric program depending on parameter 1 € Rl (see
(6.49)),

~ 1

(6.52) Q(b) :  min §/LT/L st. Bou=0b —u<0,
m

where By := [a;,j € Jo] (with a; the jth row of A in (6.41)), and again .J; :=

Jo(Z,T). Note that

QObY) =Qt.,r) and Q) =QET),
and since @(b) is a linearly constrained program, p is the (unique) solution of

Q(b) if and only if p with corresponding Lagrangean multipliers A € R, ¢ > 0
is a feasible point of F'(b),

F(b) ={(u, A, 0) | (g, A, o) solves the system (6.53)} ,

Bop=0b, —p<0

6.53) BIA—pu=0, ¢<0

Ui'/LiIO,’iEJo.

These feasibility conditions are linear except for the complementarity constraints
o; - iy = 0, © € Jy. We can split up and simplify the system as follows:  For
any (fixed) index set I C Jy we introduce the feasible sets,

Fr(d) = {(u, A\, 0) | (1, A, o) solves the system (6.54)} ,

Bop=0b, —pu<0
BiN—pu=0, o <0

—0; <0, pu;=0, ZGJ()\]

We emphasize that for each fixed b and for a corresponding point (i, A, o) € F(b)
there exists some / = I(b) such that (i, \, o) € F(b).

step 2. We now apply Corollary 5.1 to F7(b) and conclude that for each [ there
exists Ly > 0 such that for all b, € dom F; wehave:  toany (u, A, 0) € Fy(b)
we can find (¢/, X', o) € Fr (V) satisfying

(6.55) = 1l < 1l A @) = (' XN, o)) < Lallo— 0]
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By defining the line segment between ', b,
()= (1—-71)" +7°, 7€]0,1],

we notice that by convexity, with F'(b'), F(0°) # 0, it follows F'(¢(7)) # 0 for
all 7 € [0, 1]. We introduce the sets

T(I) = {7 € [0,1] | Fi(£(7)) # 0}

and apply arguments as in the proof of [19, 3.1 Lemma] to show: there exists a
partition 0 < 79 < 74 < ... < ty = 1 and index sets I; C Jy such that for
1 <4 < N it holds,

i1 €T(;) and 7€ T(L).

To see this, note that the sets 7'(]) are closed. Indeed by continuity, for any
I, C Jy and sequence 7; — t the relation

T GT(Il) Vi = %eT(Il)

is true. Since there are only finitely many sets [;, for ¢ = 0 there must exist such
an index set /; and we can find such an /; and some 77, 0 < 7y < 1 with

0€T(l;) and 7 €T(L).

We can chose [; in such a way that 7; is maximal. This means either that 7y = 1
and we are finished, or that there isno 7, 74 < 7 < 1 with 7 € T([;), i.e.. I
can no more appear in the further construction. In case 7, < 1, we proceed in the
same way with 7; and generate a maximal 75, 71 < 75 < 1 and corresponding set
[2 7£ [1 such that

n€T(l;) and 7 € T(ls),

and no 7, 5 < 7 < 1 can exists with 7 € T'(I3) U T'(1;). After finitely many
steps we end up with 71 < 1 and Iy satisfying

TN-1 € T(IN) and 1€ T(]N) .

Suppose to the contrary that we do not end up at 7 = 1. This means that the
construction generates an infinite sequence 7; — 7 < 1 with corresponding new
sets ;. But this cannot happen due to the fact that there are finitely many subsets
I; C Jy and in each step [ — 1 — [ the new I; can no more reappear.

final step. Now take the partition 7; and sets [;, ©« = 1,..., N, in step 2, together
with feasible points (zt;—1, \i—1, 0i—1), (ti, Ai, 0;) in Fy, (¢(7;)). In view of (6.55)
we find for the corresponding (unique) j4;—1, ; the inequality

i — pioall < Ly |l€(:) — €(i-1)|| = L, (7 — Ti=1) 6" = 8°|) -
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Defining L = maxj<;<y Ly, summing up, and recalling py = pu(t,r), uy =
w(t,7) we find using (6.51)

N
lutt,r) = pERI < S s —
=1

N

< LY (n—m-)bt =00 < Ljp' =
=1

< La(lat,r) =z + It r) - &)

as stated.
O

To obtain a result as in Theorem 6.4 we consider again the local minimizer = of
P(t,7) and corresponding Lagrangean multiplier 7 = u(¢,7). For our linearly
constrained program the Hessian of the Lagrangean function L reduces to

ViL(T, 1,7, ) = Vi f(T,1)
and the second order condition SOC2 in Definition 6.1 becomes: with some
B >0,
(6.56) d"V2f(x, t)d > B||d||* Vd € Csiy .

We now can prove the Lipschitz stability of the local minimizers x (¢, r) of P(t,r).

THEOREM 6.9. Let f € C? and let for the local minimizer T of P(t,T) the
condition A., hold as well as the second order condition (6.56). Suppose, x(t,)
are the minimizers of P(t,r) for (t,r) € B.(t,T) (T = x(t,7)) according to
Theorem 6.8, with unique multipliers ji(t,r) (cf., Lemma 6.6). Then for the local
minimizers with some cy > 0 we have:

lz(t,r) —Z|| < cl|(t,r) — (&, F)||  forall (t,r) € B(t,T) .

Proof. We can go step for step through the proof of Theorem 6.4. Assume to
the contrary that there are sequences (¢;,7;) — (¢,7), ; = z(t;, ;) — T with

[z — 7|

(6.57) —— o0 for |l — 00.

[(t2,70) = (&, 7)
Puto; = ||o; — Z||, 7 = ||(t;, ) — (£,7)]], and d; = ’”U—_lj Here, we have given
(unique) multipliers p; = p(t;, ;) with the properties (see Lemma 6.6)

Then as in the proof of Theorem 6.4 we find
d—d € Czir HEH =1,
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and further (with p/ = u(t, 7))

1
~BZ >0 +0(L) for 11— o0,
2 T g
which with regard to (6.57) and 8 > 0 yields a contradiction. O

REMARK 6.1. In this section we did not assume any constraint qualification.
Since an equality Bx = r can be written equivalently as

Bx<r, —Bxr<-r,
all results of this section are also valid for programs of the form (with r = (1!, r?))
P(t,r): min f(z,t) st Az <r', Br=r%.
REMARK 6.2. Ex. 5.10 shows that the stability results of this section are no more

valid for parametric linear constraints of the form A(t)z < r where also the
matrix A(t) depends on a parameter.

6.6. Right-hand side perturbed quadratic problems

In this section we study special parametric programs with strictly convex qua-
dratic objective and linear constraints depending on the parameters b € R" and
r € RP,

(6.59) Q@ (b,r): ming(z) = %xTBx — bz stz € F=(r)={z | Apw =1}
or
(6.60) Q(b,r): ming(x) = %xTBx — by st x € F(r)={z| Az <71}

with fixed positive definite (symmetric) matrix B, and fixed matrices Ay, A €
RP*P. We will show that the solutions (b, r) of Q= (b, r) are linear functions of
the parameters (b,7) € R™ x R” and the solutions of Q)(b, ) are piecewise linear.
We start with a lemma which assures the existence of a solution of these programs.

LEMMA 6.7. Let be given the program
1
Q) : ming(z) = §xTBx bz st xe€D,

where B is positive definite, b € R", and D C R" is a nonempty, closed, convex
set. Then a minimizer T of () exists and is uniquely determined.

Proof. By Lemma 2.2(b) the objective is strictly convex, so that according to
Lemma2.3(a) a minimizer = of () (if existent) is uniquely determined. To show
the existence of a minimizer, take a point xy of D and consider the lower level set
of ¢

U(wo,q) ={x € D | q(x) < q(z0)} .
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It is well-known that the smallest eigenvalue of the positive definite matrix B
satisfies (see (8.2) later on)

0< A = ”H‘l‘in ' Bz .
z||=1
This implies the inequality
1 n
q(z) = Shollz” = [llllll vz e R™,
and thus for all z € ¢(x¢, ¢) we must have

1
Follzl® = lolll=] < g(xo) -

By solving this quadratic inequality wrt. ||z|| we find that for all x € {(zo, q) it

holds
2[|b]] 2q(wo) 40|
< — .
Il < 50+ T+
So the lower level set /(xq, q) is compact (bounded) and a minimizer of () exists
according to the Weierstrass Theorem 9.1. O

In view of this lemma, for any 7 such that F=(r) # () (or F'(r) # (), a solution of
Q= (b,r) (or Q(b, r)) exists and is uniquely determined.

With regard to Remark 2.4 a point z(b, ) is (unique) minimizer of Q=(b,r) if
and only x = x(b,r) with a corresponding multiplier A € R” solves the system
of KKT equations

Bx + AfN =b

(6.61) Aox L

This characterisation leads to the following result.

THEOREM 6.10. For r € dom F= the unique solutions z(b,r) of Q=(b,r) are
linear functions of b, r, i.e., there are matrices M' € R™"  M? € R™ P such
that

x(b,r) = M'b+ M?*r .

Proof. The unique solutions of Q= (b, ) are given as unique solutions x = z(b, 1)
of (6.61) with corresponding (possibly nonunique) multipliers A. It is well-known
that the solution (x, A) of (6.61) with smallest Euclidean norm is given by (see,
e.g., [12, Section 5.5.4])

w G -(i )0

where

MY M2 B AT
+_ . . _ 0
M™ = ( (M2)T AP ) is the pseudoinverse of M = < L, 0 ) .

O
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We now come to the inequality constrained program Q) (b, r) and define the index
set J = {1,...,p}. By Lemma 6.7 also here for all » € dom F' the minimizer
x(b, r) exists and is uniquely determined as the solution z = z(b, r) with corre-
sponding multiplier ;z € R? of the KKT system

Bx + AT =0, pi(r; —Ajx) =0, jeJ

Ax <r —u <0 '

We denote the solution set of this complementarity constrained system by S(b, ).
We can split up this solution set as follows. For any subset / C J we define the
sets Sy(b, ) = {(x, u) | (x, u) are solutions of (6.64)}, where

Bx + Atu; =b, Ajx<rj, jeJ\I

A,z =r,1€1 —pur <0 '

(6.63)

(6.64)

Here, A; denotes the submatrix of A containing the rows A; with i € I, and pu;
is the corresponding subvector of ;. By construction, for each solution (z, 1) of
(6.63) there exists some [ C J, [ = I(x,u) such that (x, ) € Sr(b,r). More
precisely we get a partition

(665) S(b, ’I“) = U]CJS](b, T’) and dom S = U[CJdOI'Il S[ s

where as usual the domains are defined as dom S = {(b,r) | S(b,r) # 0} and
dom S; = {(b,7) | Si(b,r) # (0}. As projections of systems of linear equali-
ties/inequalities the sets dom S} are polyhedra (solution sets of linear inequali-

ties). Moreover, on dom S; the solutions x(b, ) and corresponding multipliers 4
of (6.64) are solutions of the system of equations

Bx +Afu; =b
A[ZE =Tr ’

(6.66)

So by the arguments above (cf., (6.61)), on dom S} the unique solution x(b, r") of
Q(b, r) is also unique solution of the program

1
Q7 (b,r): ming(x) = §I‘TB[E — b st Apx =1

and by Theorem 6.10 on dom S; the minimizer function x(b, r) is given by
x(b,7) = Mib+ M?r .
where
M} = ( (]\%})T %ﬁ; ) is the pseudoinverse of  M; = ( f] /(1)? ) :
Summarizing we have proven the following piecewise linearity of the solution
function z(b, r).

THEOREM 6.11. The domain dom S is the union of finitely many polyhedra
dom Sy, I C J. The (unique) solution function z(b, ) of Q(b, r) is continuous on
dom S and linear on the polyhedra dom Sy :

x(b,7) = Mib+ M?r .
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The corresponding value function v(b,r) = 1x(b,r)'B x(b,r) — b'x(b,r) is
piecewise quadratic on dom S.



CHAPTER 7

Directional differentiability of the value function

In this Chapter we analyse directional differentiability of the (global) value func-
tion v(t) of P(t) in (6.1),

o) = inf f(@.).

As before, S(t) denotes the set of global minimizers of P(t),
St)={z € F(t) | f(z,t) = v(t)} .

DEFINITION 7.1. Let v be a function v : T — R U {oc}, where T' is an open
subset of RP. Fort € T and a direction vector z € R", ||z|| = 1 the limits

V,o(t; z) = limsup vt +72) —o(t) ,
710 T
v(t +71z) —v(t)

V_u(t; z) = liminf :
710 T

are called upper and lower directional derivatives of v at t into direction z. The

w (provided the limit exists) is the directional

value Vu(t; z) = lim, o
derivative.
Note that lim sup, |, g(7) and lim inf, o g(7) are defined as

lim su 7) = lim su 7) and liminfg(7) =lim inf ¢g(7
1sup g() = lim sup g(7) minfg(r) = lim inf g(7)

7.1. Upper bound for V  v(t; 2)

Let be given ¢ € T, T € S(t) and a direction z, ||z|| = 1. Assume MFCQ holds
at (7,t). Recall that by MFCQ the minimizer T must satisfy the KKT conditions
(see Theorem 2.3). So, by Ex. 2.6(b) the set M (T, t) of multipliers,

M@, 1) = {p e RPN | v, L@ T, 1) = 0},

is compact and nonempty. Here again L(x, ¢, 1) = f(2,8) + > i jo @p Hi95(T, )
denotes the (local) Lagrangean.

For perturbations ¢ = t + 7z, 7 > 0, we now consider the point x, = T +

97
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7&, where we are going to determine a MFCQ-vector £ in an “optimal” way.
Assuming x, € F(t + 7z), a Taylor expansion yields

(7.1) vt +72)—vEt) < fle,t+72)— f(T,1)
= 7V (T, D+ Vif(T,1)z] +o(7) .

The feasibility condition x, € F(t + 7z) requires for any j € Jo(T, 1):
(7.2)  gj(xrt+72) — g;(T, 1) = 7[Va2gi (T, 1) + Vig; (T, 1)z] +o(1) < 0.

To minimize the upper bound in (7.1) we determine £ as a minimizer of the linear
program depending on the parameter z,

Ph(z): min  [VLf(@DE+ V(@2 st
[Vag; (T, 1) + Vig;(T,8)2) <0, j € Jo(T,7) .

Let v; Z(z) denote the value of this program. If we write the objective as
maxe — (V. f(Z, )€ + V. f(T,1)z] the dual becomes

132151 — Z ) w;iVigi (T, t)z — Vif (T,1)z st
j€Jo(T,t)
Z /Ljvxgj(f> I_f) = _vxf(za Z) :
j€Jo(z,t)

So, the dual of P;(z) is given by

DI(z2) : max V,L(Z,t, )z .
L HEM (Z,t)

Obviously, MFCQ at (7, ¢) implies that the program P; ;(2) is feasible and due

to M(Z,t) # 0, the dual is feasible as well. By LP duality (see Theorem 2.2) it
follows that both programs have optimal solutions with the same value

vio(2) = max_ V,L(T,t, 1)z .
’ HEM (%)

These preparations now lead to the following upper bound.

THEOREM 7.1. Assume f,g; € C'. Let MFCQ hold at (%, t) for some T € S(t).
Then for any direction z, ||z|| = 1 we have,

Viu(t;z) < max V,L(Z,t,u)z .
nEM (T,t)

If MFCQ is satisfied at (T, t) for allT € S(t) then

Vovu(t;z) < inf  max V,L(T,t,u)z .
TES(t) peM(T,t)
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Proof. Let at (7,7) with 7 € S(f) MFCQ hold with €. Take a minimizer ¢, of
P~.(z) and consider for € > 0 the points =, := T + 7(&, + £€). For j € Jo(T, 1)
we find for small 7 > 0 (see (7.2)),
gi(x, T+ 72) = T[V,0g; (T, D) + Vigi (T, 1) 2] + 7eVag; (T, D)€ +o(T) < 0,
i.e., z, is feasible for P(t + 7z). So by (7.1) we obtain
WE+72)— 0@ < flanEtre) - fTD)
= 7[V.f(@DE +Vif(T,1)2] + 7eVaf (T, 1)E + oT)
and thus

v(t +72) —v(t) e
D0 <0t (e) + eV f (@ DE +o(1)
Since € > 0 can be chosen arbitrarily small, the first statement follows. The
second result is obvious.

O

7.2. Lower bound for V_uv(%; 2)

This bound depends on a constraint qualification and a compactness assumption.
Let again be given t € T, T € S(t) and a direction z, ||z|| = 1. Assume that LC
holds for F'(t) at t and MFCQ at (7, ). For perturbations t = ¢ + 72, 7 > 0, T
small, we consider corresponding minimizers 7, € S (f + 72), which exist due to
LC. For the moment let us assume T, — T € S(¢), for 7 — 0. With a vector £
we define

(1.3) 7, =7, 4 TE
Assuming 7, € F(t) and using T, — T we find

v(t+72)—0v(t) > f(fT,va 7z) — f(Z,, 1)

(@ t) + TV f (Tr, D)z + o(T) — f(Tr,1)
T[ \4 f(CCq—, )é + Vt (:17T, )Z] ( )
(7.4) = 7[=V.f(ZT, )¢+ Vif(T,t)2] +o(T) .
The feasibility condition T, € F(t + 7z), using ¢;(T,,¢t + 72) < 0 for any
J € Jo(Z, 1), leads to the relation
9@ t) = (@ t) — gj(Tr t+72) + g (Tt + T2)

9i(T7,t) — 9;(Tr, t + 72)
9; (T, t) — gj(Tr b+ 72) + g (Tt +72) — g (T, t + 72)
—7V49j(Tr, 1)z + TV 39 (Tr T+ T2)€ + 0(T)
(7.5) = 7[V.g;(T, ) — Vigi(T,1)z] + o(7) .

IN
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To maximize the lower bound in (7.4), now, we determine £ as a maximizer of the
linear program

P(2): mex [~V f(T, )6+ Vif(7,1)z] st

z,t
[v»’tg] (f, Z)g - vtgj(f7 E)Z] S Oa ] € JO(fa z) y
with optimal value v_(z) and dual

D_.(2) : min V., L(T,t, u)z .
' UEM (Z,1)
As before in Section 7.1 , MFCQ at (T, ¢) implies that both programs are solvable
with the same value

v_s(z) = min_ V,L(Z,T,u)z .
L peEM(z,)

This leads to the following lower bound.

THEOREM 7.2. Assume f,g; € C*. Let LC be satisfied at t as well as MFCQ at
(T, t) for all T € S(t). Then for any direction z, ||z|| = 1 we have,

V_v(t;z) > inf  min V,L(T,t,u)z .
TES(t) peM(T,t)

Proof. By definition of V_v(¢; 2) there exists a sequence t; = t+ 7z, 7; | 0, such
that

V_uv(t; z) = lim vt + m2) = o) .
=00 Tl
In view of LC the sets S(t;) are nonempty, i.e., we can choose a sequence T; €
S(t;). By LC we can assume T; — T (for some subsequence). Closedness of S
(see Lemma 5.5) yields T € S(t). Now take a solution &, of P +(2), a MFCQ-

vector & (at (7,7)) and define for & > 0
x =T+ (€ + €€) .
As in (7.5) we find for j € Jo(Z, 1),
gi(z1, 1) = 1[V.g; (@ DE — Vigi(T,8)2] + 1EV.0;(F, DE + o(7)
< 7[eVe; (T, )€ + o(1)] < 0,
if ; > 0 is small. So x; is feasible for P(f) and we obtain as in (7.4)
v(t+mz)—v(t) > f(@,t) — f(x,t)

= 7lug5(2) + eV f(T, D€+ o(1)] .

After division by 7; > 0, recalling that € > 0 is arbitrary, we conclude

V_v(t;z) >v-.(2) > inf v.(2)= inf min V.L(Z,t 1)z .
(5:2) 2 vyl )_fesm zi%) TES() peEM(TD) @5 p)
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7.3. The convex case, existence of Vv (¢; 2)

For convex programs P(t) in (6.1) the above results can be sharpened. We show
that under some constraint qualification the directional derivatives Vu(¢; z) exist.

THEOREM 7.3. Assume f,g; € C'. Let the convexity conditions AC be satisfied
for P(t) and let F(t) be compact. Suppose that the Slater condition is valid , i.e.,
there is some T € F(t) such that

g;(@,t) <0  forall j€J.
This implies that MFCQ holds at (x,t), for all v € F(t), see Ex. 7.1. Then v is
directional differentiable at t into any direction z, ||z|| = 1 with

Vo(t;z) = min max  V,L(Z,t, 1)z .
zES(T) peM (1)

Proof. In view of Theorem 7.2 it suffices to show

V_v(t;z) > inf max V,L(Z,t,u)z .
TES(t) peM(T,t)
Since F'(t) is compact, by Lemma 5.7 the condition LC is satisfied. As in the
proof of Theorem 7.2 we can argue that there exist sequences t; =t + 12, 7 | 0,
x) € S(tl), T — T € S(Z), such that

(7.6) V_v(t;z) = lim ot + m2) — v(t) :

l—00 T

By MFCQ for T € S(t), the KKT condition holds at Z and M (T, t) is nonempty,
compact, and by definition V,L(Z, t, 1) = 0 is satisfied for all u € M (T, t).
For the convex function L(x, ¢, ) wrt. x, the condition V,L(Z, , 1) = 0 means
that for any (fixed) u € M(Z,t) the point 7 is a global minimizer (in x) of
L(z,t,u). So, by using p; > 0, g;(x,t;) < 0and g;(7,t) = 0, j € Jo(T, 1),
we find for each u € M (Z,t) the relation
L(Ila 78 /’L) - L('xlv%a ,u) < L(ZL‘[, U, N) - L(Ea %7 M)

= fla,t) = [(7,1) + Z 1 (i (i ty) — g;(T, 1))

jEJo(E,z)

< flot) = f(7T,8) = v(t) —o(t) .

In view of x; — T this leads to
U(tl) - ’U(z) > L(xla tlwu) - L(xhga :u) = TthL(E, za /’L)Z + O(Tl> )

and thus (cf., (7.6)) V_v(¢; 2) > V,L(%,t, u)z. Recalling that this holds for any
w in the compact set M (T, t) (compact by CQ, see Ex. 2.6(b)) we finally conclude

V_u(t;z) > max V. L(Z,t,u)z > inf max V,L(T,t, 1)z .
HEM (Z,t) TES(t) peM(z,t)
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According to the remark below the inf over S(7) can be replaced by min. ad

Remark. By Lemma 2.8, under the convexity condition AC, for each = € S(?)
the multiplier set M (z,t) = M, is the same. Consequently the function

90(‘%‘) = f}é?‘vﬁ vtL(Iv t, /vL)Z

is continuous in z (proof as Ex.) and attains its minimum value on the compact

set S(t).

EX. 7.1. Show that the following constraint qualifications are equivalent for C!
convex programs P(t):

(a) The Slater condition: for some T € F(t) we have g;(Z,t) < 0,Vj € J

(b) The MFCQ condition holds at (x,t), forall x € F(t) .



CHAPTER 8
Applications

8.1. Interior point method

The basic idea of the interior point method for solving a non-parametric program

P: min f(zx) st. gj(x) <0, j€J,

FASING

is simply as follows. Consider the perturbed KKT system (cf., Remark 2.3)

V@) +22e,mVgi(x) = 0
(8.1) H(z, 1, p) = —p;-gi(z) =
Ky —gj(l’> > O7j€‘]7
where 7 > 0 is a perturbation parameter. The idea is to find solutions z(7) and
p;(7) of this system (satisfying —g;(x(7)), 11;(7) > 0) and to let 7 ~\, 0. We
expect that z(7) for 7 \, 0 converges to a solution T of P. Under sufficient
optimality conditions this procedure is well-defined.

THEOREM 8.1. Let T be a local minimizer of P such that the sufficient optimality
conditions of Theorem 2.4(a) or (b) are fulfilled with a multiplier [t such that
fi; > 0 holds for all j € Jy(T). Then there exist some o > 0 and C-functions x
(—a,a) = R, pj: (—a,a) = R, j € Jo(T), satisfying x(0) =7, p;(0) =,
and x(7), ju; (1) are locally unique solutions of (8.1).

Proof. The statement follows by applying the IFT to the equation (8.1). By
Ex. 4.5, the Jacobian

B V2L(x, 1) V()
VH(z, 1) = ( —diag (1) Vg(x) —diag (g(z)) )

is invertible at (z, ) = (T, 7). Here, g(z) := (g;(z), j € J), and diag (a)
denotes the diagonal matrix with diagonal elements a;, 7 € J.
O

8.2. A parametric location problem

We consider a concrete location problem in Germany (see [14] for details). Sup-
pose some good is produced at 5 existing plants at location s) = (s],83), ] =
1,..,5 (s] longitude, s} latitude in Germany), and a sixth new plant has to be

build at location ¢ = (t1,t2) (to be determined) to satisfy the demands of V; units
103
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of goods in 99 towns 7 at location ¢ = (¢%,0%),i = 1,...,99. Suppose (for sim-
plicity) that the transportation cost c;; from plant j to town ¢ (per unit of the good)
is (proportionally to) the Euclidian distance

ey =\ (5 B2 (= B2 cinlt) = /(1 — 6)2 + (2 — £3)°

Suppose further that the total demand V' = > . V; will be produced in the 6 plants
with a production of p; units of the good in plant j where

10 30 10 15 15 20
Pr="7000 2" "1000 = Y1000 T V00 5T V1000 PO T Y 100

The problem now is to find the location ¢ = (¢1,?2) of the new plant such that
the total transportation costs are minimized. For any fixed location ¢ the optimal
transportation strategy is given by the solution of the transportation problem,

P(t): = mmzz%y” + ZCZG Yic  S.L.

Yij -
= K3

Z%Z% Jj=1.,6,

Sy =V i=1,.,99.
J

Here y;; is the number of units of the good to be transported from plant j to town
i. The problem is now to find a (global or local) minimizer of P(t). Most local
minimization algorithms are based on the computation of the (negative) gradient
d = —Vu(t*) of the objective function at some actual iteration point ¢ = ¢*.
Suppose that yf”j is the unique optimal vertex solution of P(¢*). Then a result as
in Theorem 7.3 can be proven for parametric linear programs (with linear equal-
ities/inequalities) without a CQ assumption. Consequently the gradient Vv (t*)
can be computed via the formula

Vo(th) = V,L(y*, %, \F) = ZyG ! ((tz—”ﬁ)
Z —he a2\ (t—-06) )
and the new iterate t**! is given by solving the line minimization problem

min v(t* — 7Vo(t")) .

720

8.3. Maximum eigenvalue function of a symmetric matrix

We present an example of a parametric program which can easily be analyzed.
We denote the linear space of real symmetric n x n-matrices by S”. Recall that a
function f is called concave if — f is convex.

Let A (A), resp., A_(A) denote the maximum, resp., minimum eigenvalue of the
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symmetric matrix A € S". The following representations are well-known (see,
e.g., [9, (2.29) in Section2.2]):

(8.2) A (A) = max 2T Az, A (A) = min o’ Az
!t x=1 xt =1
The maximizer x, = x, (A), resp., minimizer z_ = x_(A) are the corresponding

unit eigenvectors.

LEMMA 8.1. The function A, (A) is a convex function and A_(A) a concave func-
tion of the parameter A € S™.

This implies (see Remark 2.1) that the functions A (A), \_(A) are locally Lips-
chitz continuous at any matrix A € S™.

Proof. For A, A, € S" and 7 € [0, 1] we find,

M(TAL+ (1 —7)Ay) = max 27 [7A; + (1 — 1) A
zTz=1
= max[trl Ajz + (1 — 7)2" Ayz]
zTr=1

< max [r2” Ayx] + max [(1 — )l Ay
ztz=1 rztz=1

= AL(AD) + (1= 7)As(Ay) .

The concavity of A_(A) is proven similarly.
(I

In the same way we can prove the following generalization. Let for A € S™ with
ordered eigenvalues

be defined

Fan [8] has proven the relation

fe(A) = maxtr (XTAX) where S, = {X e R"™* | XTX = I} .

XeS,

I}, denotes the k x k-unit matrix, and tr (A) = Y | a;; is the trace of A = (a;;).

LEMMA 8.2. Forany k, 1 < k < n the function fi,(A) is a convex function of the
parameter A € S™.
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Proof. The trace function is obviously linear. So, for A;, A, € S" and 7 € [0, 1]
we obtain,

fr(TAi+ (1 —=7)Ay) = maxtr (X'[7A; + (1 —7)A)X)

XeSy
= maxtr (TX 41X + (1 —7)X"A4,X)
XeSy

_ T . T
— )I?gi(tr [TXTAX] + 1t [(1-7)XT A X])

< rmaxtr [XTA; X]+ (1 —7) maxtr [XT A, X]
XeSk X€Sk

= 7fi(A) + (1 —7)fi(A2)

8.4. Penalty method, exact penalty method

We discuss the so-called penalty method for solving a standard constrained pro-
gram

(8.3) P: minf(z) st. ze€F={z]|giz)<0,jeJ},

with J = {1,...,m}, f € C% and g; € C'. In this method the constrained
problem (8.3) is replaced by the unconstrained problem:

p,: mwin f(x)+pplx),

where p(z) is a penalty function for F' and p > 0 is a weight parameter.

DEFINITION 8.1. A function p(z), continuous on R", is called penalty function
for the feasible set I of P if

p(z) =0 forxe F and p(x)>0 forz¢F .

Note that the term p p(z) in P, penalizes the deviation of x from feasibility in
P. We expect that for large p the minimizer of P, yields an approximation of a
minimizer of P.

As we shall see below, the penalty method is closely related to the parametric
program with parametert € R, ¢ > 0:

(8.4) P(t): mxinf(x) st. zeF(t)={x]|gj(x) <t jeJ}.

We again introduce the vector function g(z) = (g;(x),j € J)T and consider the
penalty functions:

p(r) = ng(l’)Q:IIf(x)IIZ

p(z) = r?g}gf(af) = [lg" ()]l
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where

gf (1) =max{0.;(=)} . 9" (x) = (g (x).5 € 7).
Recall that for y € R™, ||y|| denotes the Euclidean norm of y and ||y||« =
maxi<j<m, |y;| the maximum norm.
We emphasize that typically the penalty function ||g™ ()|~ is not differentiable at
points T where max; ¢;(T) = 0. On the other hand, the penalty function ||g* (z)]]?
is C'! everywhere (recall g(z) € C1).

Penalty method with p(x) = ||g™ (x)||?, local version.

In this local version we deal with local minimizers and assume that z is a local
minimizer of P. We therefore restrict p, to a neighborhood B;(Z) with § > 0,
chosen so that

(8.5) flz)— f(@) >0 forall x € F'N By(T) .
So our penalty problem is
Pyi vyi= min fy(2) = f(z) +pllg* (@) .
zecl Bs(z)

The next theorem gives an error bound for the difference of the values v = f(7)
of P and v, of P,.

THEOREM 8.2. Let T be a local minimizer of P such that MFCQ holds at 7.
Then there exists o > 0 such that for large p > 0 we have,

0<v—v,< 041 .
p
Proof. We can assume that for at least one index j, the minimizer 7 is active,
95, (T) = 0. Indeed if not, we have ¢(Z) < 0 and thus g*(z) = 0 for all = in some
neighborhood Bjs(Z). This implies that T is an unconstrained local minimizer and
thus 7 is a local minimizer of P, for any p > 0.
For x € F we have g% (x) = 0 and thus f,(z) = f(x). So we trivially obtain

v, < or 0<v—w,.

Now let =, be a minimizer of P, in cl Bs(Z). Then using ¢*(Z) = 0 and
plg ()|l = 0 we find

®.6)  flx,) <vp= flz,) +pllg™(@,)|* < f@) +pllg" @) = f(@)

and thus

f(T) — f(z,)

v

Now we look at P(t) (cf., (8.4)). By Lemma 6.1(b) there exist Bs(T) (with pos-

sibly smaller 6 > 0), B-(0), L; > 0, such that for any ¢ € B.(0) the following
holds:

(8.7) 0 < [lg*(z,)* <

ifz, € F(t)Ncl Bs(Z), we can find 7, € F(0) N Bys(T)

8.8) satisfying ||z, — 7,|| < Ly|t] .



108 8. APPLICATIONS

Since z, € cl Bs(7) (bounded) the values f(z) — f(z,) are bounded, f(z) —
f(z,) < M. So by (8.7), for large p we must have

M
0<g,(z,) < llg*(z,)|| < “7 <e forall jeJ.

In view of z, € F(||g*(z,)|/~) Ncl Bs(T), using (8.8), we find (||y|le < [yl
12 = Zpll < Lallg™ (o) lloo < Lallg™ ()]l -
By (8.7) it follows

(8.9) |z, — T, ||” < Li|lg" (z,

)“2 < sz(f)_f(xp)
=~ 1—,0 .

On the other hand, with a Lipschitz constant L3 for f in Bys(7) we obtain (recall

f@) < (@)
(8.10) f(@) = f(x,) < F(@,) — f(2,) < Ls|lz, — T, -
Combined with (8.9) this yields

- 1
|z, — 37/7||2 < L%LSpr - xp”;

or putting 3 := L3Ls3,
1
(8.11) |z, — Tl Sﬁ; 5
which finally, in view of f(Z,) > f(Z) = v and (8.10), leads to

o = J(x,) +pllgt @ )? > f(z,)
= f(@,) + f(z,) — f(T))

1
> v — Lsllz, =T, > v— BL?,; ;

v

and with o := SL3,

1
0<v—v,<a—,
P

as stated.
Under stronger assumptions we also obtain an error bound for ||z, — Z||.
THEOREM 8.3. Let T be a local minimizer of P of order s = 1 or s = 2, and

suppose MFCQ is valid at T. Then, for the (local) minimizers x, of P, in Bs(T),
with some c > 0 we have for large p > 0,

oo 7 < e
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Proof. Recall from the proof of Theorem 8.2 with the Lipschitz constant L3 for
f the relation (see, (8.10))

f(fp) - f(xp) < LSHZ’:p - Tp” .
By assumption, with some 6 > 0, x > 0, we have
f(x) = f(@) > kllz —Z|° Vo€ FN By(T) .

So, for x = 7T, € F N Bys(T) (ct., the proof of Theorem 8.2, (8.8)) we obtain
using v, —v <0, f(z,) < v, (see, (8.6)) and (8.11),
1 1
70— <~ (FE) — 1) = (F(r,) — F@) + F(,) — ()

1
< _(Up — v+ Lz, — Ep”)

K
Ly
< Ly
< B,z
_ Bt
K p
and then y
_ BLs\ 1
e, -l < (22)
K P

This finally leads to (see (8.11)),

||5Ep —7|| < ||5L'p - Tp” + ||Tp ol

1 Ls\ Y% 1
S B_ + (&) 7
P K pt/s
< 1
— Cpl/s ’

ifweputc= [0+ (%)1/5.

O

We now deal with the so-called exact penalty method and present a local- and a
global version.

Exact penalty method, p(z) = ||¢g"(z,)||~ , local version.

Here we again assume that 7 is a local minimizer of P satisfying (8.5). So again,
we will restrict the problems P,, P(t) to cl Bs(Z). The next theorem states that
for p large enough the local minimizer = of P can be computed exactly as a local
minimizer of P,. This fact explaines the name exact penalty method. The proof
is based on a Lipschitz lower semicontinuity result for the value function v(t) of
P(t). As we will prove below, for some neighborhood B, (0), with some L > 0,
the following relation is valid,

(8.12) o(t) —v(0) > —L|t|  forall t € B.(0).
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Note that for ¢ > 0 we have F'(0) C F'(¢) implying v(¢) — v(0) < 0 for all ¢ > 0.

THEOREM 84. Let T be a local minimizer of P = P(0) such that MFCQ holds
at T. Then for any p > L, with L in (8.12), T is also a local minimizer of P,.
Moreover, for the (local) minimal values we have v, = v(0) = f(Z).

Proof. Recall that we can assume that for at least one index j, the minimizer 7 is
active, ¢;,(Z) = 0. Indeed if not we have g(7) < 0 and thus ¢*(z) = 0 for all =
in some neighborhood Bj;(7) implying that 7 is an unconstrained local minimizer
and thus 7 is a local minimizer of P, for any p > 0.
We first show that in an appropriate neighborhood B.(0) of ¢ = 0 an inequality
(8.12) is satisfied.
We can choose § > 0 such that T is a global minimizer of P in cl Bys(T) =
{z | ||z — T|| < 2d}. By continuity of f and MFCQ there exists B.(0) such that
for all t € B.(0) the program P(t) has a global minimizer Z; on the compact
set cl Bs(T). According to Lemma 6.1(b) with some L; > 0, for any ¢t € B.(0)
(e > 0 possibly smaller) we can find ) € F'(0) N Bays(T) satisfying

|z — || < Lt = 0] .
Using v(0) = f(Z) < f(«?), with a Lipschitz constant Ly for f on Bays(T), we
obtain for t € B.(0),

v(t) —v(0) = f(@) — f(2}) = —Lo|lT: — |

> —LoLylt] .
Putting L. = L Lo this shows (8.12).
To prove the theorem, we assume to the contrary that for some p > L the point

T is not a local minimizer of P,. Then, for any 6; > 0, d; < 0, there is some
x’ € By, (T) such that (use g™ (Z) = 0)

f@) +pllg™ (@)l < f@) + pllg™ (@)oo = ()
or
(8.13) f@) = @) < —pllg" (@) -
By continuity of g(z) we can choose §; > 0 such that with £ above we have
(recall g*(Z) = 0)

lg"(2)||lo < e forall z € Bs () .

By definition f(z) > v(||g" (2")|| ), which together with f(Z) = v(0) and (8.12)
yields

f@) = f@ = v(lg™(a)ll) — v(0)

> —Lllg" (@) = —pllg" (@)ll

in contradiction to (8.13). Further, since for p > L the point 7 is local minimizer
of P,, it follows,

v =f@) + g (@) = £(T) =v(0) .
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EX. 8.1. Show the following modification of Theorem 8.4: If T is a strict local
minimizer of P = P(0) such that MFCQ holds at T. Then, for any p > L in
(8.12), T is also a strict local minimizer of P,,.
Hint: Argue as in the proof of Theorem 8.4 with a few modifications: For any
41 > 0, 0; < 0 there is some 2’ € B, (T) such that (use g*(7) = 0)

F@) +pollg™ (@)oo < f(@) + pllg™ (@)l = £(T)
or

f@) = f@) < —pllg" (@) -

Then later we obtain the contradiction: For p > L

f@) = f@ = vlllg™(2)lle) — v(0)

> —Lllg" (@) > —pllg" (@)l -

Exact penalty method, p(z) = ||g*(z,)||~ , global version.

Here we assume that 7 is a global minimizer of P. In this case we need some
global compactness assumption. To obtain this, from a practical point of view
it is useful to restrict all problems to some (large) ball Bg(Z), R > 0. So we
consider the programs:

(8.14) P min f(z) st gj(x) <0, j€eJ,
IEBR(E)
Fpr min f(2)+pllg" (@)l
P(t) : min f(x) st gj(x) <t jeJ.
r€BR(7)

Then we introduce the following assumption
A giobars Suppose that for each value t € T,

To={t10<t< max gt (@)l + 1},
z€BR(T)
MFCQ holds at (7, t) for all ; € S(t).

THEOREM 8.5. Let T be a global minimizer of P = P(0) in (8.14) such that
Agiobar is valid. Then for any p > L, with L in (8.15), T is also a global minimizer
of P,. Moreover, for the minimal values we have v, = v(0) = f().

Proof. Since the minimization is restricted to the compact set Br(T), the pro-
grams P(t) have global minimizers 7; for t € T;. Now we can argue as in the
proof of Theorem 8.4. In view of the assumption A ;,;41, according to Lemma 6.2(b),
the value function v(t) of P(t) is locally Lipschitz continuous on 7j. In particular,
v(t) is continuous on Tj and there exist €, Ly > 0, such that

v(t) —v(0) > —Lo|t| forall |t|] <ce.
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Now we can define

815 M :=min{v(t) - v(0)} and L _maX{LO’ ;\4}

t€T)
Note, that by F'(0) C F\(t) fort > 0, we have v(t) — v(0) < 0 and thus M < 0.
Then we find
—Lolt| if|t] <e

(8.16) v(t) —v(0) > { M

o if1> e —Lit| VteT,.

Then, assuming that for some p > L the point 7 is not a global minimizer of P,
we can argue as in the proof of Theorem 8.4: There is some =’ € Bg(Z) with

F@) +plg™ (@)l < (@) + pllg™ (@)l = (T)
or
f@) = f@) < =pllg" (@)l -
Using f(2') > v(||g"(2')||) and f(ZT) = v(0) the relation (8.16) leads to the
contradiction
f@) = f@) = (g™ (@)lle) — v(0)

>
> —Lllg" (@) = —pllg" (@)l -
Again, since for p > L the point 7 is a global minimizer of P, we find

vo = f(@) + pllg" @)l = f(T) = v(0) .

8.5. Sensitivity and monotonicity results for traffic equilibria

In this section we study the Wardrop equilibria introduced in Section 3 as para-
metric problems depending on changes in the cost functions and/or changes in
the traffic demand. In the general case we have given costs c.(z.,t) depending
on the parameter t € T, T C RP open, and a convex parameter set D C RI"I of
demands d. We assume throughout this chapter

AT,. Let for each fixed t € T the functions c.(z.,t), e € E, be continuously
differentiable in x. (see AT in Section 3) with partial derivatives aizece(xe, t) >0
for all . > 0. Let further c.(z.,t),e € E, be locally Lipschitz continuous in the
variables (x.,t) at each (z.,t),z. > 0,t € T.

General sensitivity results for the Wardrop equilibrium

By Theorems 3.1, 3.2(b), for each (fixed) (¢,d) € T x D, a Wardrop equilbrium
(xz(t,d), f(t,d)) exists and the edge flow part =(t,d) is uniquely determined as
solution of the following Beckmann program depending on the parameter (¢, d):

(8.17) Pwg(t,d) : mln N(z,t) Z/ c(r,t)dr st (z,f) € Fy,

eck
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where F} is defined by,
Fo={(z, f)|Af=d, Af —x=0, f >0} .

We now wish to examine how the solutions of Py g(t, d) change with changes in
t and/or d.

Since in general the path flow part f of a WE (Z, f) (for fixed (Z,d)) is not
uniquely determined we again consider the problem reduced to the x variable.
To do so, we have to examine the structure of the projection X, of F,; in depen-
dence on d,

(8.18) Xy = {x| there exists f such that (z, f) € F; } .

LEMMA 8.3.

(a) There exist matrices B and C, only depending on the network matrices A, A
(cf., Section 3.1), such that

Xg={x| Ax < Cd} foralld > 0.

(b) Any x € X, is bounded by
=] < VIEI- ) du -
weW

(c) There is a constant Ly > 0 such that for any d,d" > 0 and x € X there exists
x' € Xy satisfying,
l2" = || < Laf|d" — dJ| .

Proof. (a) The feasibility conditions for F}; can equivalently be written as a sys-
tem of inequalities,

Asd 3 S0
A= f <0

To find X, we can apply the Fourier Motzkin algorithm to eliminate the vari-
able f, see [9, Section 2.4]. This elimination process yields a system of say r
linear inequalities in x, where each inequality is given by a (nonnegative) linear
combination of the original inequalities. So, the jth relation has the form

b;fp:z: < c;‘.rd with some b; € R‘E|7Cj eRWI j=1,...r.

By defining B € R"™*I#| with rows bT, and C € R with rows ¢l the state-
ment is proven.

(b) Obviously for each edge e the flow z, of x € X, is bounded by z. < w :=
> wew dw- Hence, for z € X; we find

lzll = > 22 < VIE[o? = V]E|w .

eckE
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(c) Applying Corollary 5.1 (with t = C'd) to Bx < C'd which defines X, for any
d,d >0, and x € X, we can find some ' € Xy such that with Ly > 0 we have
l2" — || < Lo||Cd’ — Cd|| < Lo||C|[|d —d| ,
and with L; = Ly||C| the claim is proven. O

The parametric program Py g(t,d) (cf., (8.17)) now reduces to the equivalent
program in x:

(8.19)  Pjp(t,d): min N(z,t) =) / o(r,t)dr st x€ Xy,

’ ecE V0
The next theorem states that the minimizer of P, (¢, d) is continuously depend-
ing on the parameter (¢, d) and the value function v(t, d) is locally Lipschitz con-
tinuous.

THEOREM 8.6. Let the assumption AT, hold and let x(t,d) denote the unique
minimizer of P, (¢, d).
(a) Then at each (t,d) € T x D the minimizer function x(t, d) is continuous, i.e.,
for any sequence (t;,d;)) — (t,d), l € N, (t;,d;) € T x D, we have
ZE(tl,dl) — x(f,a) .

(b) At each (t,d) € T x D the value function v(t,d) = N(x(t,d),t) is locally
Lipschitz continuous, i.e., there is some B.(t,d), ¢ > 0, and L > 0 (L = L(t,d)),
such that

lu(t,d) —v(t,d)| < L||(t,d) — (,d)|| forall (t,d) € B.(t,d)NT x D .

Proof. (a) Consider any sequence (¢;, d;) — (Z,d) and z; = (t;, d;). By Lemma 8.3(b)
the sequence x; € X, is bounded and thus (for some subsequence) we can as-
sume x; — 7. The relation d; — d implies T € X;. Let us assume 7 # z(%, d),

i.e., T is not the minimizer of PZ . (Z,d). By Theorem 3.1(c) there must exist
some = € X7 satisfying

(8.20) (7, )@ -7T)=a<0,
and since x; are WE wrt. (¢, d;) we have
(8.21) clop,t)(x — ) >0  forall z € Xy, .

In view of Lemma 8.3(c), corresponding to * € X, we can choose points z; €
X, such that
|20 — || < Ly|ldy — d]| -
From (8.21) we find
C(.Il, tl>T(§l - ZL’l) Z 0 for all [ 3
and the continuity of ¢, using t; — t,d; — d, x; — T, T; — T, yields
(T, d)" (T -7) >0,
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contradicting (8.20).
(b) We can follow the arguments in the proof of Lemma 6.2(b). Applying Lemma 8.3(c),
corresponding to T := x(t, d) there exist flows T, € X such that
12 — 7l < Lilld - d|| -

In view of v(t,d) < N(Z4,t), with a Lipschitz constant ¢, for N in B,(Z, d) for
some o > 0, we obtain using ||(z,1)|| < ||z|| + [|t]] < V2| (x,t)],

v(t,d) —v(t,d) N(Zg4,t) — N(z,1)
col|(Za, ) — (, )|
co([[Za — 7| + (It = D)I])
co(Lalld — dl| + ||t —2[I)
comax{Ly, 1}(||d — d|| + |t = D)|])
comax{ Ly, 1}V2(|[(t,d) — (F,d)|) .

According to Lemma 8.3(b), choosing ¢ > 0, forall d € B.(d) the flows x4, € X,
are bounded by (use |d,, — d,| < [|d — d|| <€)

lzall < VIE[D dw < VIE[- D> (dy+e) =ik

weWw weW

IN

VAN VAN VAR VAN VA

In view of Lemma 8.3(c), to the minimum flow z(¢, d) € X, there exist T; € X3
such that

l=(t,d) — Z5ll < L|ld —d] ,

and with regard to v(#,d) < N(T3,7) we obtain (with Lipschitz constant ¢, for
N) as before
v(t, d) — v(t,d) N(Tg,1) — N(x(t,d),t)
col|(Tg, 1) = (x(t, d), 1)
comax{ Ly, 1}V2(|[(t,d) — (7, d)|) .

So, the claim is true if we put L = ¢ max{ L, 1}\/§

IAIA A

O

By applying the results of Section 6.5 we even can prove a Lipschitz stability
result for P, (¢, d).

COROLLARY 8.1. Let AT, hold and assume that Ce(Te,t), € € E, are C'-functions
onR, xT. Lett € T, d € D, d > 0, be given. Then there exist ¢ > 0, L > 0,
such that for the unique minimizers x(t, d) of P§, ;(t,d) we have

|zt d) — 2@ d)|| < L||(t,d) — Fd)|| forall (t,d) e B.(Z,d).

Proof. We make use of the result in Theorem 6.9. To do so, we first notice that
under our assumptions (cf., (3.9)) the Hessian of the objective function N (z,t) is
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continuous and positive definite on R’} x T'. In particular for Z, ¢ with the smallest
eigenvalue Ao > 0 of V2N (z, 1) the second order condition holds (cf., (6.56)):

EVIN(@,HE > Molé]]? VEER™.

For our program the conditionA,, is automatically fulfilled. Indeed for d > 0
it is not difficult to see that the feasible set X7 is not a singleton and for any
d > 0 the sets X, are nonempty. So we can apply Theorem 6.9, saying that there
exist some €,c¢q > 0, such that with r = C'd (see, Lemma 8.3(b)) (use again

]+ lldll < 11t )l < V211 + lldl))

lz(t,d) =2l < eoll(t, Cd) = (£, CA)|
co([[t =l +[|Cd — Cd])) -
comax{L, [|C|[}(|[t — 7| + [ld — dl])
comax{L, [|Cl}v2l|(t,d) — Ed)|| .

Note that the continuity of the minimizer function x(¢, d) on dom S follows by
the continuity statement in Theorem 8.6(a). O

—~

VAN VAN VAR VAN

Toll prize, first best prize

An important special case of (8.19) is given by the costs
Ce(Te,t) = ce(xe) +te, €€FE,

where the parameter values ¢, can be interpreted as a toll for using edge e and
the demand d is fixed. With regard to the system optimum x° (cf., Section 3) an
interesting question arrizes.

Question. Can the government choose a toll vector t = (t.,e € E') > 0 such that
the user equilibrium wrt. costs c.(z.) + t. coincides with the system optimum z*
wrt. the original costs c.(z.)?

With such a toll ¢ the selfish user would be ’forced” into a system optimum.

The answer is, yes!

COROLLARY 8.2. Let c.(x.) satisfy the assumptions of Theorem 3.3 and let z*
be the system optimum for given demand d. If we choose tolls

0
22 P =
(8.22) ¢ Oz,

then the WE x(t°) € X, wrt. the costs c.(x.) + t3 coincides with x°.

S(@*) = celw?) = wce(x?)

Proof. To prove the statement we only have to compare the KKT conditions for
the minimizer T of P, wrt. c.(z.) + 2,

(8.23) Ve@)+t°+ B'u=0, u"(Cd—Bz)=0,
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(u 1s the Lagrangean multiplier wrt. Bx < (C'd, see also Lemma 8.3(a)) with the
KKT relations for the minimizer x° of P (cf., (3.11)):

VS(z®)+BTu=0, p'(Cd— Bz*)=0.
The choice ¢; in (8.22) yields
VS(2®) = c(z®) + t°,

so that T = z° satisfies the KKT conditions (8.23) and by Remark 3.1 the flow z*
is a solution of Pg,  wrt. the costs c.(z.) + .
O

Monotonicity results for Wardrop equilibria

Let us recall the equilibrated path costs ~,, (see Remark 3.2) of a WE (7, 7) (a
solution of Py ) for given demands d,,, w € W:
Yw = ¢p(T) forallp € P, with f, > 0.

We expect that the equilibrated path costs ~,, increase if the demand d,, increases.
In the same way, if for fixed d we increase the costs c. of an edge e € FE, we
expect the edge flow z. of a WE ¥ to go down. The next theorem reveals such
monotonicity relations.

Let us also recall that under AT a flow (z, f) € F,; is a WE if and only if the KKT
conditions

(8.24) ANy=ATc(x)—p, u'f=0

hold with Lagrange multipliers ;« > 0 and + (the equilibrated path cost vector).

THEOREM 8.7. [Monotonicity relations for static Wardrop equilibria]

Let the costs c.(x.,t), e € E, depend on the parameter t such that for any fixed t
the functions c.(x., t) satisfy the conditions AT in the variables x. (see Section 3).

(a) [Hall’s result [15], change in demand d] For fixed ¢, let (x, f) with cor-
responding multipliers v, u be a WE wrt. demand d and let (2, f’) with corre-
sponding 7/, 1/ be a WE wrt. d’. Then we have

(Y =N"(d —d)y = p"f+u"f >0,
(b) [change in costs] For fixed demand d let z, resp., ' be WE corresponding
to the costs ¢ (., t), resp., ¢.(z., t'). Then it holds,
(c(z,t') - c(:c,t))T(x’ —z) < 0 and
(c(a, 1) - c(x',t))T(x’ —z) < 0.

Proof. (a) By AT the functions c.(x.,t) (for t fixed) are increasing in z., i.e.,
(ce(xl,t) — ce(we,t)) (2, — ) > 0, and thus

(c(a’,t) — c(x,t))T($' —z)>0.
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Using Af =z, Af' = 2/ we find

(e(@,t) — ez, ) A — f) = (ATe(a' 1) — ATe(z,6)) (f' = f) > 0.
In view of the KKT condition AT ¢(x,t) = ATy + i etc. (see (8.24)) it follows

A =M =N+ W =)' (f =) =0,
orby Af =d,Af' =d,
OV =)d = d) = = =) (f = f) -
The complementarity conditions p” f = p/7 f = 0 finally yield
(W =) (f = =p S
and hence using ', u, f', f >0,
(V='d —d) =z f+uTf) = 0.

(b) Monotonicity of c.(x.,t') in x. (for fixed ¢') and the optimality conditions in
Theorem 3.1(c) for x, 2’ lead to the inequalities

(c(a' ') — c(a, t’))T(a:’ —x) >
clx,t)'(a' —z) > 0
el )Y (x—2") > 0.

Adding, directly yields
(c(z,t) — c(x,t'))T(x/ —z)>0

as claimed. The second relation can be proven similarly.

The monotonicity condition

(8.25) > (=) dy — d) = W+ i f >0
weW

of Theorem 8.7(a) in particular means the following:

e if one demand d,, is increased and the others remain unchanged, i.e.,
d,,, > du, and d;, = d,, for all w # wy, then the equilibrated cost 7,
increases, i.€., Yy, > Yuos

e if all demands increase, i.e., d,, > d,, for all w € W, then at least one of
the equilibrated costs y,, must increase.

An analoguous interpretation can be given for the monotonicity condition in The-
orem 8.7(b).

Similar monotonicity formulas can be derived for the elastic Wardrop equilibrium,
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see Section 3. Recall that here, a point (z, f, d) feasible for P,y g is an elastic WE
if and only if with corresponding Lagrangean multipliers -y and i, 0 > 0 we have
Ay= Alc(z) —p, p'f=0

(8.26) vy= g(d) +o, old=0

THEOREM 8.8. [monotonicity relations for elastic Wardrop equilibria]

(a) [Hall’s result, change in elastic demand]  For fixed costs c.(z.),e € E, let
the functions d,,(V.,v) depend on a parameter v € V- C RP, such that for any
fixed v the functions d, (v, v) (and thus also g, (dy,v) = d;' (v, v)) satisfy the
conditions (3.12) wrt. 7.

Assume now that (x, f,d) with corresponding multipliers v, ju, o is an eWE wrt.
Guw(dy,v) and that (z', ', d') with corresponding ', i/, o' is an eWE wrt. g,,(dy,, V).
Then we have

(9(d,v") — g(d, v))T(d’ —d) > pTf+utf +oTd+otd >0,
(o) — g(d ) (d —d) > WTf+u"f oAt o d 20,

(b) [change in costs] For fixed elastic demand functions d,(v,),w € W, (and
thus fixed g, (d,)) let the costs c.(x.,t) depend on the parametert € T C RP,
such that for any fixed t the functions c.(x.,t) satisfy AT wrt. x..

Now let (z, f,d), resp., (', f', d’) be elastic WE corresponding to the costs c.(z.,t),
resp., Co(xe,t'). Then it holds,
(c(z,t) — c(z, t))T(x’ —z) < 0 and
(c(2',t) — c(, t))T(x’ —z) < 0.

Proof. (a) As in the unelastic case in Theorem 8.7(a) we obtain
(Y =d =d) >y f+p"f >0.
The KKT conditions v = g(d,v) + o, 7' = g(d’,v’) + ¢’ imply
(9(d.v) = g(d,v))" (d —d) + (¢! — )" (d' —d) > " f+ 1" f' > 0.
The complementarity conditions o7'd = o'Td’ = (0 lead to
(9(d.v") = g(d,v)" (d —d) >y f+p" f' + 0"d + 0Td > 0.

By adding to the left-hand side the relation (g(d,v') — g(d',o"))" (d' = d) > 0
(due to the fact that g,,(d,,, v) for fixed v are decreasing in d,,) we obtain

(9(d.v') = g(d,v)) " (d —d) > @7 f + p" f' + 0"d +Td > 0.

The second relation follows similarly.
(b) Since for fixed ¢’ the costs c.(x.,t'),e € F, are nondecreasing in z. and the
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functions g,,(d,,), w € W, are nonincreasing we find
(c(a’,t) — c(x,t’))T(m' —z) > 0
~(9(d) = g(d)) (& —d) > 0.
Optimality conditions for (x, d) and (', d’) (cf., Theorem 3.4) yield
c(x, ) (2’ —x) — g(d)"(d —d) >0
c(@ ) (z — ") — g(d)'(d—d)>0.
By adding all 4 inequalities we obtain
(c(z,t) — c(a:,t’))T(x’ —x)>0.
Multiplication by —1 proves the first relation. The second can be shown in the

same way.
]



CHAPTER 9
Appendix

To keep the booklet largely selfcontained, in this appendix we list some facts from
calculus which are used regularly.

Mean value formula, Taylor’s formula.

We make use of the mean value formula (or first order Taylor formula) in different
forms. For f : R® — R, f € C!, a well-known form is,

fly) = f(z) = V(@) (y—2)+oly— =),

or with some 7 = 7(z,y), 0 < 7 < 1,

fy) = f@) =V e +7(y—2)(y—=).

From the Fundamental Theorem of Calculus we obtain the following integral
form of the mean value.

LEMMA 9.1. Let be given f : D C R* — R™, D open, f € C'(D,R™) and
y,x € D such that the whole line segment {z+1(y—x) | T € [0, 1]} is contained
in D. Then we have

f() — fla) = / Vi@ +rly — )y — ) dr
and thus
ON 1)~ F@)] < max 19+ rly )| Iy — 7]

Proof. Let f(z) = (f;(z),i =1,...,m)T and define g; : [0, 1] — R by
9:i(1) = filx +7(y — ) .

Then the Fundamental Theorem of Calculus yields

g:(1) — gi(0) = / §(r) dr

and then by chain rule,
1
f) — f@) = au(1) — gu(0) = / J(r) dr
0

= /0 Vilx+1(ly—2x))(y—x)dr.

121
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By definition of the Jacobian this leads to,
1
) = 1) = [ et ly - a)(y - o) dr
0
and

1f(y) = f@)ll < /0 IVF(@+7(y — )l ly — x|l dr
max [V f(z +7(y — )l ly — =l .

0<r<1

IN

O

We also state the second order Taylor formula for C*-functions f : R™ — R near
a point * € R" in the form

©.2) f(x) = f(@) +Vf(T)(r—T)+ %(l‘ —2)' V2 f(@)(x —7) + o]z — 7||)
or with some 7 = 7(z,7), 0 < 7 < 1,

f(x) = F@) + V@~ + 5z 2V (E+ (e - D) 7).

Lipschitz continuity and Lipschitz constant.

DEFINITION 9.1. A function f : R" — R™ is called (locally) Lipschitz contin-
uous at T € R" if there exists a neighborhood Bs(T), 6 > 0, and a Lipschitz
constant L > 0, such that

If(x) = f@)| < Lllz = =] Vo e Bs(T) .

We say that f : S C R®™ — R™ is (globally) Lipschitz continuous on S if there
exists L1 > 0 such that

If(@) = f@)Il < Lll2" =2 Va',z €S,
Ly is called Lipschitz constant of f on S.

A differentiable function is always Lipschitz continuous.

LEMMA 9.2. Let f : R® — R™ be a C'-function. Let D C R" be convex and
compact. Then with the Lipschitz constant L = max,ep |V f(x)|| the function f
satisfies a Lipschitz condition on D:

1fy)—f@l <Lly—=|, VyzeD.

Proof. Take any pair y,z € D. By convexity of D the whole line segment
{rx 4+ (1 —7)y | 7 € [0,1]} is contained in D and the formula (9.1) yields,

IFw) = F@)| < max [[Vf(z+7(y =) lly —«|

0<r<1

< max |[Vf(@)]| [ly — =]l
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The Weierstrass Theorem: existence of a minimizer

The example

mine * st. x>0
shows that a minimization problem needs not possess a minimizer even when the
min-value is bounded from below. We however have

THEOREM 9.1. [Weierstrass Theorem]

If the function [ : D — R is continuous on D C R™ and the domain D # () is
bounded and closed (compact). Then the problem

P: minf(x) st z€D

has a minimizer (at least one).
The same holds if D is closed, f is continuous on D and for some xo € D the
lower level set

U(f o) ={z € D | f(z) < f(x0)}

is compact.

Proof. The first statement is the famous Weiertrass theorem (see, e.g., [29, 4.16
Theorem]). The second statement follows from the observation that by the Weier-
strass theorem a minimizer of f on the compact set /(f, xy) # () exists and that
this minimizer is also a minimizer of P.

O
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AC convexity assumption, 56
AC®:* convexity assumption, 57
active index set, 16

AL assumption, 53

AT assumption, 26

AT, assumption, 112

AU assumption, 55

bifurcation, 35, 77

closed setvalued mapping
see setvalued mapping, 50
compact set, 123
complementarity conditions, 46
concave function, 104
constant feasible set, 70
constraint qualification, 17
CQ, 53
global MFCQ for F'(t), 64
linear independency (LICQ), 6, 17
Mangasarian Fromovitz (MFCQ), 6, 17,
64
convex function, 11
strictly, 11
convex program
unconstrained, 12
constrained, 22, 101
constraint qualification, 102
parametric, 56
right-hand side perturbed, 46
sufficient optimality condition, 22
convex set, 11
cost function, 25, 26
CQ constraint qualification, 53
critical directions, 18
critical point, 10

differentiability
of v(t), 84
directional derivative, 83, 97
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of v(t), 101
of v(t), lower bound, 99, 100
of v(t), upper bound, 98
of z(t), u(t), 84
upper, lower of v(t), 97
domain of a setvalued mapping, 49

edge flow x., 25

eigenvalue of a symmetric matrix
maximum, minimum, 104
sum of k-largest, 105

elastic demand, 31

exact penalty method, 109

existence of a minimizer
see minimizer, 93

Fan

theorem of, 105
FJ conditions

see optimality conditions, 17
Fourier Motzkin elimination, 113

global minimizer, 9

Holder stability

of local minimizers, 70, 72
Hoffman

lemma of, 58

Implicit Function Theorem, 36
inner semicontinuity (isc) of F
see setvalued mapping, 50

interior point method, 103
isolated minimizer, 9, 10, 68
constrained program, 20

KKT conditions
see optimality conditions, 17

Lagrangean function, 16
Lagrangean multipltipliers, 16
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LC assumption sufficient for unconstrained problems , 10
see setvalued mapping, 52 sufficient of order 1, 18
LICQ sufficient of order 2, 18
see constraint qualification, 17 origin-destination pairs
linear production model, 41 see OD-pairs, 25
linear program, 14 outer semicontinuity (osc) of F'
dual, 15 see setvalued mapping, 50
primal, 15
Lipschitz constant, 122 parametric location problem, 103
Lipschitz continuity, 122 parametric nonlinear program, 42
Isc of v(t), 109 parametric program, 40
of F(t), 58, 63, 64 linear, stability based on IFT, 40
of local minimizers, 70, 75, 77, 92 convex, 56
of local value function, 88 linear, 40
of v(t), 66, 68 linear right-hand side perturbed, 87
of v(t) for linear problems, 61 minimizer are linear functions of the
outer of F', 60 parameters, 94
Lipschitz stability minimizer are piecewise linear functions
see Lipschitz continuity, 63 of the parameters, 95
local minimizer, 9 nonlinear constrained, 49
isolated, 20 nonlinear, stability based on IFT, 43
oforders = 1,5 = 2,9 unconstrained, 37
strict, 9 path flow f,, 25
lower level set, 123 pathfollowing, 36
penalty function, 106
matrix norm, 7 penalty method, 106
mean value theorem, 121 exact, 106
MFCQ polyhedron, 26
see constraint qualification, 17 positive definite, 9
minimal value, 49 positive semidefinite, 9
minimizer projection
existence, 93 of a polyhedron, 26
see local, global minimizer, 9 pseudoinverse of a matrix, 94, 95
existence, 123
monotonicity relation, 46 right-hand side perturbation, 58, 61, 87

elastic WE, 119

for multipliers, 46

static WE, change in costs, 117
static WE, change in demand, 117

SC

see strict complementarity, 18
second order condition

linear constraints, 92

Newton method, 37 SOC, 18
nondecreasing function, 13 SOC2,75
nonlinear constrained program, 16 S_SOC’_ 80_
semicontinuity
OD-pairs, 25 lower of v(t), 53, 54
optimality conditions, 9, 16 outer of S(t), 56
for linear programs, 16 upper of v(t), 54, 55
Fritz John (FJ), 17 outer of I, 50
Karush Kuhn Tucker (KKT), 17 outer of mapping M (x(t),t), 74
KKT, 20 semicontinuous function
necessary for unconstrained problems , lower (Isc), 50

10 upper (usc), 49
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separated costs weak duality, 15
see cost function, 26 Weierstrass Theorem, 123
set of minimizer S(t)
stability behavior, 55
setvalued mapping, 49, 50
closed, 50, 51
inner semicontinuous (isc), 50, 53
local compactness LC, 52
lower semicontinuous, 50
outer semicontinuous (osc), 50-52
upper semicontinuous, 50
shadow prize, 41
Slater condition, 101
social costs, 31
stability
of Lagrangean multipliers, 74, 89
of local minimizers, 66, 87
of local minimizers, based on IFT, 39, 43
of local minimizers, equality constraints,
45
of minimizers in LP, based on IFT, 40
of tangent spaces, 80
strict complementarity, 40
strict complementarity (SC), 18, 43
strong duality, 16
system optimum, 31

Taylor formula, 121
second order, 122
toll prize, 116
first best prize, 116
trace of A, 105
traffic demand, 25
traffic network, 25
traffic user equilibrium
see Wardrop equilibrium, 25, 26

unconstrained minimization, 9
unique minimizer, 93
upper semicontinuous

see semicontinuity, 49

value function, 39
global, v(t), 37, 42, 97
local, v(t) = f(x(t),t), 38, 43, 63
local, v(t,r) = f(z(t,r),t), 88
vertex, 15
nondegenerate, 15

Wardrop equilibrium (WE), 25
for elastic demand, 32
sensitivity, 112



