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Abstract

Nondegenerate forms of the Maximum Principle for Optimal

Control Problems with State Constraints

The Maximum Principle (MP) plays an important role in the characterization of
solutions to optimal control problems. It typically identifies a small set of candidates
where the minimizers belong.

However, for some optimal control problems with constraints, it may happen
that the MP is unable to provide any useful information; for example, if the set
of candidates to minimizers that satisfy a certain MP coincides with the set of all
admissible solutions. When this happens, we say that the degeneracy phenomenon
occurs.

One of ours main goals, is preventing the degeneracy phenomenon to occur by
imposing additional terms to the MP. In this context, we developed new strength-
ened forms of the MP, for optimal control problems and in particular for optimal
control problems with higher index state constrains.

Another case where the MP is unable to provide any useful information hap-
pens when the scalar multiplier associated with the objective function is equal to
zero. So, the MP merely states a relation between the constraints and does not use
the objective function to select candidates to minimizers. We have also developed
strengthened forms of the MP such that the MP can be written with the multiplier
associated with the objective function not zero, the so-called normal forms of the
MP, for optimal control problems.

These two types of strengthened forms of the MP can be applied when the prob-

il
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lem satisfies additional hypotheses, known as constraint qualifications, and therefore
the constraint qualifications are also object of our study.

The nondegenerate forms of MP, that were developed in this thesis, are valid
for new types of optimal control problems with state constraints both by addressing
problems with less restrictions on its data, and also by developing new constraint
qualifications that are verified for more problems or are easier to verify whether they

are satisfied.



Resumo

Formas nao degeneradas do Principio do Maximo para Prob-

lems de Control ()ptimo com Restricoes de Estado

O Principio do Maximo (PM) tem um papel fundamental na caracterizacao de
solugoes de problemas de controlo 6ptimo. O PM tipicamente identifica um pe-
queno conjunto de candidatos entre os quais se encontram o(s) 6ptimos.

Contudo, para alguns problemas de controlo éptimo com restri¢oes, o PM podera
nao fornecer qualquer informacao 1til; por exemplo, se o conjunto de candidatos a
minimos que satisfaz o PM coincide com o conjunto de todas as solugoes admissiveis.
Quando tal acontece, dizemos que o fenomeno de degeneragao ocorre.

Um dos nossos principais objectivos, é garantir a nao ocorréncia do fenémeno de
degeneracao impondo condigoes adicionais ao PM. Neste contexto, desenvolvemos
formas fortalecidas do PM para problems de controlo éptimo e em particular para
problemas de controlo 6ptimo com restrigoes de estado de “elevado”indice.

Outro caso em que o PM nao fornece informacao ttil, ocorre quando o multi-
plicador associado a funcao objectivo é igual a zero. Neste caso o PM é uma mera
relacao entre as restrigoes e portanto nao usa a func¢ao objectivo para seleccionar um
conjunto de candidatos a minimos. Desenvolvemos, também, formas fortalecidas do
PM de modo a que possam ser escritas com o multiplicador associado a fungao ob-
jectivo nao nulo, denominadas por PM normais, para problemas de controlo éptimo.

Estes dois tipos de condicoes fortalecidas sao aplicaveis apenas quando o prob-
lema satisfaz hipoteses adicionais, conhecidas como qualificacoes de restricao, e por-

tanto as qualificagoes de restricao sao também objecto do nosso estudo.
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As formas nao degeneradas do PM, desenvolvidas nesta tese, sao validas para
novos tipos de problems de controlo éptimo com restrigoes de estado, simultanea-
mente por permitirem problemas com menos restricoes nos dados, e também por
desenvolverem qualificacoes de restricao que sao verificadas para um maior niimero

de problemas ou sao mais faceis de verificar.
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Chapter 1

Introduction

1.1 Scope and Motivation

In this thesis we deal with both the “Calculus of Variations Theory” and the “Opti-
mal Control Theory”. Our study focus on a set of conditions (necessary conditions
of optimality — NCO) that allow identify a small set of candidates to minimizers

among the overall set of admissible solutions.

In the 1950’s, these conditions were proved for problems with high regularity on
the data, but the continuous developments in this area allowed establishing condi-
tions for problems with: “nonsmooth” data (data that can be non differentiable),

more general end-point constraints, state constraints, and other refinements.

Almost all optimization problems arising in practice really have constraints and
these constraints are limitations on our decisions. For example, operations may be
limited to so many hours in day, a plane to fly in security must have constraints on
altitude or velocity, chemical reactors have to be limited by maximum temperature or
pressure, a vehicle or robot has to avoid obstacles, amongst many others. However,
for optimal control problems with state constraints the standard NCO could not,
in same cases, provide useful information to select candidates to minimizers. This
happens when the set of candidates to minimizers that satisfy certain NCO coincides

with the set of all admissible solutions or when the scalar multiplier associated
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with objective function is equal to zero. It is possible, nevertheless, to avoid such
phenomenon by strengthening the NCO.

As in [Fon99], we emphasise the importance attached to nondegenerate condi-
tions by reference to their history in Mathematical Programming ([Aba67, Man69]).
The Kuhn-Tucker conditions are best known optimality conditions for Mathemati-
cal Programming problems with inequality constraints. However, these conditions
are just a strengthened version of previous Fritz John conditions, imposing the mul-
tiplier associated with the objective function to be positive, or simply equal to 1.
Nowadays, the Kuhn-Tucker conditions are one of the most cited results in opti-
mization. This illustrates the significance of nondegenerate versions of necessary
conditions of optimality.

On other hand, the nondegenerate and normality results are important to estab-
lish the regularity of optimal trajectories and controls, and also in establishing links
between NCO and Hamilton-Jacobi equations.

In this thesis we developed new strengthened forms (nondegenerate and normal
forms) of necessary condition of optimality for optimal control problems with state

constraints.

1.2 Overview

This thesis is organized as follows. In Chapter 2, we introduce the classical necessary
conditions for calculus of variations and optimal control problems. We also introduce
here some recent developments that will be of use later in this thesis and we finish
this chapter with some concepts of regularity.

In Chapter 3, we review the main literature of strengthened necessary conditions
for mathematical programming and optimal control problems.

Chapter 4 contains the normality result for calculus of variations problems that
was developed in the author’s master thesis and a discussion of the relative merits of
necessary conditions of optimality that were developed for optimal control problems,

in the particular case of calculus of variations problems.
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The main contributions of this thesis are given from Chapter 5 to Chapter 9.
Chapter 5 involves a new normality result for optimal control problems via a lin-
earization of control systems, while the results introduced on Chapter 6 to Chapter
9 are nondegenerate results.

In Chapter 6, we propose a nondegenerate maximum principle (MP) valid under
a constraint qualification of integral-type.

The nondegenerate MP, provided in the Chapter 7, is valid under constraints
qualifications that are easier to verify than some appearing in previous literature.

In Chapter 8, the main result guarantees the nondegeneracy for problems that
satisfies an easier verifiable integral-type constraint qualification.

In the Chapter 9, we developed a new constraint qualification for optimal control
problems with state constraints that have higher index (i.e. their first derivative with
respect to time does not depend on the control).

We conclude this thesis by providing a summary of contributions and posing
some related open questions to motivate further research.

Finally, we offer in the Appendix a brief review of relevant background material

in functional analysis and nonsmooth analysis.






Chapter 2

Background

Since necessary conditions of optimality (NCO) are the main tools of this thesis,
we present in this chapter classical results on the subject for calculus of variations
and optimal control problems in an informal setting. We also introduce some recent
developments that will actually be of use in this thesis. We finish this chapter with

some concepts of regularity.

2.1 NCO for Calculus of Variations Problems

The basic calculus of variations problem (CVP) is to find an absolutely continuous

function z that solves the following problem:

Minimize  J[z] /t Lt 2(t), #(t)dt
(VP "

subject to  x(tg) =

x(ty) = 2.

The interval [to, t1], the Lagrangian function L : [tg,t;] X R" x R" — R, the initial
state xp and the final state x; are given as part of the problem statement.

We say that x is an admissible trajectory if x is an absolutely continuous function
on the interval [t,t1], satisfying the constraints of the problem, z(tg) = zo and

x(t1) = z1 and such that L(t,x(t),%(t)) is a Lebesgue integrable function in this

bt
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interval. The minimizer for the problem is an admissible trajectory  in the interval
[to, t1], that satisfies
J[z] < Jla,

for any admissible trajectory x in [tg, 1]

The Calculus Variations theory is an important tool in laws of physics that iden-
tified states of nature with minimizing curves and surfaces lengthened, as Fermat’s
principle, Dirichlets’s principle, principle of least actions, among others, (see for
example [Vin00] and [Loe93]).

The best known NCO for CVP are the Euler-Lagrange and the Weierstrass
Condition (see for example [Cla89], [Vin00]). They assert the existence a function

p € Whi([tg,t1] : R™) such that

Euler-Lagrange Condition:

Weierstrass Condition:

p(t)-z (t) — L(t, Z(t), 7 (t)) = max([p(t) - u — L(t, 2(t), u)].

2.2 NCO for Optimal Control Problems

2.2.1 The Problems

From a modern perspective, optimal control is a generalization of the calculus of
variations.

As the name indicates, optimal control problems involve a control variable. In
these problems the minimum cost depends both on the state and control variable.
The control may be restricted to take values on a general set. The freedom to specify
the set of possible controls combined with possibility of dealing with general cost

functions covers a wide range of control engineering problems.
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The mathematical formulation of a OCP appears in three forms: Bolza, Lagrange

and Mayer problems.

We start by introducing the Bolza problem, as following:

(

Minimize  g(x(to), z(t1)) —l—/l L(t,z(t),u(t))dt

to

(OCPp) subject to  @(t) = f (¢t,x(t),u(t)) a.et € [to,ti]
(x(to), z(t1)) € C
u(t) € Q(t).

\

The data for this problem comprise functions g : R" x R™ — R, L : [to, t1] x R" x
R™ — R, f: [to, t1] x R" x R™ — R", a closed set C' C R" x R" and a multifunction
Q- [to,tl] ~s R™,

The function to minimize

g(z(to), z(t1)) +/1 L(t,z(t),u(t))dt (2.1)

to

is known as cost function.

The variable x is called the state. The function describing state time evolution,
x(t), to <t < t; is called state trajectory.

The set of control functions for (OCPg), denoted U, is the set of measurable
functions w : [to, t1] — R™ such that u(t) € Q(¢) a.e. t € [to, t1].

The domain of the above optimization problem is the set of admissible processes,
namely pairs (z,u) comprising a control function v and a corresponding state tra-

jectory x which satisfy the constraints of (OC Ppg).
If the cost function (2.1) is simply
t1
. / L(t,z(t),u(t))dt, then the problem is known as Lagrange problem;
to

e g(x(ty),z(t1)), then the problem is known as Mayer problem.

The Bolza problem can be transformed in these two special problems, Lagrange and

Mayer problem, by adding a new state variable, (see for example: [PF62], [Tor02]).
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Example of optimal control problems in three forms can be found in [Ber95].

According to [Vin00], the importance of Mayer formulation is that it embraces
a wide range of significant optimization problems which are beyond the reach of
traditional variational techniques and it is very well suited to the derivation of
general necessary conditions of optimality. In next chapters, we consider OCP in

Mayer form.

Additional constraints can be added to the problem. For example:

e cquality state constraint:

k(t,z(t)) = 0 for t € [ty,t1], for a given function k : [to, 1] x R" — R;

e inequality state constraint® :

h(t,z(t)) <0 for t € [to,t1], for a given function h : [ty,t;] X R" — R;

e implicit state constraint® :

x(t) € X(t) for t € [ty,t1], in which X : [tg, t1] ~ R™ is given multifunction;

o mized state constraint :
g(t,z(t),u(t)) <0 for a.e. t € [ty,t1], in which g : [to, 1] x R x R™ — Rk

is given.

State constraints(®-(®) are object of study in this thesis. Problems with the mixed

state constraint are considered in [Aru00], [dP03], and [MdRdAPZ01].

Here, we consider fix-time problems. However, free-time problem could be con-
sidered, where the problem is defined on an interval [to,to + 7] and it is desired
minimize time 7" (see for example [PF62],[Ber95]). These problems are known as

mainimal time problems.

2.2.2 Maximum Principle

The NCO for OCP appear in the form of Maximum Principle (MP). It is usually

accepted that the MP was introduced by Pontryagin and his collaborates in the
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paper [PBGM62].
The original formulation of the MP applied to problems with very basic restric-
tions and with smoothness hypotheses.

Assuming that, the (pseudo-) Hamiltonian function ! is defined as follows:

H(t,x,p,u) =p- f(t,z,u) — AL(t,x,u).

The MP under smoothness hypotheses, states that if (z,u) is a minimizer of
(OC Ppg), then there exists an absolutely continuous function p and A > 0, not both

zero, such that the following conditions are satisfied:

The Adjoint Condition:

The Maximum Principle: u(t) maximizes over €(t) the function

u— H(t,z(t),p(t),u) a.e;

The Transversality Condition:

(p(to), —p(t1)) — Ago(Z(to), Z(t1)) is normal to C at (x(to), z(t1)).

A brief historical survey of NCO for optimal control and calculus of variations

problems can be found in [Sar00].

2.3 Nonsmooth NCO

Optimization problems in which the cost function to minimize is not differentiable

appear frequently. Two simple examples of nondifferentiable functions are:

'What Hamilton really defined was the “maximized” hamiltonian H(t,x,p) = p - v(z,p) —
AL(t,z,v(z,p)), where v is not treated as independent variable.
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e functions that state lengths and distances;
e function defined as the max or min of a collection of differentiable functions.

Others examples of problems with nonsmooth data can be found, for example, in
[Cla83].
Nowadays, there exists a great interest in developing necessary conditions for

problems with nonsmooth data.

2.3.1 Nonsmooth NCO for Calculus of Variations Problems

An extension of the Euler-Lagrange (see for example [Cla89]), allowing nonsmooth

data is

Here, DL denotes the Clarke’s subdifferential with respect to (z,u).
If function f : R® — R is Lipschitz continuous on a neighborhood of a point

x € R" the Clarke’s subdifferential is given by
Of(x) =co {n € R : Ju; — x,2; & Q, fola;) exist and f,(x;) — 1},

where 2 C R” having Lebesgue measure zero.
We have defined this subdifferential only for Lipschitz continuous function, how-
ever Clarke provided an extension to lower semicontinuous functions, see [Cla89)].
If L is continuously differentiable, then OL(t, Z(t), Z (t)) reduces to the singleton
set {L,.(t,Z(t), 7 (t))}.

2.3.2 Nonsmooth NCO for Optimal Control Problems

In this section, we introduce NCO for OCP in Mayer form with endpoint state
constraints. Without loss of generality, we consider the interval [0, 1] as the “time”

domain of our problem. The problem of interest is:
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( Minimize  g(z(0), z(1))

(

(t) = f(t,z(t),u(t)) aetel01]
(0) € Co
(1)eC
(

subject to

8

x(l) €

1

\ u(t) € Q(t) a.e.t € [0, 1].

The data for this problem comprise functions g : R x R" — R, f: [0,1] x R™ x
R™ — R", the sets Cy and C and a multifunction €2 : [0, 1] ~» R™.

Remark 2.3.1 (On Differential Inclusions) The control system

can be interpreted as

(t) € F(t,z(t)) a.e., (2.3)

in which, for each (t,x), F(t,x) is a given subset of R™.

If F(t,z(t)) = f(t,x(t), (1)), the set of solutions to (2.2) coincides with set of
solutions to differential inclusion (2.3), under the following mild hypotheses on the
data for (OCPypn), (see [Vin00], pag.73):

(i) f(,z,-) is L x B™ measurable and f(t,-,u) is continuous;
(ii) GrQ is £ x B™ measurable.

Remark 2.3.2 (On minimizer) When we seek a solution of an optimal control
problem, we must specify if we are looking for a local or a global minimizer. The
meaning of local needs to be clarified. Different choices of topology on the set of
admissible processes give rise to different notions of local minimizer.

Throughout this thesis, we say that an admissible process (Z,u) is a local mini-

mizer if there exists 6 > 0 such that

9(2(0),z(1)) < g(x(0), z(1)),
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for all admissible processes (x,u) satisfying

() = Z(t)]| L~ < 0.

For (OC Pyp), the Hamiltonian function is

H(t,x,p,u) =p- f(t,z,u).

We provide here a version of MP under minimum hypotheses in which it makes

sense to talk about a OCP, as Clarke mentions in the paper [Cla76a]. They are

denoted here and throughout as the Basic Hypotheses.

Theorem 2.3.3 Let (z,u) be a local minimizer for (OCPyp). Assume that, for

some &' > 0, the following Basic Hypotheses are satisfied.

H1y, The function (t,u) — f(t,z,u) is L x B™ measurable for each x. (L x B™

denotes the product o-algebra generated by the Lebesque subsets L of [0, 1] and

the Borel subsets of R™.)

H2,, There exists a L x B™ measurable function k(t,u) such that t — k(t,u(t)) is

integrable and

1f(t,2,u) = f(E 2", w)|| < k(t u)l|lz — 2]

for x,x' € T(t) + B, u € Q(t) a.et €[0,1].

H3,, The function g is Lipschitz continuous on T(1) + §'B.

H4,, The graph of Y is L x B™ measurable.

Hb5y, The sets Cy and Cy are closed.

Then there exist p € WH1(][0,1] : R™) and X\ > 0 such that

1Pl +A >0,
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—p(t) € coO H(t, Z(t), p(t),a(t)) a.et e [0,1],
(p(0), —q(1)) € N&, (2(0)) x NE, (2(1)) + 20" g(2(0), 2(1)), (2.4)

and for almost every t € [0,1], u(t) maximizes over (t)

u— H(t,z(t),p(t),u).

Remark 2.3.4 Here, co C is the conver hull of a set C C R™. The set NL(x) is

the limiting normal cone to the closed set C C R™ at x € C defined as

N&(z) = {n€R": 3 sequences {M;} € R", x; — x, n; — n such that
;€ Candn; - (y—x;) < Mi|ly — x;]|? for ally e R™ i =1,2,...}.

Let f : R" — RU{+o0} be a lower semicontinuous function and x € dom f.

Then the set OF f(x) defined as

0" f(z) = {n € R": (n,~1) € N 4(x, f(2))},

where epi f = {(z,a) € R" . a > f(x)}, is the limiting subdifferential of [ at x.

Further details of nonsmooth analysis involved are provided in the appendix.
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2.3.3 Nonsmooth NCO for Optimal Control Problems with

State Constraints

In this section, we introduce the MP for an OCP with inequality state constraints,

as the following:

(

Minimize  ¢(z(0),z(1))

subject to  @(t) = f(¢t,x(t),u(t)) a.ete€]0,1]
lL'(O) S CO
l’(l) eCh
u(t) € Q(t) a.e.t € [0,1]
h(t,z(t)) <0 for all ¢ € [0, 1].

In [HSV95], we can find a survey of MP for problems with state constraints.
There references to the direct adjoint approach, indirect adjoint approach, and
methods that use transformations converting problems with state constraints into
problems without state constraints are made. However, problems with nonsmooth
data are not addressed.

The NCO for nonsmooth and state constraints OCP were introduced in [VP82].
This result generalized MP introduce by [Cla76a], by allowing state constraints in
the form

h(t,z(t)) <0, for all t € [0, 1]. (2.5)

They show that Clarke’s methodology can be adapted to permit such constraints.
The underlying idea is to replace constraints (2.5) by a penalty term added to the

cost

g(x(0),2(1)) + k:/o max{0, h(t,z(t))}dt,

for some k > 0.
Nonsmooth MP for state constrained problems are also proved in [Cla83] and
VZ98].

Next, we introduce the results from [Vin00], which is a refinement of Clarke’s
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necessary conditions.
Assume that, in addition to H1,-H5y,, the following hypothesis are imposed on
(OCPMQ)

H6,, The function h is upper semicontinuous in ¢ and there exists a scalar Kj; > 0

such that the function © — h(t, z) is Lipschitz of rank K, for all ¢ € [0, 1].
Then the MP is stated in the following form:

Theorem 2.3.5 ([Vin00]) If (z,u) is an local minimizer, then there exist p €
Wh1([0,1] : R™), measurable function vy, a nonnegative Radon measure i € C*([0,1], R)

and a scalar A > 0 such that
#1400, 1]} + [Ipllz + A > 0,

—p(t) € co 0P H(L, (1), qlt). (1) a.cd € [0, 1],
(p(0). —q(1)) € N&,(2(0)) x N& (2(1)) + Ad"g(2(0), 7(1)),
A1) € OZh(t.2(1) i ae.
supp {1} C {t € [0.1) : h(t,2(1)) = 0}, (2.6)

and, for almost every t € [0,1], u(t) mazimizes over Q(t),
u— H(t,2(0),q(0). )

where

mw+4mwﬁmw>temn

M®+Amﬂﬁmw)t=l

q(t) =

Here, 0; h(t,z), denotes the hybrid partial subdifferential of A in the z-variable
defined as

O h(t,z) = co{{ : there exist (t;,z;) — (t,x) s.t. h(t;, z;) > 0,
h(t;,z;) — h(t,x), and h.(t;, z;) — &}.
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The condition (2.6) is denoted by “Complementary Slackness Condition”; it
states that p is equal to zero if the state constraint is inactive at z on t (i.e.
h(t,z(t)) < 0).

Note that if the state constraint is inactive at x, then the statement of the
theorem simplifies due to the fact that all mention to u (and the corresponding
integrals) may be removed.

It is worth mentioning that introduction of chapter 9 in the book of [Vin00],
we can find the key ideas behind the derivation of NCO for problem with state

constraints.

2.4 Existence and Regularity

Application of NCO to identify a set of candidates to the optimal solution only make
sense if the optimal solution exists. Therefore, there is great interest in studding
the existence of optimal solutions.

It was Tonelli (1915) who introduced the first theorem of the existence of solution
for CVP. Even today, the Tonelli’'s theorem remains the central existence theorem
for CVP, although the hypotheses of the theorem can be relaxed, see for example
[Vin00]. For OCP, results that guarantee the existence of solution can be found in
[Cla83], for example.

The hypotheses under which existence of an optimal solution may not coincide
with those under which NCO are valid.

A simple example of that occurs in calculus of variations: the Tonelli’s theorem
guarantee the existence of minimizers in the class of absolutely continuous functions,
whereas the Euler-Lagrange condition is applied for arcs with essentially bounded
derivatives.

Regularity analysis helps us to identify classes of problems, for which all mini-
mizers satisfy known NCO. This analysis seeks information about regularity of min-
iminizers, for example when the minimizers arcs are Lipschitz continuous (we call

Lipschitz regularity), minimizers arcs with higher-order derivatives or the optimal
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control that are Lipschitz continuous.

In recent years many authors got interested on the study of the Lipschitz regu-
larity of the optimal trajectory, because of its important implications. In Control
Engineering, this regularity condition allows to compute the true optimal trajectory
by numerical methods. On other hand this condition ensures the non-occurrence
of the Lavrentiev phenomenon - the infimum cost over the space of absolutely con-
tinuous functions is strictly less than the infimum cost over the space of Lipschitz
continuous functions. A simple example in which this phenomenon occurs was given
by Manid, (see for example [Cla89)]).

Many authors contributed to the investigation of Lipschitzianity of optimal tra-
jectories for CVP, see for example [CV85] and [Vin00]. Less is known for OCP.
In this respect we refer the reads to [ST00] and [GV03] for OCP, (where the con-
trolled differential equation is linear in the control variable), the result of [DK95]
and [CLV97] for linear quadratic problems with state constraints. However, Lips-
chitz regularity of the optimal trajectory for nonlinear OCP with state constraints

is still an open question.






Chapter 3

The Degeneracy Phenomenon of
Necessary Conditions of

Optimality

In this chapter, we discuss the degeneracy phenomenon in optimization problems
with inequality constraints. We start by describing this phenomenon in the context
of mathematical programming problems, recalling the Fritz-John and Kuhn-Tucker
conditions. Later, we address the degeneracy phenomenon in the context of optimal
control problems. We review and discuss nondegenerate necessary conditions of
optimality for optimal control problems with state constraints. An overview of the
main literature in this area is made, including a comparison with some recent results

from the authors.

3.1 Degeneracy in Mathematical Programming

The general mathematical programming problem (MPP) consists in minimizing a
given function f(x) subject to three types of constraints: inequality constraints,

equality constraints and implicit state constraints. Here, we consider the MPP with

19
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inequality constraints:

Minimize  f(x)
(MPP) ‘
subject to  ¢'(z) <0, i=1,2,....,n.

Throughout this section, we assume that the functions f and ¢° for each i =
1,2, ....,n are continuously differentiable.

If Z is a solution to the problem (M PP;), then the NCO in the form of Fritz-John
conditions [Joh48] in [BSS93| guarantee the existence of nonnegative multipliers A

and u;, with ¢ =0,1,2,...,n such that

(A i1 ooy fin) # 0 (3.1)
Ael®) + Y pigh(7) =0 (32)
: pig' () =0, fori=1,..,n. (3.3)

If the second condition is satisfied with A = 0, the cost function is not involved in
the choice of candidates to minimizers. So, the NCO does not give any information
about the candidate to minimizers and the NCO are merely a relation between the
constraints. When this happens, we say that the NCO are degenerated.

A way of forcing the cost function to be involved in the NCO is to assume that
A = 1 on the conditions (3.1)-(3.3), known as normal form of the NCO. However,
we have to guarantee that the NCO are still satisfied at local minimum. If it is not
the case, the NCO are not valid. So additional hypotheses, known as Constraint
Qualification (CQ), are considered to identify the problems under which the normal
form is ensured.

Some of the best known examples of a CQ are:

Linear Independence CQ: for every local minimizer z, the gradients of the active

constraints are linearly independent;

Mangasarian-Fromovitz CQ: for every local minimizer x there exists a vector
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v € R™ such that

g, () v<0 ifg(z)=0, i=1,2,..n

Another type of CQ, called “calmness”, was introduced in [Cla73], see [Cla83].

Assume that Z is minimizer to (M PP;) and P(p) is the problem of minimizing
f(z) over points x € R"™ which satisfy the constraints g(z) +p < 0. The (MPP,) is
calm at x provided that there exist positive ¢ and M such that, for all p € B, for

all 2’ € T + eB which are feasible for P(p), one has
f@) = f(@) + M|p| = 0.

The calmness of MPP at z allows to write the NCO (3.1)-(3.3) with A = 1.

The Kuhn-Tucker conditions [KT51] are precisely a normal version of the Fritz
John conditions valid under a suitable CQ. They state that the conditions (3.1)-(3.3)
can be written with A = 1 for all problems complying with the CQ.

The work of Kunh and Tucker, probably one the most cited results in optimiza-
tion, is in fact a strengthened and nondegenerate form, of the Fritz John conditions.
This fact justifies the importance of studying nondegenerate versions of NCO for
constrained optimization problems. This problem is well-studied in the context of
mathematical programming for along time. However, the degeneracy phenomenon

in the OCP context has witness many important advances in the very recent years.

3.2 Degeneracy in Optimal Control Problems

In this section, we discuss strengthened forms of MP for OCP, like (OC Py;3), which
guarantee nondegeneracy and/or normality.

The term “degeneracy” has been used in optimal control literature to describe
a particular type of degeneracy occurring due to the presence of pathwise state

constraints which are active at the initial time. Assuming that the pathwise state
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constraint is active in the initial instant of time, i.e.
(0, z0) = 0, (3.4)
the set of multipliers (degenerate multipliers)?
A=0, ot = 04=0,p = —h(0, ) (3.5)

satisfies the NCO for all admissible process (x,u). This can be easily seen by noting
that the quantity p(t) + / hi(s,z(s))u(ds) vanishes almost everywhere and all
conditions of the MP, (The[gi)em 2.3.5), are satisfied independently of the value of
or 4. In this case, the NCO are said to be degenerate.

In this thesis we will be concentrated in this kind of degeneracy. However other
type of degeneracy can occur, namely “the g-degeneracy” (see for example [Fon99]).

The case (3.4) is encountered in certain applications of interest, namely Model
Predictive Control. A further discussion of this point can be seen in [FV94, Fon99.

In order to avoid the degeneracy, the MP can be strengthened with additional
conditions, typically a strengthened form of the nontriviality condition.

The term normality is used when the MP for OCP can be written with the

multiplier associated with the objective function A not zero.

Definition 3.2.1 (Normality) An optimal control problem is said normal if the con-

ditions of Theorem 2.3.5 are satisfied with A = 1.

The normality and regularity ? are closely connected.
In [Fer06], it is proved that the conditions imposed to get the Lipschitz continuity
of the optimal control may also contribute to guarantee the normality of MP.

Results where Lipschitz regularity is ensured as a consequence of normal NCO,

can be found in [FMO06].

"Here d70} denotes the unit measure concentrated at {0}.
2The term regularity as the same meaning as in section 2.4.
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Normal necessary conditions have been developed for problems with nonsmooth
as well as smooth data, problems in which the dynamic constraints involves a dif-
ferential inclusion, or a differential equation, and in which the state constraint is
formulated as a set inclusion as well as a functional inequality.

In next section, we make an overview of the main literature in these area.

3.2.1 Avoiding the Degeneracy Phenomenon
Calmness

As in mathematical programming, the new type of CQ introduce by Clarke “calm-
ness” allow to strength the MP with A = 1.

For the problem

Minimize  g(x(0),z(1))
subject to  @(t) € F(t,z(t)) a.e.,

calmness is defined as follows:
Definition 3.2.2 Let ¢ : R" — [—00,00], i = 0,1, be defined as

#°(s) = inf{g(z(0) + s,2(1)) : & € F(t,z(
o' (s) = inf{g(z(0),2(1) +s) : © € F(t, z(

~ ~
S~—
S~—
S
o o™
— =

Then, problem (OC Py3) is said to be calm if, for i =0 or 1,
¢ = limint [¢'(s) — 6(0)] /]s] > —o0.

As shown in [Cla76b], calmness allows to write the MP with A = 1, when F(¢,z)
is measurable in ¢ and Lipschitz in x near Z and g : R" x R" — (—o00, 00| is lower
semicontinuous. However, pathwise state constraints are not considered.

In the remaining of these sections, we consider OCP with pathwise state con-

straints: inequality constraints or implicit constraints.
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Nondegenerate Result from [AA97]
In [AA97], a new MP is developed to avoid the degeneracy, for Lipschitz continuous
trajectories where the problem is:

¢

Minimize  g(x(0), z(1))
(

(OCPyy) { StPicctto #lt) € Flt.o(t) a.c.t €10,1]
(2(0), z(1)) € Co x Cy
z(t) € X vt € [0,1],

\

The MP contains additional information about the behavior of the Hamiltonian

at the endtimes:

for all ¢ € [0, 1] where:
° ]:I(t,x, q) '= MaXfcp(tz) ¢ - [ is the true (maximized) Hamiltonian;
e supp 1 C {t € [0,1] : z(t) € bdy (X)}; p(t) € Nx(z(t)) vVt € [0,1].

(Nx is Clarke normal cone)

The condition (3.6), combined with the following constraint:

CQAA97

H(O, X, —g) > 0,

¥ € Nx(3(0) 1 Ny (2(0))

eliminates the degenerate multipliers.

Loosely speaking, CQaag7 requires the existence of a control function pulling
the state away from the state constraint boundary at the initial time.

For the results in [AA97] to be valid, it is required that the multivalued mapping

F is locally Lipschitz with nonempty convex compact values.
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Nondegenerate Result from [FV94]

Another result to avoid degeneracy is developed in [FV94]. It also required f(¢, z, §2(t))
to be convex but data are merely required to be measurable in time. For a problem
like (OCPyr2) (see section 2.3.3) whith initial state fixed and free final state, the

nondegeneracy NCO are strengthened with the nontriaviality condition

/ p(ds) + A >0,
(0,1]

if one of the following CQ are satisfied:

CQ1rvos: there exists a control @ such that

hm(ta l'O) : [f(t,l’o, ﬁ’) - f(t7x07a(t)] < 07

for ¢ near 0 (that means, there exits control function pulling the state away

from the boundary of the state constraint set faster than the optimal control);

CQarvoq: : there exists ¢ € (0, 1] such that h(t,z(t)) < 0,Vt € (0,], (that means,

the minimizing trajectory itself leaves the boundary immediately).

Conditions to ensure normality are described in terms of the dynamic equa-
tions, linearized with respect to the state variables. The constraints qualifications

CQ1rvos and CQapvey are strengthened with the following condition:

CQsrvoa:
he(t,Z(t)) - yu(t) <0Vt € (0,1]N{t €[0,1] : h(t,z(t)) = 0},
where 1, is the unique absolutely continuous function satisfying:

Gu(t) = folt, 2(t), u(t) - yu(t) + f(L, 2(1), u(t)) — f(t,2(1),u(t)) ae. tc[0,1]

y.(0) =0,
(3.7)

given a control u.
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Nondegenerate Result from [FFV99]

The result in [FFV99] generalizes the nondegenerate result in [FV94] with CQipvea
by allowing the final state to belong to a given set (', the data to be nonsmooth
and by not requiring the velocity set f(t,z,€(t)) to be convex. In this paper new
methods are introduced for proving nondegenerate NCO. The key idea of the proof
is to replace the original control problem by one in which the state constraints is
eliminated on [0, o], for arbitrary small «.

The multipliers of the MP for this new problem are nondegenerate. Passing to
the limit o | 0 we concluded that the limiting multipliers are nondegenerate and

the nontriviality condition can be replaced by

p{ (011} + llgllze + A > 0.

Normality Result from [Fon00]

Based on nondegeneracy results in [FFV99], [Fon00] ensures the normality of the
MP for free final state problem, if there is a control that can pull the trajectory
away from the boundary (faster than the optimal control) for every instant that

inequality constraints is active.

In the works mentioned above ([FV94], [FFV99], and [Fon00]), the conditions
involve the minimizing % which we do not know in advance, and consequently the
conditions are, in general not easily verifiable, except in special cases, such as CVP.

(See next chapter)

Normality Result from [RV99]

Nondegenerate NCO for OCP valid under a CQ that no longer involve the minimiz-
ing @, appear in [RV99]. The MP can be written with A\ = 1, if

CQRrvog: there exists a continuous feedback u = n(t, &) such that

ht(t7 é-) + hiﬂ(t7£) ' f<t7 g’n(t7€>> < _57
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for some positive §, whenever (¢,¢) is close to the graph of Z(-) and £ is near the
state constraint boundary.

The problem considered is (OC Pyy2), but the functions defining the dynamics is
now Lipschitz continuous with respect to time, the final state is free, and the initial
state belongs to a given set Cj.

The proof of existence of normal multipliers is based on a main theorem, called
neighbouring feasible trajectories theorem. It asserts that for a prespecified process
which may violate the state constraint there exists another process that it is suitably

close to the first one and satisfies the state constraint.

Nondegenerate Result from [RV00]

Building upon their neighbouring feasible trajectories theorem, [RV00] derived non-
degenerate NCO which apply to differential inclusion problems (OC Py3) where the

state constraints set X takes the form:

X = U{x:hj(a:) <0}

j=1

for some functions A/ : R® — R, j = 1,...,m of class C11.
Assuming that the velocity set F'(¢, ) is nonconvex and measurable in time, the

NCO are strengthened with the nontriviality condition
o 3 s + 0 + 30N (0D #0
when subject to follow constraint qualification:
CQRrvoo: For each t € [0,¢] and & € z(0) + 0'B
minyepehl(€) - v < =6

for all index values j such that h/(z(0)) = 0.
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Nondegenerate Result from [CFO05]

In the paper [CF05], we can find a strengthened MP for (OCPy3) with dynamics
given by a nonconvex differential inclusion and fixed initial state.
To derive these results, it was necessary impose the following hypotheses:

Hypothesis 3.1.
i) F(-,-):]0,1] x R" ~» R"™ is a multifunction with nonempty closed values.
i) VYo € R", F(-,z) is measurable.
i3t) There exists ¢ > 0 such that V(¢,z) € [0,1] x R*, F(t,z) C ¢(1 + ||z||)B.
1v) There exists [(-) € L' such that F(¢,-) is [(¢)- Lipschitz continuous.
v) g:R" — R is locally Lipschitz.

Hypothesis 3.2. (Used to establish the existence of a “linearization” of F' along
(z,Z) by closed convex processes, which are Lipschitz with respect to the state.) There

exists of a family of closed convex process A(t,-) : R™ ~» R, t € [0, 1], that satisfies
i) A(-,v) is measurable Vv € R™.

1) A(t,v) C d,coF (t,z(t),z (t))v Yv € R" for a.e. t € [0,1].

t13) For some m > 0, A(t,-) is m-Lipschitz on R™ for a.e. ¢t € [0, 1].

(d, F(-) is the adjacent derivative of coF(t,-) at (Z(t),z (t)), see appendix.)

Hypothesis 3.3. (Used to the ezistence of a conver “linearizations” of con-
straints along optimal trajectories is also considered.) X and C; are closed subsets
of R™, Int (Cc,(Z(1))) # 0 and there exists a lower semicontinuous multifunction
G : [0,1] ~ R™ such that for all t € [0,1], G(¢) is a closed convex cone with
nonempty interior and for every v € Int(G(t)) we can find € > 0 such that for all
s€t—e,t+e]NI0,1], Z(s) +[0,e](v + eB) C X.

(Ce, (Z(1)) denotes the Clarke tangent cone to C; at Z(1), see appendix.)
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Theorem 3.2.3 Let Z(-) be an optimal solution to (OC Py3) with initial state fized
assume that Hypotheses 3.1-3.3 hold true. Further assume that an upper semi-
continuous concave positively homogeneous function v : R" — RN {—oo} satis-
fies Int (G(0)) C dom(y) and v < DFV(0,%(0)). Then there exits A € {0,1},
Y € NVB([0,1]) and an absolutely continuous function p(-) : [0,1] — R"™ such that
A+ Y]y # 0 and p satisfies the

p(t) € A*(t,—p(t) — (t)) a.e. in[0,1]
p(1) € =Xdg(z(1)) — ¥(1) — N, (2(1)),

(p(t) +¥(t))- z (t) = max (p(t) +(t)) -va.e. in [0,1]

veF(t,5(t))

—p(0) € A\"4(0).

Furthermore,
P(07) € G(O)™, () —v(t) e GE)™, () —/[Ot] v(s)du(s) vt e (0,1]

for a positive (scalar) Randon measure p on [0,1] and a p-measurable function

v(-) 1 10,1] — R" satisfying
v(s) e G(s)"NB p— ae..

If Ce,(z(1)) N Int (G(1)) # 0, then the following non degeneracy condition holds

true
A+ S Ip(t) + ()| # 0 (3.8)
and if £(1) € Int (C), then
A+ wvar (1, (0,1]) # 0, (3.9)

where var(1, (0,1]) denotes the total variation of ¥ on (0, 1].
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Moreover A = 1 if there exists a solution to the constrained differential inclusion

w(t) S A(t7 w) + Tco(F(t,i(t)))(«f (t))7 (310)

satisfying
w(t) € Int(G(t)) vt € [0,1],w(1) € Int(Ce, (Z(1))). (3.11)

Here:

e NV B([0,1]) is the space of functions f of bounded variation on [0, 1], which
are continuous from the right on (0, 1) and such that f(0) = 0;

e The norm of f € NV B([0,1]) is the total variation of f on [0, 1] denoted by
[ fllv;

e (G~ is the negative polar cone of G}
e Nx(z) is the Clarke normal cone to the set X at z € X;

o Toor(z)) (T () denotes the tangent cone of convex analysis to co(F (¢, Z(t)))
at 7 (t);

e V(-,-) is the value function

( 3\

g(x(1)) : z(-) is the solution to
(i) € Pt 2(t)
V(to,yo) = inf (2(0),z(1)) € Cy x Cy
z(t) e X

on [to, 1],

z(to) = Yo

e DTV(0,z0)(-) denotes the upper derivative of V(0,-) at x;
e 071(0) denotes the superdifferential of ¢ at 0;

(Definitions can be found in Appendix.)
Any of the conditions (3.8) and (3.9) eliminates the trivial multipliers for z(0).
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To prove Theorem 3.2.3, duality of convex analysis is applied. In this way they
extend the known relations between the maximum principle and dynamic program-
ming from the unconstrained problems to constrained cases, where the calmness of
value function is used to investigate nondegeneracy of MP.

To allow to write the Theorem 3.2.3 with A = 1, it was necessary assume the
following additional hypothesis:

Hypothesis 3.4. Assume that for some 1 > 0 the signed distance

—dist(x,bdy (X)) VreX

hx) =
dist(z,bdy (X)) otherwise

is of class Cllo’c1 on bdy X + nB
and the following CQ :

CQcros: there exists § > 0 such that for almost all ¢ € [0, 1] with Z(¢) € bdy (X) +
nB we have

i hy(2(t) v < 4.
el e T v <

Theorem 3.2.4 Let z(-) be an optimal control solution to (OCPys) with initial
state is fized assume that Hypotheses 3.1, 3.2 and 3.4 hold true and z(1) €
Int (Cy). Then all conclusions of Theorem 3.2.3 are valid with A = 1 and G(t) =
Tx(Z(t)) for every t € [0,1].

The prove is based on ensured the existence of a function like (3.10) satisfying
(3.11).
This result is similar to [RV99], however in this one the inward pointing condition

is weaker condition, it has to be satisfy just along the optimal trajectory.

Normality Result from [BF07]

For a Bolza problem like (OCPg) with Lipschitz continuous trajectories, where
the initial state belongs to a given set, the final state is free and trajectories are

constrained to a closed set x(t) € X, the normality is ensured in [BF07].
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This result is valid for problems that satisfy the following constraint qualification:

CQgror: 30r > 0 such that, Ju, € Q(t) satistying

SuanC;((x)ﬂS”—l n- f(tv Y, uy) S _5Ra

where S"™' = {x € R : ||z|| = 1} and Cx(z) is the negative polar of Clarke’s

tangent cone to the set X at x. (see definition in Appendix)

The advantage of this result is that it allows nonsmooth and nonconvex state

constraints.

Normality Result from [Mal03]

The normality for an optimal control problem with mixed control-state and pure
state constraints is described in the work of Malanowski [Mal03]. The constraints
qualifications involve the gradients of the constraints which are in some sense almost
active and involve also the controllability of the linearized state equation. If the data
are differentiable and the constraint qualification mention above is satisfied, then

there exists an unique normal Lagrange multiplier.

Comments

In summary, the constraint qualifications found in the literature to avoid degeneracy

in optimal control problems with state constraints can be divided into two types:
CQlg: (from [FV94] and [FFV99]) 39, ¢ > 0 and 3a(t) € Q(t):

ha(xg) - [f(t, xo,u(t)) — f(t, z0,u(t)] < =0 a.et€[0,€).

Loosely speaking, this is the requirement that there exist a control function
pulling the state away from the boundary of the state constraint set faster
than the optimal control on a neighborhood of the initial time. (see Figure

3.1)
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%

——  h(x)=0

£(0, %), T)
(0, , 1)

X,

Figure 3.1: Constraint qualification CQ14 (adapted from [Fon99]).

h{xg

h(x)=0

£(0, %), 1)

X

Figure 3.2: Constraint qualification CQ24 (adapted from [Fon99]).

CQ24: (from [AA97] and [RV00]) 30,€ > 0 and Ju(t) € Q(¢t):

ha(zo) - f(t, zo,u(t)) < =6 aet € [0,¢).

Meaning, that there exits a control functions pulling the state away from the
state constraint boundary on a neighborhood of the initial time. (see Figure

3.2)

Extending CQ14 and CQ24, in such way that they are verifiable not only on
a neighborhood of the initial time, but also on neighborhood of each instant that
the minimizer trajectory touches the boundary, allows to write the MP with A = 1.
Here, we denote by CQ1, and CQ2, (respectively), the constraint qualification
ensuring the normality of MP. See for example [Fon00], [CF05] and [BF07].
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Clearly, a normal form of MP implies a nondegenerate form of MP. However most
of these results require some regularity on data. See for example [FV94], [RV99],
[Fon00], [CF05] and [BFO7].

[RV99], [CF05] and [BF07] use constraints qualifications of the type CQ2,, while
[FV94] and [Fon00] use the constraint qualification of the type CQ1,. Comparing
theses results, we conclude that normal MP using constraint qualification of the
type CQl,, as in [Fon00|, requires less regularity. However, CQ1,, involves the
minimizing « which we do not know in advance, and consequently the condition is,

in general not easily verifiable.

Notes on Chapter

Part of the contents of this chapter have been presented in [LFO07].



Chapter 4

Normality in Calculus of

Variations Problems

In this chapter, we show how calculus of variations problems (CVP) can be seen as
a particular case of an optimal control problems (OCP) and we study normality of
necessary conditions of optimality (NCO) for CVP as a consequence of the normality

of NCO for OCP.

4.1 Introduction

Throughout this chapter, we focus the following CVP subject to inequality states

constraints:

Minimize  J[z| = [ L(z(t),%(t))dt
(CVE) subject to  z(0) = xg
h(z(t)) <0 vt € [0, 1].

Observe that the functional defining the state constraints does not depend ex-
plicitly on t.
The special structure of CVP permits the derivation of constraint qualifications

(CQ) that can be much easier to verify than in the optimal control case. Hence, the

35
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interest in exploring dynamic optimization problems with this special structure.

As mentioned before, here we discuss the normality results of OCP, in the partic-
ular of CVP. Therefore, we start by seeing the (C'V P,) as a special case of (OC Pyys).

For that it is enough to consider a new absolutely continuous state variable

and a change of variable &(t) = u.

The (CV P,) can then be written as:

p

Minimize  y(1)
subject to  Z(t) = f(2(¢t),u(t)) a.e.t € [0,1]
(OCPya) 4 ((0), y(0) = (20, 0)
u(t) e R"
\ h(z(t)) <0 vt € [0,1]
with z(t) = =) and f(z(t),u(t)) = ul?)
y(t) L(x(t), u(t))

CQ ensuring normality of OCP with state constraints of the form h(z(t)) < 0

are of two types:

CQ1, :Ju(t) € Qt):a.e.t € [0,1]

- L8 2(t), a(t) — £t z(t), u(t)] < =0,

for all ¢ € 07 h(Z(s)), when s € {t € [0,1] : h(z(t)) = 0}, where 0~ h(z) is defined

as:

0" h(zx) =co {e:3x; — x : h(x;) > OVi, h(z;) — h(z) and h,(x;) — €}
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CQ2,: Je > 0 and a(t) € Q(t):

ha(2(1)) - f(1,2(1), ult)) < =4,

fort € (s —¢€,s+¢) where s € {t € [0,1] : h(z(¢)) = 0}. !
In the work of [FV94], the normality of NCO for smooth CVP is guaranteed for

problems that satisfied the following constraint qualification:
CQurvos h.(Z(t)) #0 for t € {s €[0,1] : h(Z(s)) = 0}.
Two question arises:

e Since the work of [Fon00] allows possibly nonsmooth data for OCP, do we
have strengthened NCO for CVP with nonsmooth data applying the normality

result in [Fon00]?
e does the CQ of type CQ2,, give new information when it is applied to CVP?

The answers to these questions are in next sections.

4.2 Normality in CVP Applying the Normal Re-
sult of [Fon00]

Applying the normal result of [Fon00] in CVP, we can obtain a strengthened NCO
with nonsmooth data. This work was developed in [Lop03] and we mentione the
result.

Assume that the following hypotheses are satisfied:
Hlncy The function x — L(z,u) is locally Lipschitz continuous for all u € R™.

H2ncy The function u — L(x,u) is convex and bounded for all z € R™.

In [RV99], this CQ have to be satisfy on neighborhood of state constraint boundary, we not
consider here to simply the notation.
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H3ncy There exists an increasing function 6 : [0, 00) — [0, 00) such that

and a constant (§ such that L(z,v) > 6(||v]|) — B||v]| for all z € R", v € R™.

H4ncy There exists a scalar K, > 0 such that the function x — h(z) is Lipschitz

continuous of rank K, for all ¢ € [0, 1].
Consider also the following constraint qualifications:

CQcv1 If h(zg) = 0, then Jeg, § > 0 such that

Y2 >0,
V1,72 € 07h(x), and x € {xg} + &B.
CQcve 36 > 0:

T Y2 >0,

V1,72 € 07h(Z(s)), and s € {t € [0,1] : h(Z(t)) = 0}.

Proposition 4.2.1 Let (Z,u) be a local minimizer for (CV Py). Assume that hy-
potheses Hingy — H4ngy and constraint qualifications CQcvi — CQcve are sat-
isfied. Then there exist p € WH1([0,1] : R"), a measurable function v and a non-
negative Radon measure p € C*([0,1],R) such that
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where

mw+4;mmwﬁtemn

mw+4ﬂmmwﬁtzx

q(t) =

Remark 4.2.2 [In the case when h is continuously differentiable, the set 0~ h(Z(s))
is a singleton. Therefore, this CQgcva reduce to h,(Z(s)) # 0, confirming the CQ
in [FV94].

This proposition generalize the result of [FV94] by allowing nonsmooth data.

4.3 Normality in CVP Applying the Normal Re-
sult of [RV99] or [CFO05]

To answer the question: “does the CQ of type CQ2,, give new information when it
is applied to CVP?”, we apply the constraint qualification CQ2,, to (OC Pyyy).

So, we assume Ju(t) € R™ such that

ho(z) - f((Z,y),4) < =4,

for a constant 6 > 0.

Consequently,

Consider a(t) = —h,(Z(t)), we have h,(T) - (—h,(T)) = —||h(Z)|*.

It follows that, for CVP, the constraint qualification CQ2, reduces to

Comparing this CQ with the CQcvi — CQcve, we conclude that the latter is

more general; it can be applied to problems with less regularity on the data.



4(B. Normality in CVP Applying the Normal Result of [RV99] or [CF05]

In summary, we can say that in the case of OCP the NCO of [RV99] and [CF05]
in comparison with the NCO of [Fon00| have the advantage that they do not involve
the control function explicitly, and therefore are easier to verify.

However, in the special case of CVP the CQcvi — CQcvz, (obtained from the
results in [Fon00] for OCP) have the advantage that they apply to a wider class of

problems.

Notes on Chapter

In [LF06], we can find a more detailed comparison between CQcyvi — CQcvz and
CQ obtained by applying the normality result of [RV99].
Part of the contents of section 4.2 have been presented in [Lop03] (see also

[LF03)).



Chapter 5

Normality of Optimal Control
Problems via Linearization of

Control Systems

The main objective of this chapter is to discuss normality of the MP for constrained
problems with Lipschitz optimal trajectories. To prove normality, we use J. Yorke
type linearization of control systems and show the existence of a solution to a lin-
earized control system satisfying new state constraints. Our main result differers

from similar results in the literature since we assume distinct set of hypothesis.

5.1 Introduction

In this chapter we consider the optimal control problem with implicit state con-

straints:
[ Minimize g(x(0),z(1))
subject to  z(t) = f (¢t,xz(t),u(t)) a.ete|0,1]
(OCP) z(0) € Cy
z(t) € X
u(t) € Q(t) a.e.t € [0,1].
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Remark 5.1.1 Define the signed distance by

—dist(z, bdy (X)) Vze X,
dist(xz,bdy (X))  otherwise.

d(x) =

The problem (OCPy) is equivalent to replacing the state constraint (5.1) by the

mequality state constraint
d(z(t)) <0 for all t € [0, 1].

Assume that Basic hypotheses H1,-H4y, (see section 2.3.2) and the following
hypothesis is satisfied:

H5,, Int Cx(Z(t)) # 0 for each ¢ € [0, 1]. (This is a sufficient conditions for Vinter’s
CQ, see [Vin00].)

Here Cx(x) denotes the Clarke’s tangent cone,

Cole) = v eRY  lim 28U Zh”’ 9y

h—0tz' —cx

Then the Maximum Principle is the following:

Theorem 5.1.2 (The Maximum Principle for Implicit State Constraints)[Vin00]
(Section 9.3) There exists an absolutely continuous function p : [0,1] — R", n €

C*([0,1] : R™), and A > 0 such that
¢(t) - n(dt) <0
[0,1]
for all ¢ € C([0,1] : R™) satisfying ((t) € Cx(Z(t)) n a.e.

(p,m, A) # 0,

supp{n} C {t € [0,1] : Z(t) € bdy (X)},

—p(t) € codXH(t, 2(t), q(t),u(t)) a.e., (5.1)
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(p(0), —q(1)) € A0"g((0), 7(1)) + Ng, (#(0)) x {0},

H(t,z(t),q(t),u(t)) = urgg()t()H (t,z(t),q(t),u) a.e..

Here
+ ds 0,1
p(t) /[O,t)n( ) t€l0,1)

p(t) + n(ds) t=1.
[0,1]

q(t) =

In this chapter we assume a CQ to ensure the normality. This CQ is typically

of the kind: there exists a control v and € > 0 such that
de(x) - f(t,z,u) < —p for all x € Z(t) + eB, t € [0,1], z(¢) € bdy (X) (5.2)

for some positive p.

Results ensuring normality using CQ of the type mention above can be found in
[RV99], [CF05] and [BF07].

In this chapter we improve the result in [RV99], since we assume that the function
defining by dynamics is merely measurable with respect to time.

In [RV99], the proof of the main result on normality is based on neighbouring
feasible trajectories theorem. In this chapter, and also in [CFO05] and [BFO07], the

proof is based in ensuring the existence of a solution to the problem
W =7t w) + p(t),
(1) € Teasaaw.00) (T (1))

satisfying
w(t) € Int(Tx(z(t))) Vvt € [0,1].

Here T (z) denotes Contingent Cone,

.. dist(x 4+ hv,C)
To(z) = R™| lim inf ) — OV,
c(r) ={v eR"| imin h 0}

In the main result of this chapter we considering that ~(t,-) is merely k(-)-
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Lipschitz function, instead of £ € L* as it was proved in [CF05]. The result on
normality of [BF07] allows the set X be nonsmooth, however the continuity of

u— f(t,z,u) is assumed.

5.2 Normality Result via Linearization

Assume also the following hypotheses:

H6, Let X C R"™ be closed and such that for some 1 > 0 the signed distance d(-)
is of class C2} on bdy (X) + nB.

H7, Int(Tx(2(0))) N Int (Te, (2(0))) # 0.

HS8, There exist tq, t1, ..., t,, such that 0 = tg < t; < t5... < t,, = 1 and for all
1€ {O, e, — 1} either i'(ti,tlurl) C Int (X) and .f'(tl), 'i.(t’t'Jrl) € bdy (X) or

CQu,, Assume that for all R > 0, there exists » > 0 and p > 0 such that for a.e.
t € [0,1] the following holds true

vz € (bdy (X) + 7B) N RB
inf{d,(z) - f(t,x,u) :u e Qt), ||f{t,z,u)|<r}<—p

We are now in position to state the main result of this chapter.

Theorem 5.2.1 Let (Z,u) be a local minimizer for the problem (OCPy), where T
18 Lipschitz continuous. Assume that the hypotheses Hly,-H4y, and H5, — H8,, and
the constraint qualification CQy,,, are satisfied. Then the MP for implicit state

constraints theorem 5.1.2 holds true with A = 1.

Remark 5.2.2 By the reqularity hypotheses on the set X, we conclude that Tx (Z(t)) =
Cx(z(t)), see [Cla83)].

The proof of the main theorem follows directly from the next three Lemmas.
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Lemma 5.2.3 Assume that the assumptions of the theorem and CQ,v 1, holds. Then
there exist 0 < § < mn, p > 0 and v(t) € f(t,z(t),Q2(t)) N rB such that v(-) is

measurable and

d(Z(1)) - 0(t) < =p,

whenever dist(z(t), bdy (X)) < 9.

Lemma 5.2.4 Assume that there exist a function 7 : [0,1] x R" — R"™ measurable
in the first variable and for some k € L' and a.e. t € [0,1], y(t,-) is k(t)-Lipschitz.
The hypotheses H6,,-H8,, and the constraint qualification CQny,,,, are satisfied. Ad-
ditionally assume that T : [0, 1] — X is a Lipschitz function, the function whose exis-
tence is assumed in Lemma (5.2.3) is essentially bounded and for that v € L*(0, 1),

be such that for some p >0 and a.e. t € [0, 1] with z(t) € bdy (X) 4+ nB

Then for every wy € Int (Tx(z(0)) N Int (Te,(2(0))) there exists an absolutely con-

tinuous solution w to

W =(t,w) + p(t)(v(t)— z (1), w(0) = wy (5:3)

such that
w(t) € IntTx(z(t)), (5.4)

for allt €10,1], for some pu € L' such that u(t) > 0.

Remark 5.2.5 Define I' = {t € [0,1] : Z(t) € bdy (X) + nB}. By the measurable
selection theorem (see for instance 10.2.58 in appendiz), there exists a measurable
selection v(t) € f(t,z(t),2(t)) such that d,(Z(t)) - v(t) < —p for almost all t € T.
We extend v on [0,1] by setting v(t) =z (t) for allt € T. Then u(t)(v(t)— z (t)) €

Taa (200 (T (1))
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Lemma 5.2.6 If there exists an absolutely continuous solution w to the problem

) = AQw(t) + (1),
p(t) € Te(seamom( (1))
) € IntTx(z(t)), Vt € [0,1]
) € Int(Tx(z(0))) N Int(Te,(2(0)))

for any A(t) € co L f(t,-,u(t)), then A = 1.

Remark 5.2.7 If A(t) € co 0L f(t,-,u(t)) and A(-) is measurable, then A(-) € L .

(see Proposition 10.2.82 in appendiz).

5.3 Proof of Lemmas

5.3.1 Proof of Lemma 5.2.3

We start by defining T' = {t € [0,1] : Z(t) € bdy (X)}. This set is compact. Let
R = ||Z||. Take p = 2p in CQuvyr, there exists r > 0, such that for all ¢t € T,
Vo € Z(t) + 2pB we have inf{d,(z) - f(t,x,u) : u € Q1), || f({t,z,u)| <71} < —2p.
Since Z(-) is continuous, we deduce that for some 6 > 0 and a.e. ¢ € [0, 1] satisfying
dist(z(t),bdy (X)) < 9§, we have inf{d,(z(t)) - f(t,z(t),u) : u € Qt), ||f(t,z,u)] <
r} < —%p. The measurable selection then yields the result (Proposition 10.2.58 in

appendix).

5.3.2 Proof of Lemmas 5.2.4

Note: For all ¢ € [0, 1] such that Z(t) € bdy (X), we have
Tx(Z(t)) = {w € R" : d(z(t)) - w < 0} (5.5)

and
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Remark:

i) In the proof provided below we construct p € L'(0,1) and wy such that the

solution w to
w = (t,w) + u(t)(v(t)— T (1))

w(0) = wy

with ¢ € [0, 1], satisfies (5.4).

ii) Since d(-) is of class C\2' on bdy (X) +7B, we know that d,(Z(-)) is Lipschitz on
on bdy (X) + nB. Let L denote a Lipschitz constant of d,(z(-)). We denote

also £() = (7).

iii) As v is essentially bounded and z(-) is a Lipschitz function, then for some P > 0,

lo(t)— & ()] < P ace. in [0,1]. (5.6)

Note that, if Z(-) is differentiable at ¢, then

z(t+ h) — z(t)

P ()= im T (7(0)
and ) )
~F () = lim, =0 =20 o).

Thus, if Z(t) € bdy (X), from (5.5) we obtain

= d (z(t))- z (t) =0, Vt € (0,1).

2(L + k(1))

Define & := {t € [0, 1] : t is a Lebesgue point of
P

d,(z()))- 7 (-)}. Since

k€ L' and 2€ L™, $ is of full measurable in [0,1].
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CLAIM 1: Let 0 < ty < t; < 1 be such that Z(¢;) € bdy (X) and Z((to,t1)) €
Int (X). Then for all € > 0 such that ¢, < t; — ¢ there exists ¢t €|t; — &,#,[NS such
that

d(z(t))- z (t) > 0. (5.7)

Indeed assume that Je > 0 such that for all ¢ €]t; —e, ;[N and Z(¢;) € bdy (X),

Then / ’ d,(Z(t))- & (t)dt = d(T(t1))—d(T(t;—e)) < 0. On other hand d(Z(t,)) = 0

T
and therefore d(z(t1)) — d(z(t; — €)) > 0. The obtained contradiction proves our

claim.

Step 1: We start the proof of our Lemma, by considering the following case:

z(t) € Int (X),Vt €]0,1].

As wy € IntTx(z(0)), then any solution to w(t) = 7(t,w) satisfies w(t) €
IntTx(z(t)).

Step 2: Next suppose that ([0, 1]) C bdy (X) and consider the solution w to

2(L + k(t))

w = A(t)w(t) + 5

lw(®)ll(v(t)— 2 (1))
,te0,1].

w(0) = wy
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We wish to check that d,(z(t)) - w(t) < 0 for all ¢ € [0,1]. Indeed

d,(2(1)) - w(t) =
— d,(2(0)) - w(0) + / §(s) - w(s) + du(2(s)) - tb(s)ds

< d(2(0)) - w(0)

+ /(; Ll|w(s)|| + du(2(5)) - (v(s,w(s)) + 2(L + k(s))

P

lw(s)ll(v(s)= 2 (s)))ds.

So using the fact that ||d.(Z(s))|| =1 and ||v(s, w(s))|| < k(s)||w(s)]|, we have

do(2(t)) - w(t) < do(2(0)) - w(0) +/O — (L A+ k(s))l[w(s)l|ds

_/0 MHW(S)H%@(S))- z (s)ds.

P

Since d,(%(s))- 7 (s) = 0 for a.e. s and d(z(0)) - w(0) < 0, we get
do(2(1)) - w(t) < —/0 (L + k(s))llw(s)[lds, vt € [0,1],

and the statement of our lemma follows.

Step 3: It remains to consider the case when Z(]0,1]) N bdy (X) # 0 and
#(0.1]) N bay (X) # #(0,1]).
Set M(t) = exp (/ k(s) + 2L —i_pk(s))Pd(s) and Cy = ||w(0)]|(1 + %) +2P. (P as

0

choose on 5.6)

Fix wg € Int T, (z(0)), such that d,(z(0)) - w(0) < —p.
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CLAIM 2: We claim that there exist t; > 0 and a solution w(-) to (5.3) on [0, ]
such that for all 7 € [0,t], w(7r) € IntTx(z(7)), and either z(¢;) € bdy (X) and
d.(Z(t1)) - w(ty) < —porty =1and Z(1) € Int (X).

Now, we can have two possible situations:

Case 1 - 3t; > 0 such that z([0,¢]) C bdy (X);

Case 2 - 3t; > 0 such that z((0,%1)) C Int (X) and either
t1 =1 and Z(t1) € Int (X) or Z(t;) € bdy (X).

We start by Case 1. Then exists an element ¢; > 0 such that ¢; = max{t €
(0,1] : z([0,¢]) € bdy (X)}. We consider the solution w to

b (b ) 4+ 2 D)

@)l (v(t)— = (1))

,t € 1]0,tq].

w(0) = wy

Next we prove that for all ¢ € [0, 1], d.(Z(t)) - w(t) < —p. Therefore

t

do(2(1)) - w(t) = do(2(0)) - w(0) + | £(s) - w(s) + de(T(s)) - W(s)ds

0

S@@@DWMD+A(L+HQ—ML+M$DM@N$

As d (z(s))- z (s) = 0, for a.e. s € (0,t1) and d,(z(0)) - w(0) < —p, we conclude
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that
%@@»WﬂﬂS—P—A(L+M$WM@WB§—Q

So CLAIM 2 is proved in Case 1.
In Case 2, there exist ¢; > 0 such that t; = sup{t € (0,1] : z((0,t)) C Int (X)}.

If t; = 1 and Z(t1) € Int(X), we consider the solution w to w = ~(¢,w) and
w(0) = wo, YVt € [0,1]. So w(t) € Int Tx(z(t)) and CLAIM 2 follows.

If this is not the case, by CLAIM 1 there exists a sequence {s;} with s; € S,

such that s; — t; and d,(Z(s;))- 7 (s;) > 0. Let ¢ = siitac, - Consider h; such that

M(s;

d(z(s;)) — d(T(s; — hy)) > 0, 0 < Iy < 1. (5.8)

Without any loss of generality and using the fact that s; is a Lebesgue point, we

may assume that h; satisfy

si—h;

Let us define w(-) on the time interval [0,s; — h;] by the solution w to w(t) =

AEEE g w(o)) 7 (9) - 2D oo 7 (s ds < et (59)

~(t,w), w(0) = wy, then w(t) € Int Tx(z(t)).

Now, we extend w on time interval |s; — h;, s;] by the solution to

2(L + k(1)) Jw(si — hi)|| | 2

wle- & o)+ (2 2 02 o).

w=y(t,w) +

Then w(t) € Int Tx(z(t)) = R" for all t € [s; — hy, s4].
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As [[v(t)—z ()| < P for a.e. t € [0, 1], we have for all t € [s; — hy, 5]
t
lw@) < llw(si = hil +/ ) [ (s)]|ds

(L + k()

<ot =l + [ (i) + LD ) fuge)

|lw(si—hq)]] 2
o (letehill 4 2 ) pas

(L + k(s))

<ot =l + [ (i) + 2D ) pugoa

+<H7“U<S;)T_lh’)” + }%)P(zﬁ — (8i — hi)).
t—(s; — hy)
—

)

Furthermore since < 1, we conclude that

2(L + k(s))

WOl < ot = ml+ 2 v2ps [ (k)4 P) (s

si—h;
< (I|w(0)|| +/0 k’(S)Hw(S)HdS) (1+7)+2P+

+/: <k(s) + MP) [w(s)||ds

i—hi

< (lolia+2)+27)+ [ (#s) + D P (o,

By Gronwall’s Lemma, we have
Jw(t)|| < M(t)C. (5.10)

We next show that d(Z(s;)) - w(s;) < —

N

p .
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Indeed
d(z(si)) - w(s;) <
~lots =R+ [ 605)w(s) + dufa(s)) - (s)ds
< w(s; — )| + /S_h(L + k(s) — 2(L + k(s)))||w(s)|lds
_/: = ;k(swdm(f(S))- 7 (s)|lw(s)llds — Jlw(s; — hy)[| = 2p
(5.11)

The above together with (5.8), imply that

dlats)) ) < [~ (L R)e)]ds

_/,Sih, A= k(S))da:(i’(S))- z (s)||w(s)||ds — 2p.

p

(5.12)
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On the other hand by (5.9) and (5.10), we know that

—/,Sihlwdx(x(s))- 7 () [lw(s)||ds =

From (5.12) and the choice of e, we deduce that

d(T(s:)) - w(s:) < —/:(L + E(s))|w(s)|ds + gh Y

% %

o AR O O

_3p
<%

Again we extend w on time interval [s;, ¢;] by the solution to w(t) = v(t, w) then

w(t) € Int Tx(z(t)) = R", for all t € [s;,1). It remains to check that
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d.(Z(t1)) - w(ty) < —p. Observe that

dp(z(th)) - w(ty) = do(T(hh)) - (w(t1) = wlsi) +w(si))

= d;(2(t1)) - (w(t1) — w(s:)) + (do(Z(t1)) — du(Z(s:))
+d.(Z(s;))) - w(s;). (5.13)

< lw(ty) = w(soll + Lt — si) [w(si) |
+d(Z(s;)) - w(s;).

Furthermore, as w(t) = y(t,w) for all ¢t € [s;,t1],

[w(t) = w(s:)| S/k(T)Hw(T)HdT

i

< [ k@lo() ~wldr + [ k()]

By Gronwall’s Lemma, we have

(e —wtsl < o | itlkde) / () s

Let €} > 0 be such that

and (5.14)

Since s; converges to t1, there exists iy such that for all i > i, | f;j k(T)dr)| < e;.
So
lw(t) = w(si)| < exp(el)et[lw(si)- (5.15)

By the fact that s; — ¢; and all 7 large enough we have |t; — s;| < &} and from
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(5.13) and (5.15), we conclude
do(2(12)) - w(tn) < exp(e})et (sl + < Llw(s)l + do(@(5)) - w(s)
Since [Ju(s;) | < M(s:)Co.
do(2(12)) - w(ta) < exp(e})ei M (5)Ch + LM (s:)Co + du((s)) - w(sy)
From (5.14) and by the fact of M(s;) < M(t1), we deduce that
do(@(1)) - w(t) < § 4 da(a(s1)) - w(ss) < —p.

Since 30 =ty < t; < ... < t, = 1 such that Z|,4,, ) is either on the boundary

g1

or the interior and Z(t;) € bdy (X) for all i # 0,n, we extend w on [0, 1] using the
same reasoning as in CLAIM 1 and CLAIM 2.

5.3.3 Proof of Lemma 5.2.6

Define
/ n(dr) for all ¢t € [0, 1)
[0,)
v(t) =
/ n(dr) for t =1
[0,1]
where
supp{n} C {t € [0,1] : Z(t) € bdy (X)},
and define

C={weC([0,1]) : w(t) € Int Tx(z(t)),Vt € [0,1]},
= {w € O([0,1]) : w(0) € Int T, (2(0))},

S ={weWH([0,1] : R") 1 io(t) = (t, w(t)) + (1),
o(t) € Teapa.am) (£(t)) a-e. in [0,1]}.
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It is well known that v has bounded variation and so it has right and left limits
v(t*) and v(t7) respectively at every ¢ € (0,1). Furthermore v(07) and v(17) do
exist (see Lemma 10.2.30 in appendix).

Take ¢ € L'(0,1), such that ¢(t) € Tz (T (1)) and the solution to
w = (t,w(t)) + p(t) satisfies w(0) € Int T, (Z(0)) and w(t) € Int Tx(Z(t)). By the
MP q(t) - ¢(t) <0.

We shall need the following result.

Proposition 5.3.1 Let v be as defined above. Then v(0%) € Nx(Z(0)).

Proof: Fix ty > 0 and § > 0 so that t, — > 0 and v is continuous at t5 — ¢ and
wo € Tx(z(t)) for all t € [0,t2 — J]. We recall that v is of bounded variation and it

has at most countable number of points of discontinuity.

Let weC. Fixe >0

Wy S € [O,tz — 5]
to — —1 )

ws(s) = 2 5 Swo 2 —; i Sew(s) s € (ta — 6,1a)
ew(s) s € [ta, 1].

Then ws(s) € Tx(Z(t)) and so

/0 ws(s)di(s) < 0

ta—4 _ _ 1
& / wodv(s) +/ (t2 5s)w0 + L —;5 i Sau_)(s)du(s) +/ ew(s)dv(s) <0
0 (t2—57t2)

to

towy

J

~ wo'l/<t2—5)+

t
u(ts) — 2;”0 (s — 67) — / %‘“’dy(sn
(t275,t2)

_ 1
+ / T OH S s)du(s) + / cio(s)dv(s) < 0.
(t2—67t2) 5

t2



58 5.3. Proof of Lemmas

Integrating by parts we have

sdy(s) = tar(ty) — (to — O)v(ty — 6T — v(s)ds.
/() (5) = tav(ts) — (t2 — Ot >/ (s)

(t2—5,t2)
So

Wo l/(tg — (S) + 1‘/2% . V(tg) — 1‘/2% . V(tg — 5+) — tg% . I/(tg)—l—

0wy (p, gty 4 Sr—s.y V(8)ds + () <0

= ’wo'l/(tg—d)—h%'I/(tz—(SJr)—l—tQ%'l/(tz—(ﬁ)—

Wo

—wp - V(ta —0T) + — - / v(s)ds+ ¢(e) <0
6 (t2—5,t2)

Wo

& —- / v(s)ds + ¢(e) < 0.
5 (t2—5,t2)
Let ||v(t2) — v(s)|| < e when ty — s. Then

L vt)(ta — (= 0) — et — (= 0) + 0(e) < 2 /@2_5,@) v(s)ds + 6(c) < 0.

Therefore,

wov(ta) — |lwolle + @(g) < 0.

Since ¢(+) converge to 0 when ¢ — 07, then when ¢, — 07, we have wy-v(07) <0

for all wy € Tx(z(0)).
The proof of Proposition 5.3.1 is complete.
Now we turn back to the proof of Lemma 5.2.6.

Since, for all t € [0, 1], Int Tx(Z(t)) # 0, it follows from [CF05] that IntC # (. Tt
is also clear that IntCy # (). Assume for a moment that A = 0 then (p(0), —q(1)) €
NE (2(0)) x 0.
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We have N§ (2(0)) C Te,(2(0))~. Tt follows that for every w € C N Co,
/[O | wledvts) + p(0) () <. (5.16)
On other hand, for every w € S,
A?mu+mw@ws=[f—A@r«@-w@»+«@-w@m&
Since w(t) = A(t)w(t) + ¢(t), we have
[ Gwraitoyis = [ ato) A wls)+ats) (At uls)ols)is = [ als)rotsids
Therefore /O 1(pw + qib)(s)ds < 0. Thus,
/O p(s)s) + pls)i(s)ds + /O ()i (s)ds < 0

< p(1)-w(l) — p(0) - w(0) —l—/o v(s)w(s)ds < 0.

Since

we have

p(1) - w(1) = p(0) - w(0) + v(17) - w(1) —/0 w(s)dv(s) <0

& al1)- ) = p(0)-w(0) = [ w(i(s) <o.
In view of the fact that ¢(1) = 0 we deduce that
p(0) - w(0) + /O w(s)du(s) > 0, (5.17)

for every w € S.

Since S N Int (C N Cy) # B, there exists w € SN Int(C N Cy). Since w € S, by
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inequality (5.17) we have
1
p(0) - w(0) +/ w(s)dv(s) > 0.
0

On other hand, 36 > 0, such that w + 0B C C N Cy. Consequently, by inequality
(5.16), for all w € w+ /B

Hence for all w € C(0,1),

p(0) - w(0) +/ w(s)dr(s) = 0.

[0,1]

This holds in particular for all absolutely continuous functions on [0, 1]. Integrating

by parts we obtain that for every w € Wh([0, 1]),
1
p(0) - w(0) +v(17) - w(l) — / w(s)v(s)ds = 0.
0

Using Dubois-Reymond Lemma we deduce that for some ¢ € R", v(s) = ¢ a.e.
in [0, 1].

S0
p(0) - w(0) +w(l)-c—c- (w(l) —w(0))ds =0

< (p(0) +¢)-w(0) =0« p(0) =—c.

So we have shown that

¢ = v(0%) € Nx(z(0))
—c=p(0) € NE (2(0)).

Then Ywy € Tx(z(0)) NT¢,(z(0)), we have

c-wy <0

—c-wy <0,
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which implies ¢ - wg = 0. By our assumptions there exists wy € R” and § > 0 such
that wy + 6B € Tx(z(0)) N T, (Z(0)). Then, for all e € R™ with |le]| = 1, we have
¢+ (wo + de) = 0. This yields ¢ - e = 0 for all e € B, implying that ¢ = 0.

This and adjoint equation yield p = 0. Since v is left continuous we proved that

v=0on (0,1). Consider any w € W'(0,1). Then
1
/ w(s)dv(s) =w(l) - -v(17) — / v(s)w(s)ds = 0.
[0,1] 0
So vlwia) = 0. Since v € C(0,1)* and WH(0,1) is dense in C'(0,1) we get
v =0. So (p,n,A\) = 0. The obtained contradiction ends the proof.

Notes on Chapter

This result was developed with Prof. Hélene Frankowska, as fellow in the Control

Training Site.






Chapter 6

Nondegeneracy with Integral-type

Constraint Qualifications

Strengthened forms of the Maximum Principle (MP), also called nondegenerate MP,
are of interest since they permit the identification of classes of problems for which
the existence of nondegenerared multipliers is guaranteed.

In this chapter, we propose a nondegenerate MP under constraint qualification
(CQ) of an integral type. Such MP, when compared to some of the aforementioned

literature, applies to a larger class of problems.

6.1 Introduction

Consider the following OCP, in which the initial state is fixed:

(

Minimize  g(z(1))
subject to  z(t) = f (¢t,z(t),u(t)) a.ete0,1]

(OCH)
z(l) e C
u(t) € Qt) a.e.t € [0, 1]
h(t,z(t)) <0 for all ¢ € [0, 1].
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The strengthened form of the MP introduced in [FFV99], ensures that the non-

triviality condition of the MP can be written as
p{ (0 1]} + llgllz= + A >0,

when the data of the problem satisfies, besides the usual hypotheses, the following

constraint qualification:

CQrrvog : if h(0,29) = 0, then there exist positive constants €, €1, 4, and a control

o € §(t) such that for a.e.t € [0, €)

and
¢ [f(t,zo,a(t)) — f(t, mo, u(t))] < =4,

for all ( € 97 h(s,x), s € [0,¢), v € {xo} + &1 B.

In this chapter we derive a strengthened MP in the same away of [FFV99] but

requiring a different and weaker CQ of an integral-type:

CQg: if h(0,z0) = 0, then there exist positive constants K, €, €1, § and a control

@ € Q(t) such that for a.e. t € [0,¢€)

15,20, 8O < K 1720, 50 < Ko
and for all ¢ € [0, ¢)

[ ¢ Ut ate)) = ftr.ao.atr)lir < .

for all ¢ € 07 h(s,z), s €[0,¢), v € {zo} + &1B.

'Recall that the nontriviality condition in the more conventional MP is

pA[0,1]} + [|pllze + A > 0.
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Figure 6.1: Graphic representation of | exceeding any ¢ we might choose.

It is an easy task to see that CQgpvog implies CQy. Consequently, the new

constraint qualification CQy is applies to a larger class of problems.

To see in more detail CQy as “weaker” condition of CQprgvge, we reduce CQrrvog

and CQy, respectively, to:
30 > 0 such that
I(t) < =0 aete|0,¢) (6.1)

and

/tl(s)ds < =6t Vtel0e), (6.2)

Take, for example, the function
I(t) = Vt(sin(1/t) — 1).

As illustrated in Figure 6.1 and Figure 6.2, this function does not satisfy CQrrvog
but satisfies CQy.

The price to pay for a weaker CQ is the strengthening hypotheses on the data of
the problem. In contrast to [FFV99], the NCO given here (valid under CQy) require

a convex velocity set as an additional hypothesis.

As in [FFV99], we assume that x — f(t,2,u) is Lipschitz continuous with a
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-0,05 o

-0,10 o

-0,15 -

-0,20

Figure 6.2: Graphic representation of f(f [(s)ds and —dt for a particular 0.

constant Ky not depending on ¢ and u, in an initial time interval.

6.2 Nondegenerate Maximum Principle with Integral-

type CQ

We impose the basic hypotheses H1y,-H6}, (see sections 2.3.2 and 2.3.3) and the
following two additional hypotheses:

H2; There exist scalars K; > 0 and € > 0 such that
||f(t,:c,u) - f(t’$/7u)|| < Kf||$ - :LJH’

for x,2’ € (0) + 0'B, u € Q(t) a.e.t € [0,€].

H7; There exists positive constants € and €; such that f(¢,z,Q(t)) is convex for all

t €[0,¢) and for all z € {zo} + ,B.

Theorem 6.2.1 Let (z,u) be a local minimizer for (OCPy). Assume that hypothe-
ses H1,-H6y,, H2; and HTy, together with CQy, are satisfied. Then there exist

p € WH([0,1] : R™), a measurable function vy, a non-negative measure ji represent-
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ing an element in C*([0,1] : R) and A > 0 such that
(0, 17} + [lgll 2= + A >0, (6.3)
—p(t) € coO H(t,Z(t), q(t),u(t)) a.et €[0,1], (6.4)
—q(1) € N&(z(1)) + Adg"((1)), (6.5)
v(t) € 07 h(t, z(t)) pa.e., (6.6)
supp{u} € {t € [0.1] : h (1. 2(1)) = 0}, (6.7
and, for almost every t € [0,1], u(t) mazimizes over Q(t)
w e Ht2(0), o), u), (6.5)
where
p0)+ [ Aoutds) te )
q(t) = Y
p0)+ [ soulds) t=1.
[0,1]
Observe that the set of degenerate multipliers
A=0, u=PB0= and p= -3¢, with ¢ € d;h(0,z0) for some [ >0,
satisfies the traditional nontriviality condition
p{10, 10} + llpllz.. +A >0, (6.9)

but not (6.3).

Remark 6.2.2 When h is continuously differentiable, 97 h(0,x¢) = {h.(0,z)}.

The proof of the Theorem above follows the approach in ([FFV99]), i.e., we

consider a sequence of approximating problems differing from (OC'P,) insofar as the

dynamics near the left endpoint. Modified the standard MP for problems with state



68 6.3. Proof of Theorem 6.2.1

constraints applies to each of those problems. Taking limits we obtain the required
conclusions.

6.3 Proof of Theorem 6.2.1

We assume that h(0,z9) = 0, since otherwise the MP cannot be satisfied by the
trivial multipliers.

Step 1: Consider, for « € (0, 1], absolutely continuous functions = and y satis-
fying the system of equations

( (t) = f(t,x(t),u(t)) +y(t) - Af(t,z(t)) a.et€]0,q]
y(t) =0 a.e.t € [0, q]
y(0) €10, 1]

where

Here u is the control function featuring in the constraint qualification CQy.

Since y = 0 and y is absolutely continuous, then y is constant. In what follows,
we denote the value of that function by y instead of y(t).

Step 2: By reducing the size of o, we can ensure that

h(t,z(t)) <0 forall t €0, q],
for all trajectories x solving system (S)

For that, we start by introducing the following lemma, which is a simple con-

sequence of the hypotheses imposed on the data and standard Gronwall-type esti-
mates.

Lemma 6.3.1 Let x and y be the solution of the system (S) and T the minimizer of
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the (OC'Py). There exist positive constants A and B such that, for o small enough,

At

=
=
|
5
s
AN

B
S
S~—
|
&I
=
IN

Byt

for allt € [0, a).

Proof. (of Lemma 6.3.1)
Take any « € [0, €), where € is defined in CQy.

Integrating x we have that

[(t) = ol < /HfT:U (1) +y - Af(r,x(7))| dr

_ / 1 (roe(r) a(r) — f (7,20, a(r) +y - [f(r,a(r),a(r) -

[—f(r,2(7), u(7)) + f(7, 20, u(T))] + f(7, 20, u(T)) +
Yy .t [f(T> Zo, fL(T)) - f(T7 xOvﬂ(T))]H dr
< /3Kf\|a;(r)—x0|]d7'+3Kut.

Applying Gronwell-Bellman inequality (see e.g. [War72]) yields

t
z(t) — zol| < 3Kut+ 35t | 9K, K, 7dr
|2(t) | !
0

9
= 3K,t+ 5KfKUGSKf%Q.
Since 0 <t < a <1, we deduce that:
9 3K
|x(t) — xo|| < 3K, t+ EKfKue 't = At,

where A := 3K, + gKfKue3Kf. The first assertion is proved.

f (7, @0, 4(7))]
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Similarly
lz(t) —z@)] < /0||f(T,~"U(T)7ﬂ(T))+y'Af(T7I(T))—f(T,f(T)yﬂ(T))HdT

= [ Wt aw) - s a0, ar)
+y -

[f (7, 2(7), a(T)) = f(7, 20, 0(T))]
—y - [f(m2(7),u(r)) = f(7, 20, u(7))]
+y- [f<7—7 Zo, Q(T» - f(7_7 To, E(T))]H dr

< / K l2(r) — ()| + 20K () — o] dr + 2y Kot

IN

t t
/ K l|a(r) — 2(7)| dr + 29K / A7 dr + 2K, t
0 0

t
< / Kla() — 2(7)|| dr + yK ;A2 + 2y K.t
0

Applying Gronwell’s Lemma

t
z(t) —z(t)|| < yKpAL? +2yK,t + et | Ky[KpAs® 4+ 2K, 5] ds
f ! !
0

KAt
= nyAt2 + 2y K, t + nyert (fT + Kth) :

As0<t<1

lx(t) =zl < By,

where B := K;A + 2K, + Kfer (Kfé + Ku), proving the second assertion. m

Choose an « satisfying

< . 25 €1
(0% min KhKf(QA—{—B)’A’E .
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Suppose, in contradiction, that for some fixed ¢ € [0, ]

h(t, z(t)) > 0. (6.11)

Define for § € [0, 1]

r(B) = h(t, z(t) + B(z(t) — z(t))).

In view of the properties of h as a function of x, r is continuous. We also have

r(0) = h(t,z(t) <0,
r(1) = h(t,z(t)) > 0.

It follows that the set
D:={3€[0,1]: r(B) =0}

is non-empty, closed and bounded. We can therefore define

= Imax o.
B = mae 3

Since r(1) > 0, we have 3,, < 1. Take any (§ € (6, 1]. Applying the Lebourg
Mean-Value Theorem ([Cla83]), we obtain

h(t,z(t)) =r(B) = G- [z(t) —z(t) — B(x(t) — 2(t))]
= (1=0)G-[x(t) — 2(t)] (6.12)
for some ¢; € codLh(t,2), and 7 in the segment (z(t), Z(t) + Blx(t) — z(t)]).

Since r(3) > 0 for all 8 € (B, 1], we have that h(t,%) > 0. Thus, codZh(t,z) C
07 h(t,z) (see Theorem 10.2.84 and Definition 10.2.90 in appendix).

It follows that (; € 9. h(t, ).
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Expanding the expression (6.12) yields

h(t, x(t)) —r(5)

for all 5 € (B, 1].

VAN

IA

IN

IN

IN

IN

IA

(=06 [ 1050, 5(0) + 52T (o) ~ 107700, 77 b
1= (6 [urseestnas s 1605 [ leto) -5l
=5) (6 [ (85 tria0) + Aftra(r)) = Bfra0)

HiGl [ lar) ~ ()] ar )

0-5) ([ 6 wsstr.am) dr+ 2l [ Latr) — sl dr
+KhKf/0t\|x<T) _ 30| dT>

0=5) ([ G ussm i + 288 [ fa(r) = sl

LKW /O lz(r) — 5;(7)||d7)
(1—8) (—ydt + K, Kyy(A+ B/2)t?)
(1—8)yt(—d + KpKyy(A+ B/2)t)

0,

Here we have used the fact that the norm of every element of the subdifferential

is bounded by the Lipschitz rank of the function. In the last two inequalities we

have used CQy and (6.10).

Since r is continuous and r(3,,) = 0, it follows that

h(t, z(t)) < 0.

This contradicts 6.11. The proof is complete.
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Step 3: Take a decreasing sequence {a;} on (0, ), converging to zero. Associate
with each «; the following problem (F;), in which satisfaction of the state constraint

is enforced only on the subinterval [o;, 1]:

(

Minimize  g(z(1))
subject to  &(t) = f(t,z(t),u(t)) +y(t) - Af(t,z(t))
a.e.t € 0, ;)
z(t) = f (t,z(t), u(t)) a.e.t € [a;, 1]
) y(t) =0 a.e.t € [0,q;)
z(0) = xg
z(l) e C
y(0) €10, 1]
u(t) € Q(t) a.e.t € [y, 1]
\ h(t,z(t) <0 vt € [y, 1.

We start by proving the following Lemma.
Lemma 6.3.2 The trajectory y =0 and x = T solves all problems (F;).

Proof. (of Lemma 6.3.2) By contradiction assume that there exist (y,%) #
(0,z) that solve (P;). Hence g(z(1)) < ¢(z(1)) and z(t) = f(¢t,z(t),u(t)) + vy -
Af(t,z(t))aet € [0, ;).

By convexity hypotheses (H71)

gf(t,z,a) + (1 =9)f(t, &, u) € f(t,x(t), Q1)).

Then Ja(-) : [0,1] — R™:

2(t) = f(t,z,a(t)) a.e.t € [0,1].

We conclude that % is an admissible trajectory for (OCP;) with g(Z(1)) <
g(z(1)). m
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The Maximum Principle (Theorem 2.3.5) for the problem (F;) asserts the exis-
tence of an arc (p;,¢;) : [0,1] — R™ X R, a measurable function 7;, a nonnegative

Radon measure u; € C*([ay, 1], R), and a scalar A\; > 0 such that

pifles, 1} =+ [ (pi, ci) [l + X > 0, (6.13)

pi(t) - codL f(t,z(t),u(t)),a.e. t € [0, qy),
—p;(t
plt) € (pi(t) + /[ai’t)%-(s),ui(ds)) ccodk f(t, (L), u(t)),ae. t € [ay, 1],

. pi(t) - Af(t,z(t)), ae. te|0,q),
(1) = (614
0, a.e. t € oy, 1],

for almost every t € [y, 1], 4(t) maximizes over §(t)

wm (ni+ /[) () - £ 20,0, (6.15)

supp{pi} C {t € [a;, 1] : b (t,Z(t)) = 0},
7i(t) € O h(t, (1)) pae.,
for some & € dkg(z(1)),

- (pxl) ¥ /[] 1o(5)e(ds) + Ai&) e NE( (1)),

—¢i(1) =0,

It remains to pass to the limit as ¢ — oo and thereby, obtain a set of nondegen-
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erate multipliers for the original problem.

Without changing the notation, we extend p; as a regular Borel measure on [0, 1]

wi(B) = pi(B N[y, 1)) for all Borel set B C [0, 1].

Extend also +;, originally defined on [«;, 1], arbitrarily to the interval [0,1] as a
Borel measurable function. With theses extensions and noting that u([0,«;)) = 0

we can write

pi(t) € (pz-<t> ¥ / t)%<s>ui<ds>) o (1, #(1), a(t))a.c.t € [0,1],

It is easy to see that ¢; can be omitted from (6.13), since p; = 0 implies ¢; = 0. By

scaling the multipliers we ensure that

[lpi{ e, LI+ lIpill o + Xi = 1. (6.16)

The multifunction 9, h is uniformly bounded, compact, convex, and has a closed
graph. Since {p;} is uniformly bounded and {p;} is uniformly integrally bounded,
we can arrange by means of subsequence extraction (Proposition 10.2.65 and Propo-

sition 10.2.67 in appendix) that
pi — p uniformly, vdp; — vdp weak®, A — A\, & — &,

where g is the weak® limit of u; in the space of nonnegative-valued functions in
C*([0,1],R), v is a measurable selection of 97 h(t,z(t)) pa.e., and & € 9Fg(z(1)).

To obtain & we have used the fact that 9%g(z(1)) is a compact set.

It follows that the conditions (6.7), (6.6), (6.4) for problem (OCP,) are satisfied
and since N5(Z(1)) is closed, (6.5) also holds. Moreover from (6.16) we deduce

pA10, 1]} + [[pllze + A = 1. (6.17)
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Consider the set S; = [a, 1]\§2; where €2; is a null Lebesgue measure set in [, 1]
containing all times where the maximization of (6.15) is not achieved at u. We can

then write

(it + /[ai,t)”i<3)”i(ds>> Fiean) < (o) + /[W)%(s)ui(ds)) S (6 a(),al),

for all ¢ € S; and for all u € Q(t).
Now consider the full measure set S = (0, 1]\ {J, . Fix some ¢ in S. Then for

all i > N, where N is such that ay <t, we have

(pxt) ¥ /[ ; %(S)m(dS)> F(t3(t),u) < (pxt) ¥ /[ } %(S)m(dS)) S (), att).

for all u € Q(t). Applying limits to both sides of this inequality we obtain (6.8).
We have established that the set of multipliers (p, i, A), obtained as limit of
(pi, ti, A;) satisfy the conditions (6.4)- (6.8) for the original problem (OC P,) together
with (6.17).
Step 4: It remains to verify

(0, 1]} + [lgllze~ + A > 0.

We start by proving the following lemma:

Lemma 6.3.3 The adjoint vector p; in the necessary conditions of optimality for
problem (P;) satisfies
| nte)-astatna <o
0

Proof. (of Lemma 6.3.3)

Since the cost function g does not depend on y, we have ¢;(1) = 0. The set
N[ﬁvl](O) is (—00,0], so ¢;(0) < 0. Now, by integrating the differential equation
involving ¢; (6.14) we get
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The result easily follows.

In view of the constraint qualification, there exists positive constants € and ¢

such that for all ¢ € [0, ¢)

/O ¢ [ (ry 0. () — f(r, 0, a(r))dr < —5t

for all ( € 07 h(s,x), s € [0,¢€), x € {zo} + € B.

Suppose, in contradiction, that
{0, 1]} + [lgl [z + A = 0.

Since (6.17), we must have

A =0,

p = 350y,
p(t) = —=p¢ for some B > 0 and ¢ € 057 h(0,x).

The constraint qualification (CQy) implies
/Ot p(s) - Af(s,10)ds — /Otgg.Af(&%)ds < o
On other hand
/O aipi(t) CAF(t,T(t))dt
_ / " o(0) - AF(t20) + (i() — PE)AF(E 30) + pi(OAF(LE(E) — AF(E, z0)]dt
> 6By — /OaiQKqui(t) — p(t)|| + 2K ¢ || 2(t) — o||||ps(t)| dt

> 680, — / K \Ipi(t) — p(D)]| + 2K 1At |pi (1) .
0
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By the uniform convergence of p;, we can make ||p; — p|| < € for any € > 0 of our
choice provided we choose a sufficient large i. Moreover ||p;|| < 1.

It follows that
/ Zpi(t) CAF(t,Z(1)dt > 6Ba; — (2K + KpAa?) > 63/2a; > 0,
0

.. 0B 60
f ; )
if € < K, andal<4KfA

So, we would have / pi(t) - Af(t,z(t))dt > 0 contradicting Lemma 6.3.3. We
0
deduce (6.3).

Notes on Chapter

The contents of this chapter were published in [LFdP07].



Chapter 7

Nondegeneracy with easier

verifiable Constraint Qualification

In the literature strengthened forms of the MP to avoid degeneracy are validated
under mainly two types of constraints qualifications:

Type 1: assume the existence of a control pulling the state away from the state
constraint boundary faster then the optimal control on a neighborhood of the initial
time.

Type 2: assume the existence of a control pulling the state away from the state
constraint boundary in a neighborhood of the initial time.

Results involving CQ of type 1 are tipically valid on weaker conditions on the
data of the problem. The main setback of this type of CQ is that it involves the
optimal control which we do not known in advance, and consequently, this condition
is, in general not easy to verify, except in special cases, such as CVP. In this chapter,
we discuss the hypotheses under which the first type of CQ can be reduced to the

second one.

7.1 Introduction

We focus on the following problem:

79
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(

Minimize  g(z(1))
subject to  z(t) = f(t,x(t),u(t)) aet € [0,1]
(OCPs) z(0) = xg
u(t) € Q(t) a.e.t € [0,1]
\ h(x(t)) <0 for all ¢ € [0, 1].

Observe that the functional defining the state constraint does not depend explic-
itly on ¢.

As we mentioned before the CQ to avoid degeneracy of type 1 mainly impose:

CQly : 3d,e > 0 and Ja(t) € Q(t):

ha(xo) - [f(t, 0, u(t)) — f(t,xo,u(t)] < =6 a.ete0,€).

Whereas CQ of type 2 imposed:

CQ24 : 3d,e > 0 and Ja(t) € Q(t):

hai(zo) - f(t, zo,u(t)) < =6 a.et € [0,¢).

Nondegenerate results involving a CQ of the type CQ14 can be found in [FV94]
and [FFV99]. The result in [FFV99] generalizes the nondegenerate result in [FV94],
by allowing the final state to belong a given set C}, the data to be nonsmooth and
by not requiring the velocity set f(t,z,€2(t)) to be convex and the data is merely
measurable with respect to the time variable. In [AA97] and [RV00], the nonde-
generate results involve a constraint qualification of the type CQ24. In [AA9T],
it is required that the velocity set f(¢,x,€2(t)) is convex and the data is Lipschitiz
continuous with respect to the time variable. On the other hand, in [RV00], the
nondegenerate NCO are derived for OCP involving differential inclusion conditions

with general endpoint constraints. Moreover, the data is measurable with respect
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to the time variable, velocity sets are nonconvex, and h : R” — R are functions
of class C! (functions which are continuously differentiable with locally Lipschitz
continuous derivatives).

As stated before results involving CQ14 type conditions require less regularity on
data. However, CQ14 involves the minimizing u which we do not know in advance,
and consequently the condition is, in general not easily verifiable, except in special
cases, such as calculus of variations problems. (see chapter 4.)

In this chapter we developed a strengthened MP with CQ of type CQ24.

To prove this result, we consider three cases:
Case 1: the minimizing state trajectory leaves the boundary immediately;

Case 2: the minimizing state trajectory remains on the boundary on a neighbor-

hood of the initial time;

Case 3: C(Case 1 or Case 2 occurs a infinite numbers of times on neighborhood of

the initial time.

Case 3 will be clarified shortly.

Remark 7.1.1 We note that the case 2 can occurs a infinite numbers of times on

neighborhood of the initial time, one example of that it is consider
. .1
h(xz) = min{0, sin(—)}.
x

In case 1, we apply the nondegenerate result developed in [FV94] under weaker
hypotheses.
In case 2 and case 3, we show that CQ24 implies CQ14 and consequently we

are in conditions to apply the nondegenerate result developed in [FFV99].

7.2 Easier Verifiable Nondegenerate Result

Assuming that, there exists a ¢’ > 0, such that
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H1lgy The function (t,u) — f(t,z,u) is continuous for each z;
H2gy There exists a £ x B measurable function k(¢,u) such that t — k(t,u(t)) is
integrable and

1f () = [ ', w)|| < k(tw)||z — 2]

for x,2’ € z(t) + ¢'B, u € Q(t) a.e.t € [0,1]. Furthermore there exist scalars
Ky >0 and € > 0 such that

1f(t,2,u) = f(t, 2", w)|| < Kylle — 2|

for z, 2" € Z(0) + §'B, u € Q(t) a.e.t € [0,€].
H3gv The function g is locally Lipschitz continuous;
H4gyv The Gr Q is a Borel set;

H5gv The function © — h(x) is continuously differentiable.

Additionally, assume that

CQgv If h(zg) = 0, then there exist positive constants K, €, 4, and a control u € U
such that for a.e.t € [0, €)

and

ha(zo) - f(t, z0, a(t)) < —.

The constraint qualification CQgy is of type CQ24.

Theorem 7.2.1 Let (z,u) be a local minimizer for (OC Ps), where the optimal con-
trol is a piecewise continuous function to the left. Assume that hypotheses Hlgy -

Hb5gvy together with CQgv are satisfied. Then there erist p € WH([0,1] : R"™),
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a measurable function v, a non-negative measure p representing an element in

C*([0,1] : R) and A > 0 such that
u{(0, 11} + gl i~ + A > 0. (1)

—p(t) € codk (q(t) - f(t,z(t),u(t))), a.e. te][0,1],
q(1) € A" g(z(1)),
supp{u} C {t € [0,1] : h(z(t)) = 0},

and for almost every t € [0,1], u(t) maximizes over (t)

u = q(t) - f(£,2(t),u)

where

plt) + /[ a(als)utds) e 0.
q(t) = r
p(1)+/ he(Z(s))u(ds) t=1.
[0,1]

Remark 7.2.2 Notice that the CQgv allow to replace the more traditional non-
triviality condition of the MP

p{[0,1]} + |Ipl| £ + A >0,

by the stronger condition (7.1).

Remark 7.2.3 In the Theorem, we assume that the optimal control is piecewise
continuous to the left (not merely measurable), which is a strong condition but it is

satisfied in many applications.
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Remark 7.2.4 Comparing this result with [RV00], the result of [RV00] have the
advantage of be applied for problems in which the initial and final states belong to
given sets and it is not required the continuity of (t,u) — f(t,x,u) and piecewise

continuity to the left of u. However, here we have

e weaker hypotheses on state constraint, h(-) have to be continuously differen-

tiable and not of class C%';

o C'Q) has to be satisfy just along the optimal trajectory.

7.3 Proof of Theorem 7.2.1

We assume that h(zg) = 0, since otherwise the conditions of MP cannot be satisfied
by the degenerate multipliers.

So, we can consider three cases:

Case 1: the minimizing state trajectory leaves the boundary immediately, i.e.

there exists r € (0, 1) such that h(z(t)) < 0,Vt € (0,7];

Case 2: the minimizing state trajectory remains on the boundary on a neighbor-
hood of the initial time, i.e. there exists r € (0, 1] such that h(z(t)) = 0,Vt €
[0, 7];

Case 3: Case 1 or Case 2 occurs a infinite numbers of times on neighborhood
of the initial time, i.e. there exists a sequence {a;} such that {a;} | 0 and

a; € [0,¢], V5 € N where

h(z(t)) <0  forall t € (agj_1,a9;), all j >1
h(ii'(t)) =0 for all t € (agj,&2j+1), aﬂj > 1
h(z(a;)) =0 forall j > 1.

Step 1: We next prove the theorem when case 1 holds.
In the Proposition below, we show that Proposition 2.2 in [FV94] is valid under

weaker hypotheses.
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Proposition 7.3.1 Suppose there exists r € (0,1) such that h(Z(t)) < 0,¥t € (0,r].
Assume also that (OC Ps) satisfy the basic hypotheses H1,-H6y, (see sections 2.3.2
and 2.3.3), then (Z,u) satisfies the conditions of the MP with multipliers (p, p, \)
for which

p{(0, 1]} + X £ 0.

Proof. Take a sequence of points {a;} converging to 0, such that «; € (0,7],
where 7 is a point in (0, 1] such that h(z(t)) < 0,Vt € (0,7]. Let (P), withi = 1,2, ...,
be a modification of (OCP3) in which the time interval is [a;, 1] and the initial

condition,

That means:

;

Minimize  g(z(1))

subject to  Z(t) = f(¢t,x(t),u(t)) aet € |ay1]

t) € Qt) a.e.t € [y, 1]
h(xz(t)) <0 for all t € oy, 1].

\

For each 4, the process for (P;) comprising the restrictions of @ and Z to [y, 1], is a
minimizing process for (F;).

Applying the conventional MP (Theorem 2.3.5) to (P;), we can ensure the exis-

tence of the multipliers (p;, fi;, A;) such that
ﬂi{[ai, 1]} + S\z > O,

~Di(t) € co 0y (pi(t) +/ ha(7(s))f1i(ds)) - f(£,%(), a(t))  a.et € la;, 1],

[ait)
A+ [ o)) €207 9((0),

supp {jis} C {t € [oi, 1] : h(2(1)) = 0}, (7.2)
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and for almost every t € [ay, 1], u(t) maximizes over ()

w— (Glt) + / (2 (5))fi(ds)) - F(E, 2(£), ).

[ai 7t)

Remark 7.3.2 Since, we are assuming that the final state of (OCP3) is free, we

can omitted p; from the nontriviality condition. ():Z = 0 and fi;[0;, 1] = 0 implies
Then,

supp{ji;} C [r, 1], Vi.
For each i, denote by p; the extension of fi; to the Borel subsets of the interval [0, 1],
pi(A) = (AN [r 1)), (7.3)
and by p; the extension of p; to the interval [0, 1],

pi(a;) for 0 <t < a
pi(t) =<
pi(t) for a; <t < 1.

By scaling the multipliers, we can ensure that
/ ps(ds) + A = 1. (7.4)
[0,1]
By means of subsequence extraction we can arrange that
p; — p uniformly, p; — p weakly™ and A; — A

for some (p,p, \), which are multipliers for (z,a). (see Proposition 10.2.65 and

Proposition 10.2.67 in Appendix)
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Consider the continuous function

Lfor0<t<r
O(t) = "
1 forr <t<I1.

According to (7.3)
[ ot = [ wuas)
[0,1] [0,1]

By weak* converge and (7.4), we have

/[01} O(s)p(ds) + A= 1.

Since ®(0) = 0, however
/ p(ds) + A #0.
(0,1]

Since © — h(x) is continuous differentiable and x(t) is an absolute continuous

function, we have

%h(x(t)) exits for a.e. ¢t € [0, 1].

Step 2: Next we prove the Theorem in Case 2. In the Case 2, there exists

r € (0,1] such that h(z(t)) = 0,Vt € [0,7].

For a.e. t € [0,7), we have

Z(t)) - f(t, 2(t),u(t)) — he(2o) - (0, 20,u(0))]
— ha (o) - f(t, w0, u(t))].
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Since u is piecewise continuous on the left, t — h,(Z(t)) and t — f(t, Z(t), u(t))
are continuous on a neighborhood of the initial time, there exists ry sufficiently near

of 0 such that for all ¢ € [0, o], we have

[hal@(®) - F(8,3(2), A1) = halwo) - F(E 70, 7(1)] < 5 + 5.

Therefore,

|ha (o) - f(t, zo,u(t))] <e, ae. tel0,r).

Choose € = g, where 0 is defined as in CQgy. Since CQgy is satisfied, then,

for a.e. t € [0, min{ro, €)}, we have
ha(zo) - (120, (0)) — S0, 20,5(1))] < .

Therefore, we are in conditions to apply the main result in [FFV99] and the result

holds immediately.

Step 3: Finally we treat Case 3. In the Case 3, there exists a sequence {a;}
such that {a;} | 0 and a; € [0,¢], Vj € N where

) <0 for all t € (ngfl,agj), aHj > 1
) =0 for all t € <a2j,a2j+1)’ allj Z 1
h(Z(a;)) =0 for all j > 1.

We first claim that there exists Js; €]ag;_1,a2;[Vj € N:

ha(Z(s5)) - f(s5,2(s5), u(s;)) > 0. (7.5)

Seeking a contradiction assume that for all ¢ €]ag;_1, as;]

hx(i'(t)) : f(t, i’(t), ﬂ(t)) < O, Vit E]agj_l, agj[.
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Then

So

As h(z(az;)) = 0 and h(Z(t)) < 0, the contradiction obtained proves our claim.
By CQgv and (7.5) we get
ha (o) - f(t, @, U(t)) — ha(Z(s;)) - f (55, 2(s;), u(s;)) < =0, VE € [0, ¢).
Therefore,

he (o) - f(t, o, a(t)) — ha(xo) - f (£, zo, u(t)) < =0+
ha(Z(s5)) - [ (55, 2(s;),1(s5)) = halzo) - f(t, m0,u(t)).

To finish our proof, we claim that 3e* > 0 such that a.e. t € [0, €] and Ve > 0

|ha(Z(55)) - fs5,Z(85), U(s5)) — ha(z0) - f(E, 20, U(t))| < €.

= [ha(Z(55)) - f(s5,2(s;),u(s;)) = ha(20) - f(0, 20, U(0)) + ha (o) - £(0, 20, u(0))]

< [ha(2(s55)) - f(s5,2(s5),u(s;)) = ha(20) - £(0, 20, (0))]
+[ha (o) - £(0, 20, u(0)) = ha (o) - f(E, 20, u(t))].

Since u is piecewise continuous on the left, t — h,(Z(t)) and t — f(t, Z(t), u(t))

are continuous on a neighborhood of the initial time and s; | 0, there exist j;
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sufficient large such that Vj > ji,
\ho(Z(35)) - f(s5,%(85),u(sj)) — ha(xo) - f(O,x0,u(0))| <e, Ve>D0.

By continuity of ¢t — f(¢, xq, u(t)), we also conclude that there exist ry sufficient

near of 0 such that for all ¢ € [0, 7o)
|h1,($0) . f(O, l’(),ﬂ(O)) — hx(fbo) . f(t,l'(), ﬂ(t))| <e, Ve>DO0.

Choosing ¢ = 2, we can apply Theorem 2.1. in [FFV99] for a.e. t € [0, min{s;,, ro, €})

and the result holds immediately.

Notes on Chapter



Chapter 8

Nondegeneracy with easier
verifiable Integral-type Constraint

Qualification

In this chapter we show that the strengthened Maximum Principle derived in the
previous chapter is valid under a different integral-type constraint qualification. In
contrast to the constraint qualification used in chapter 6 the constraint qualification
we shall focus on is easier to verify since it does not require a priori knowledge of the
optimal control u. We compare the results obtained here with those of the previous

chapter.

91
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8.1 Easier Verifiable Nondegenerate Result with
Integral-type CQ

Consider the problem OC Ps.

(

Minimize  g(z(1))
subject to  &(t) = f(t,x(t),u(t)) aete€]|0,]1]
(0CPrs) x(0) = xg
u(t) € Q(t) a.e.t € [0,1]
h(x(t)) <0 for all t € [0, 1].

\

The following hypotheses, involving a parameter ¢’ > 0, will be of use:

H1lgvi The function (t,u) — f(t, z,u) is £ x B measurable for each x;(L£ x B denotes
the product o-algebra generated by the Lebesgue subsets £ of [0, 1] and the
Borel subsets of R™. )

H2gvy1 There exists a £ x B measurable function k(¢,u) such that ¢ — k(t, u(t)) is

integrable and

1tz u) = f(E 2", w)]| < k(t w)l|lz — 2]

for x,2" € Z(t) + I'B, u € Q(t) a.e.t € [0,1]. Furthermore there exist scalars
Ky >0 and € > 0 such that

||f(t,x,u) - f(t,x',u)” < Kf”‘r - J‘JH

for x,2’ € (0) + 0'B, u € Q(t) a.e.t € [0,€].

H3gvi There exists positive constants € and €; such that f(¢,x,(t)) is convex for

all t € [0,¢) and for all x € {xo} + ¢ B.

H4gvy1 The function g is locally Lipschitz continuous;
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H5gvi The Gr Q is a Borel set;

H6gvi The function 2 — h(x) is continuously differentiable.

CQgvi1 If h(xg) = 0, then there exist positive constants K,, €, 4, and a control

@ € U such that for a.e. ¢t € [0, ¢€)

and for all ¢ € [0, €)
t
/ ha(o) - (5,30, i(s))ds < —ot.
0

In contrast with CQ in the chapter 6, CQgvi must be satisfied for an admissible
control. Thus a priori knowledge of the optimal control is not needed. As we see
next, the strengthened as stated in (6.2.1) is still valid under our new and easier to
verify CQ.

Another point of interest in exploring easier verifiable integral-type CQ is be
the fact that CQgyv implies CQgvi, and consequently the nondegenerate result

involving CQgvy applies to a larger class of problems.

Theorem 8.1.1 Let (Z,u) be a local minimizer for (OCPs). Assume that hy-
potheses Hlgyi-H6gv1 together with CQgvy are satisfied. Then there exist p €
Wh1([0,1] : R™), a measurable function 7, a non-negative measure p representing

an element in C*([0,1] : R) and X\ > 0 such that
pA (0 1]} + llgllze + A >0, (8.1)

—p(t) € cod® (q(t) - f(t,z(t),u(t))) a.e. te[0,1],
q(1) € A" g(z(1)),

supp{u} C {t € [0,1] : h(z(t)) = 0},
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and for almost every t € [0,1], u(t) mazimizes over Q(t)

U= Q(t) ’ f(taj(t)vu)

where

p(1) + ’ l]hx(f(s))u(ds) t=1.

8.2 Proof of Theorem 8.1.1

We assume that h(zy) = 0, since otherwise the conditions of MP cannot be satisfied
by the degenerate multipliers.

So, we can consider three cases:

Case 1: the minimizing state trajectory leaves the boundary immediately, i.e.

there exists r € (0,1) such that h(z(t)) < 0,Vt € (0,r];

Case 2: the minimizing state trajectory remains in the boundary on a neighbor-
hood of the initial time, i.e. there exists r € (0,1] such that h(z(t)) = 0,Vt €
[0, 7];

Case 3: Case 1 or Case 2 occurs a infinite numbers of times on neighborhood
of the initial time, i.e. there exists a sequence {a;} such that {a;} | 0 and

a; € [0,¢], V5 € N where

h(z(t)) <0  forall t € (agj_1,a9;), all j >1
h(i‘(t)) =0 for all t € (an,ang), aﬂj > 1
h(z(a;)) =0 forall j > 1.

Step 1: The validation of theorem in case 1 follows from the application of
Proposition 7.3.1.

To proof the Case 2 and Case 3, we will apply the Theorem 6.2.1 which is valid
under the convexity hypotheses of f(t,z, Q(t)).
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We start by observing that x — h(z) is continuous differentiable and z(t) is an

absolutely continuous function, then

%h(x(t}) exists for a.e. ¢ € [0,1].

Hence,

he(z(t)) - f(t, z(t),u(t)) exists for a.e. ¢t € [0,1].

Step 2: Next we prove the Theorem in the Case 2. Therefore, there exists
r € (0,1] such that h(z(t)) = 0,Vt € [0,7].

For a.e. t € [0,7), we have

Since @ is piecewise continuous on the left, t — h,(Z(t)) and t — f(¢,Z(t), u(t))
are continuous on a neighborhood of the initial time, there exists ry sufficiently near

of 0 and 79 < r such that for all ¢ € [0, 7], we have

|ha(Z(t)) - f(£,2(8), u(t)) = ha(wo) - f(E, z0, u(t))] <&,
for a.c. t € [0, r).

Therefore,

|ha(20) - f(t, 20, A(t))| < €, ace. t € [0, 7).

59

Choosing ¢ = § and as CQgvy is satisfied, then for a.e ¢ € [0, min{rg, €;)}, we

have

/0 he(z0) - [f(s, @0, u(s)) — f(s,x0,u(s))]ds < —gt.

Therefore, we are in the conditions to apply Theorem 6.2.1 and the result holds

immediately.

Step 3: Finally we treat case 3. In the last case, there exists sequence a; such
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that a; | 0 and

h(f(t)) <0 for all t € (CLQj_l, a/2j), allj >1
)) =0 forall t € (ag,as+1), allj >1
h(Z(a;)) =0 for all j > 1.

We first claim that there exists 3s; €]ag;j_1, ag;[Vj € N:
ha(Z(s5)) - f(s5,2(55), u(s;)) 2 0. (8:2)
Seeking a contradiction assume that for all ¢ €|ag;_1, ag;]
he(Z(t)) - f(t,z(t),u(t)) <0, Vt €lag;j_1, as;l.

Then

So

As h(Z(as;)) = 0 and h(Z(t)) < 0, the contradiction obtained proves our claim.
By CQEVI and (82)

/0 ho(zo) - f(s,x0,U(s)) — ha(Z(s;)) - f(s5,2(s5),u(s;j))ds < —dt, Vt € [0,€).

Therefore,
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Note that

= [ha(2(s;)) - f(s5,2(s;), ul(55)) = ha(0) - F(0, 20, u(0)) + ha(20) - £(0, 20, u(0))]

< |ha(Z(s5)) - [ (55, 7(s;),1(s;)) = halz0) - f(0, 20, (0))]
+|ha(20) - f(0, 20, %(0)) — halxo) - f (¢, zo, ult))].

Since u is piecewise continuous on the left, t — h,(Z(t)) and t — f(t,Z(t), u(t))
are continuous on a neighborhood of the initial time and s; | 0, there exist j;

sufficient large such that Vj > 7y,
ha(@(s;)) - F(s3.2(5,),ls,)) — halzo) - F(0, 20, a(0))] <=, Ve > 0.

By continuity of ¢t — f(¢, xq, u(t)), we also conclude that there exist ry sufficient

near of 0 such that for all ¢ € [0, 7o)

o (20) - £(0, 20, @(0)) — hulo) - F(t,z0,a(t))] < &, Ve > 0.

Choosing ¢ = g, we can apply Theorem 6.2.1 for a.e. ¢ € [0, min{s;,, 7o, €}) and

the result holds immediately.






Chapter 9

Nondegeneracy in Problems with

Higher Index State Constraints

In previous chapters, we have studied CQ that allow strengthened terms of the MP
to avoid degeneracy. However, for OCP with state constraints that have higher index
(i.e. their first derivative with respect to time does not depend on the control), most

CQ described in literature are not adequate.

We note that control problems with higher index state constraints arise fre-
quently in practice. An example, explored here, is a common mechanical systems
for which there is a constraint on the position (an obstacle in the path, for example)
and the control acts as a second derivative of the position (a force or acceleration)

which is a typical case arising in the area of mobile robotics.

So, there is a need to develop new constraint qualifications, involving higher
derivatives of the state constraint. The results presented here are a generalization

of [Fon05], to cover nonlinear problems.
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9.1 Introduction

Consider, again, the problem (OCPs).

p

Minimize  g(z(1))
subject to  &(t) = f(t,x(t),u(t)) aete€[0,]1]
(0CH;) x(

( t) a.e.t € [0,1]
h(xz(t) <0 for all ¢ € [0, 1].

As we mentioned before, the MP, under the basic hypotheses, for the problem
(OCP3) asserts the existence of an absolutely continuous function p : [0, 1] — R", a

nonnegative measure p € C*([0, 1];R) and a scalar A > 0 such that

p{[0,1]} + A > 0, (9.1)

“p(t) € cod (q(t) - F(t, (), a(t))) ae. t € [0,1], (9.2)
q(1) € A" g(z(1)), (9.3)

supp{p} C {t € [0,1] : h(2(t)) = 0}, (94)

and for almost every t € [0, 1], u(t) maximizes over Q(t)

u q(t) - f(t,2(t),u) (9.5)
where
p(t) +/ h.(Z(s))u(ds) te€]0,1)
[0,t)

p() + | he(2(s))pu(ds) ¢ =1

[0,1]

q(t) =

As we have seen in section 3.2.1, the CQ to avoid the degeneracy are typically

of two types:
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CQ14 3d,e > 0 and Ja(t) € Q(t):
he (o) - [f(t, xo, (t)) — f(t, 0, u(t)] < —0 a.et €[0,€).
CQ24 Jd,e > 0 and Ja(t) € Q(t):

ha(zo) - f(t, zo,u(t)) < =6 a.et € [0,¢).

There are, however, some problems with interest in practice for which the con-
straint qualifications CQ1q and CQ24 are useless to select a set of problems in
which the MP can be strengthened. These problems are known as OCP with higher

index of the state constraint.

9.2 Higher Index

We define the index of a state constraint as a measure of how many times we have

to differentiate the state constraint to have an explicit dependence on the control.

Definition 9.2.1 (Index of the State Constraint)

Let h(x(-)) be k+ 1 times continuous differentiable and

B9 (2(t)) = <%)j h(z(t)).

The state constraint is said to have index k, if k s a non-negative integer such

that 5
o J . g ) — —

0
Sk @) f(t.2,u) 0.

If ag(hi«(l‘) - f(t,x,u)) =0 for all j > 0, the state constraint is said to have
u

ndex k = oo.
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In particulary, consider a linear optimal control problems like (OC'Py).

[ Minimize /0 L), ()t + Wiz ()
subject to  &(t) = Ax(t) + bu(t) a.e.t € [0,1]
(OCP:) z(0) = o
u(t) € Q(t) a.e.t € [0,1]
\ clz(t) <d Vit e [0,1],

Assuming that (OCPp) have index k > 3.
Since h(x(t)) = c¢'z(t) — d then

R (x(t)) = hy(x) - f(t,2,u) = " (Ax(t) + bu(t)).
By definition of higher index state constraints, then ¢'b = 0. And consequently,
R (x(t)) = hl(z) - f(t,z,u) = T A(Ax(t) + bu(t)).
By definition of higher index state constraints, then ¢” Ab = 0. And consequently,
R (x(t)) = h2(x) - f(t,z,u) = T A%(Ax(t) + bu(t)).

Again by definition of higher index state constraints, then ¢ A%b = 0.
By induction, we conclude that for a problem like (OC Pp) the state constraint

is said to have index k, if £ is a non-negative integer such that

TAD=0, j=01,. k-1
cT AFb £ 0.

As we have said, control problems with higher index state constraints arise fre-
quently in mechanical systems, when there is a constraint on the position and the
control acts as a second derivative of the position. This is illustrated in the following

example:
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! 00O 5 1

0 d/c1

Figure 9.1: A higher index constrained system (from [Fon05]).

Example 9.2.2 Consider a second order linear system modelling a mass (1/b) mov-
ing along a line by action of a force (u) and in which the position (x) is constrained

to a certain half-space (< d/cy). (see Figure 9.1).

We note that the quantity
WO (2 (1)) = ho(x(1) - [f (¢ (), u(t)] = [0, e1]z(1)

does not depend explicitly on the control. Therefore, the index is greater than one.

Having introduce the definition of higher index, we now show why the previous
CQ’s are not adequate for problems with higher index state constraints. We start
by showing that CQ14 is not satisfied by this type of problems. Assume that the

problem has index great then zero, then by definition of index, we have

0
%(hx(x) - f(t,z,u)) =0.

That means that the quantity h,(z) - f(t,2,u) do not depend explicitly of u and

therefore,

hx(ZL‘) ’ [f(t,:L‘,’fL) - f(t,:L‘,’ﬂ)] =0.
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So,

h:):('x()) ' [f(ta Zo, ﬂ(t)) - f(ta ana(t))]
= hw(xO) ’ [f(terv ﬂJ(t)) - f(tv 20, ﬁ(t»] - hm(l’(t)) ’ [f(t7x7 a(ﬂ) - f(tv l‘,ﬂ(t))] :

Since h'() is continuous, then for ¢ sufficiently near of 0 we have: Ve > 0

|hx<l‘(t)) ’ [f(t,x,ﬂ(t)) - f(t,l’,l_t(t))] - hl(xo) ' [f(t,l‘o,a(t)) - f(tax(bﬂ(t))] | <§g,

we conclude that CQ14 is never satisfied.

Now, we suppose that CQ24 is satisfied. By definition of index, we have

ha(xg) - f(t,xo,u(t)) = hy(zo) - f(t, 20, u(t)) < =9,

for all t € [0,€).
On other hand, by continuity of h!(-), we conclude that there exists ¢ sufficient

near of 0 and ¢ < e such that for all ¢ € [0, €]

hao(& () - f(t,2(0), a(t)) < 0.

Therefore

RO (@(t)) < -, (9.6)

for all ¢ € [0, €].

That means that the initial part of the optimal trajectory leaves the boundary
for a period of time.

We can conclude that, if the problem has index great than one, CQ24 is satisfied
for a particular kind of problems, problems in which the optimal trajectory leaves
the boundary for a period of time.

Since we do not know in advance the behavior of the minimizer trajectory, we
would have to assume that all admissible trajectories satisfy the inequality (9.6).

However, for this kind of problems, the nontriviality condition can be replace by
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p{(0,1]} + X > 0, see [FV94]. Therefore, the constraint qualification CQ24 looses
interest.

In order to remedy this problem, new C(Q) dependent on the index of the state
constraint are developed.

Throughout this chapter, we are assuming that the problem have index k.

In [Fon05], linear optimal control problems like (OCPL,) were considered.

The constraint qualification that guarantee the nondegeneracy is the following:

CQronos 39 > 0,¢ > 0 and a control @ € Q(t) such that
ch ARb(a(t) — u(t)) < —6

for all t € [0,€).

Here, we generalize this result to cover nonlinear OCP.

9.3 Main Results

Assuming that, there exists a ¢’ > 0, such that
H1ygr The function (¢,u) — f(t,z,u) is £ x B™ measurable for each z.

H2y; The function  — f(t, z, ) is Lipschitz continuous with a Lipschitz constant

Ky, for all u € Q(t) a.e. t € [0, 1];
H3yg1 The function g is locally Lipschitz continuous;
H4y1 The Gr Q) is £ x B™ measurable.

For technical reasons, the main result must assume that an initial part of the
optimal trajectory does not enter and leave the boundary of the state constraint an
infinite number of times. That is, the initial part of the optimal trajectory either
stays on the boundary of the state constraint for some time or leaves the boundary

immediately.
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Assumption 1: Either
Case 1: 37 € (0,1) such that h(Z(t)) < 0 for all ¢ € (0, 7],

or

Case 2:  3J7 € (0,1) such that h(z(t)) = 0 for all ¢ € [0, 7]

Additionally, assume that one of both CQ are satisfied

CQmur

Let the state constraint have index k, and the function z — h®)(z) be con-
tinuously differentiable. If h(zg) = 0, then there exist positive constants K,

€, 0 and a control @ € §(t) such that for a.e. t € [0, ¢)

1f (£, o, u(®))|| < Ko, 1f (8, o, u(t)) || < K

and

M (o) - [f(t, w0, A(t)) — f(t, o, u(t))] < —0.

CQgmr Let the state constraint have index k, and the function 2 — h®(z) be
continuously differentiable. If h(xzg) = 0, then there exist positive constants

Ky, €, 6 and a control 4 € €(t) such that for a.e. £ € [0,¢)

1/ (t, @0, a(t))[| < K, 1f (L, zo, u(t))[| < Ky
and
h{P (o) - f(t, 20, (t)) < —0. (9.7)

Theorem 9.3.1 Let (z,u) be a local minimizer for (OCPs). Assume that hypothe-
ses Hlyr-H4yy, Assumption 1 together with CQgr are satisfied. Then, the NCO
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(equations (9.1) to (9.5)) can be strengthened with the condition
pA(0, 1]} + llgll e + A > 0.

Theorem 9.3.2 Let (z,u) be a local minimizer for (OCPs). Assume that hypothe-
ses Hlgr-H4gy, Assumption 1 together with CQguy are satisfied. Then, the NCO
(equations (9.1) to (9.5)) can be strengthened with the condition

#1400, 1]} + llgll e + A > 0.

Remark 9.3.3 In Theorem 9.5.1 we generalize the result of [Fon05] to cover non-
linear OCP. In Theorem 9.3.2 we strengthen the MP, by means of a CQ that do not

involves the minimizing u, and therefore is easier to verify.

9.4 Proof of Main Results

We will consider separately the cases 1 and 2 in Assumption 1.
In Case 1, we are in the condition to apply directly Proposition 2.2 of [FV94],
under weaker hypotheses and the result holds.

In Case 2, we by observe that A (x) can be determined recursively by

hO () = BY V() - f(t,2,u),
K0 (x) = h(x).

Note that: h9(z) = %h(i_l)(x(t)) = h Y (z)—z(t) = BV (2) - f(t, 2, u).

Step 1: We prove the following lemma.

Lemma 9.4.1 If CQguy s satisfied and the initial part of the optimal trajectory

stays on the boundary of the state constraint for some time, then CQgy is satisfied.

Proof.
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Since the initial part of the optimal trajectory stays on the boundary of the state
constraint for some time, then exists a positive scalar 7 such that h(z(t)) = 0,Vt €
[0, 7]. Therefore

REHD(Z(t) = 0, for all t € [0, 7).

Recursively, we conclude that
R (Z(t)) - f(t, Z(t),a(t)) = 0, for all t € [0, 7).

On other hand, we have

|h§!“><f<t>>-f<t,at~<t>,a<t>>—h<’“< o) - f(t, zo, ult))]
( (o) - f(t,7(t)

—h yu(t))]
'f(t,f(t), i(t)) = ha(zo)® - f(t,xo, u(t)
) = (

)l

Since hg;k)(-) and Z(-) are continuous functions, then for any £, > 0, there exists

r1 sufficient near of 0 and r; < r such that ||h£,;k) (z(t)) — hP) (20)]| < e1. Therefore

[R5 (@(8)) = B (o) [ £ (2, 2(8), a(0)) | + B (o)1 £ (8, 2(2), (1)) = f (¢, w0, a(0))]]
< en(|[£(t (1), a(t)) = f(t, w0, w(t) | + [L£ (&, 0, a(O)]]) + B (xo) | K s (t) = ol
< 1 (K| (1) — woll + Ku) + 108 (20) | K | 2(2) = ol

Again by continuity of Z(-), for any g5 > 0, there exists ro sufficient near of 0

and ro < r such that ||Z(t) — z¢|| < e2. Therefore

_ k _
1 (K[| 2(t) — wol| + K + [|hE (o) | K [|2(8) — o]
< e1(Kyeo + K,) + | (20) || K péa.

Choosing an appropriate €; and €9, we can conclude that for any € > 0

S (2 (t)) - f(t.2(1), a(t) — b (x0) - f(t,z0,alt))] < e,

for a.e. t € 0,79 = min{ry,m2}).

£), a4 [ (o) [1LF (¢, 2(2), a(t)) — f(, 2o, ult))]]
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Therefore,

|hg“)(x0) - f(t, o, u(t))| < e, for a.e. t €[0,€].

Choosing € = 2 and since (9.7) is satisfied the results holds. m

Step 2: We distinguish the cases when k=0, when k=00, and when k is pos-

itive and finite.

If k=0, then the state constraint is not of higher index, by the lemma above and

Theorem 2.1 in ([FFV99]) the results holds.

If k=00, the process minimizer (Z,4) remains a minimizer when the state con-

straint is dropped from the problem specification.

To see this, we can write

and

We conclude that

h(x(t)) = h(

Z ghéi_l)(xo) ) [f(07x07 U(O)) - f(O,Z‘O,Z_L(O))] :

&I
—
~
N—
N—
|

By the fact of k = oo, then

h(z(t)) = h(z(t)), for all absolutly continuous function x.

So the state constraint does not depend on the trajectory, and therefore the state

constraint can be ignored.

Suppose that k is positive and finite.
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Since exists a positive scalar 7 such that h(Z(t)) = 0,Vt € [0, 7|, we have

h®)(z(t)) = 0, for all t € [0, 7).

Therefore, the minimizer (z,u) for problem (OCPy) is also a minimizer for the

same problem with the additional constraint
R*(%(0)) = 0.

We can rewrite the new state constraint(s) of the problem as

hta) = max{h(x), ¥ (x)} ift =0
h(z) if t > 0.

This function is upper semi-continuous and the nondegenerate NCO in [FFV99]

apply to this problem provided the following CQ is satisfied:

If iL(O, xo) = 0, then there exists positive constants 0 and €, and a control value

u such that
§- [f(t wo, u(t)) — f(t,zo,u(t))] < =0

for all £ € Gjﬁ(s,x), s € (0,¢).
Knowing that (see [Cla83])

€ € {(ahg(z0) + (1 — a)h® (z0)) : € [0, 1]}.

We have

ahx(IO) : [f(ta Zo, a(t» - f(t7 IOva(t))]
(1 — a)h (wo) - [F(t, 0, (1)) — f(t,x0,a(t))] < 6,

provided that
W (o) - [f(t, w0, @) — f(t, w0, u(t))] < =0, (9.8)
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Therefore, if CQur or CQEgmy is satisfied, then the CQ in [FFV99] is satisfied with
h and the corresponding NCO can be applied, yielding the result.

Notes on Chapter

Part of the contents have been introduced in [LFO08a] and [LFO08b].






Chapter 10

Conclusion

In this chapter, we summarize the main contributions of this thesis and we also

suggests some future developments.

10.1 Contributions

The main contribution of this thesis is the development of nondegenerate necessary
conditions of optimality for a Mayer problems in order to avoid a particular kind of
degeneracy (when the initial state belongs to the boundary) or ensure the normality.

The results here developed improve on the existent literature in the sense that
they address problems with less restrictions on its data and they are valid under
constraints qualifications that are verified for more problems or are easier to verify
whether they are satisfied, as it is described below.

The normality result developed in Chapter 5 improves on the results existent in
the literature by the fact that it is valid under weaker nonsmooth hypotheses: the
velocity set is merely required to be k(-)-Lipschitz with respect to x (where k() is
an integrable function) and the continuity on w is not required.

In Chapter 6, a strengthened Maximum Principle to avoid the degeneracy phe-
nomenon was developed under a new type of constraint qualification that we have
called “integral-type of constraint qualification”. This constraint qualification ap-

plies to a larger class of problems than the constraints qualifications introduced in

113
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[FFV99]. However, these constraint qualifications involve the optimal control which
we do not know in advance and consequently are not directly verify, excepted in
special case as calculus of variations problems.

In order to remedy this problem a nondegenerate result, valid under constraint
qualifications that do not involve the optimal control was developed in Chapter 7
and Chapter 8.

Nondegenerate results involving constraint qualification as the ones introduced
in Chapter 7 already exits in literature. The novelty is that h(-) has just to be
continuously differentiable and not of class C'!. Also, the constraints qualification
just has to be satisfy along the optimal trajectory.

The constraint qualification, that was developed in chapter 8, is a of integral-
type. This type of constraint qualification has the advantage of it applies to a larger
class of problems.

Since most constraints qualifications described in the literature are not adequate
for optimal control problems with state constraints that have higher index, a nonde-
generate result valid under constraint qualifications involving higher derivatives of
the state constraint was developed in Chapter 9. This result generalizes the result
in [Fon05], by allowing nonlinear problems.

The results of chapter 6 to chapter 8 together with the result developed in
[FFV99] are strictly connected, as we can seen in Figure 10.1. (In the Figure 10.1
the symbol = means “imply” and the hypotheses under the constraint qualification

are additionally hypotheses concerning the nondegenerate result in [FFV99].)

10.2 Future works

The research described here naturally leads on to several open questions and suggests
some future developments.

There is a perspective of development of nondegenerate necessary conditions of
optimality subject to weaker hypotheses. In particular, it is desirable to remove the

convexity hypothesis in Chapter 6.
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C Q-EV(C’hapter 7) — C Q-EVI(C’hapteT 8)

no terminal constraints no terminal constraints
h(-) continuously differentiable h(-) continuously differentiable
u is piecewise continuous on the left u is piecewise continuous on the left

f(-,x,-) is continuous f(-,x,+) is continuous

CQ—FFVgg = CQ—I(Chapter 6)

ﬂ ﬂ convexity of f(¢,z,€(t)) near xg
Nondegenerate Result Nondegenerate Result
Figure 10.1: The connection between the results of Chapters 6 to 8.

More generally, constraints can be considered, for example the initial and final
state belonging to a given set and/or mixed state constraints.

Another perspective is to strengthen the nondegenerate results to avoid other
type of degeneracy (not only for the left endpoint), or to ensure normality. Also,
the developed higher order conditions for the case that the nondegenerate first order
necessary conditions do not provided enough information, is also a field that can be
explored.

As it was shown in this thesis, normality and regularity are strictly connected.
Therefore, development of regularity results is a suggestion to future work.

In particulary, the nondegenerate result involving problems with higher index
constraints is valid for optimal trajectories that leave the boundary immediately or
belongs to the boundary for a period of time. We wish consider the case where the
optimal trajectory touches the boundary on an infinite number of times or proof

that for problems with higher index constraints this case does not occurs.






Appendix

Algebra

Definition 10.2.1 Let M be a collection of subsets of a set ). Then M is called
a algebra (the term field is also used) iff Q € M and M is closed under comple-

mentation and finite union, that is
(i) Qe M;
(ii) If Ae M, then A° € M;

(iii) ]fAh AQ, vy An € M, then U?:l A,L e M.

De Morgan’s Laws immediately show that an algebra must satisfy other proper-

ties: for Ay, Ag, ..., A, € M, then

Nz Ai = (Ui, 49)° e M
and for all i, j € {1,2,..n}
A — A e M.

Definition 10.2.2 Let M be an algebra then M is a o-algebra if also

Ay, Ag, Az... € M, then | J Ai e M.

=1

Again, it follows immediately from De Morgan’s Laws that (>, A; € M, as

well. The prefix o is used to signify that “countable sums” of sets in M are also in

117
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M. Thus, in a g-algebra all the standard set operations can be performed countably

many times on sets in M.

Functional Analysis

Topological Space

Definition 10.2.3 A collection T of subsets of a set 2 is said to be a topology in
Q if T has the following three properties:

(i) DerandQer;
(i) IfVier fori=1,..,n, then ViNVonN..NV, €7;

(iii) If{V.} is an arbitrary collection of members of T (finite, countable or uncount-

able), then |J, Vo € 7.

The pair (2, 7) is called a topological space, but if T is understood, we refer to

as a topological space. The sets in T are called the open sets of (2, 7).

Definition 10.2.4 [If Q and T" are topological spaces and if f is a mapping of 2
into T, then f is said to be continuous provided that f~(T') is an open set in §)

for every open set V in I.

Normal Space

Definition 10.2.5 A topological space §2 is a normal space if it has the following

properties:
e Sets consisting of single points are closed;

e For every pair of disjoint closed sets A and B, there are disjoints neighborhoods

of A and B.
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Metric Space

Definition 10.2.6 A metric on a set X is a function d : X x X — R that satisfy

the following conditions:

(i) d(z,y) >0 for all x,y € X;

(i) d(x,y) = 0 if and only if x= y;

(iii) d(z,y) = d(y,x) for all z,y € X;

(iv) d(z,z) = d(z,y) + d(y, z) for all x,y,z € X.

A metric space is a 2-tuple (X, d) where X is a set and d is a metric on X.

Theorem 10.2.7 [DS88] A metric space is normal.

Definition 10.2.8 A sequence {a,} in a topological space is said to converge to
a point a in the space if every neighborhood of a contains all but a finite number
of points a,. This notation is written symbolically a, — a, or lim, ., a, = a. A
sequence {a,} is said to be convergent if a, — a for some a. A sequence {a,}
in a metric space is a Cauchy sequence if lim,, ,,, d(am,, a,) = 0. If every Cauchy

sequence 1s convergent, a metric space is said to be complete.

Lemma 10.2.9 [DS88] In a metric space, a convergent sequence is a Cauchy se-

quence. A Cauchy sequence converges if and only if it has a convergent sequence.

Examples: The real numbers with the function d(z,y) = |y — | given by the
absolute value, and more generally Euclidean n-space with the Euclidean distance,

are complete metric spaces.

Linear Space

Definition 10.2.10 A set X is a linear space if the operations of addition and
scalar multiplication are defined and if X is closed under these operations, that is
for any pair of elements x,y € X, and for any of scalars o, 3, the element ax + Py

15 again n X.
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Definition 10.2.11 A transformation T mapping a vector space X into a vector
space Y is said to be linear if for every x1, xo € X and all scalars oy, as we have

T(aqxy + agxs) = anT(21) + T (22).

Definition 10.2.12 A transformation from a vector space X into the space of real

(or complex) scalars is said to be a functional on X.

Normed Space

Definition 10.2.13 A linear space X is a normed linear space, or a normed
space, if to each x € X corresponds a real number ||z|| called the normed of x

which satisfies the conditions:

(i) (O[] = 05 [[z[} > 0, = # 0;

(i) flz +yll <[zl +lyll, =,y € X;
(iii) [lax]l = [ofllz]], = € X,

The properties (i), (ii), and (iii) show that d, defined by d(z,y) = ||z — y||, is a
metric in X. The metric topology in a normed linear space is sometimes called its

norm or strong topology.

Definition 10.2.14 A transformation T’ mapping a normed space X into a normed
space Y is continuous at vy € X if for every e > 0 there is a 6 > 0 such that
|z — xol| < & implies that | T(x) — T(xo)|| < €. If T is continuous at each point

xo € X, we say that T is continuous.

Definition 10.2.15 A transformation T’ mapping a normed space X into a normed
space Y is uniformly continuous on X' C X, if for every e > 0, there exists a

d > 0 such that for all x,y € X' with ||z — y||x < 0 we have || f(z) — f(y)]| <e.

Proposition 10.2.16 A transformation T mapping a normed space X into a normed
space Y is continuous at the point xy € X if and only if x,, — xo implies T(x,) —

T(ZL‘())
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Proposition 10.2.17 [Lue69] If a linear functional on a normed space X is con-

tinuous at a single point, it is continuous throughout X .

Definition 10.2.18 A linear functional | on a normed space is bounded if there

is a constant M such that |f(x)| < M||z|| for all x € X.
| fll = inf{M : |f(x)] < M|z||, forallx € X}.

Proposition 10.2.19 [Lue69] A linear functional on a normed space is bounded if

and only if it is continuous.

Theorem 10.2.20 [Lue69] Riesz Representation Theorem Let f be a bounded
linear functional on X = Cla,b]. Then there is a function v of bounded variation

on [a,b] such that for all x € X

f(z) = / (1) d (1)

and such that for the norm of f is the total variation of v on |a,b]. Conversely every
function of bounded variation on [a,b] defines a bounded linear functional on X in

this way.

Definition 10.2.21 Let X be a normed linear vector space. The space of all bounded
linear functionals on X is called normed dual of X and is denoted X*. The norm

of an element f € X* is

If1I= Sup ()]

|z|<1
Let z* € X*. We often employ the notation < x,x* > for the value function x*

at the point x € X.

Definition 10.2.22 A sequence {x,} in a normed linear vector space X is said to
converge weakly to v € X, if for every x* € X* we have < x,,r* >—< x,z* >.

In this case we write x, — x weakly.

Proposition 10.2.23 [Lue69] If x,, — = strongly, then x,, — x weakly.
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Definition 10.2.24 A sequence {x} in X* is said converge weak" to the element

x* if for everyx € X, < z,z), >—=< x,2* >. In this case we write x; — x* weak".

Note: Strong implies weak and weak implies weak*.

Banach Space

A Banach Space is a normed linear space which is complete in its norm topology.

Example:

e Euclidean spaces R" with Euclidean norm ||z|| = (32, 22)Y/?;

7 )

e C*([0,1] : R") are a Banach space. (C*([0,1] : R") denote the space of
all k-times continuous differentiable functions from [0, 1] to R™, where k& =

0,1,....,00).

Continuity in R™

Definition 10.2.25 A function f : X — R™ is Lipschitz Continuous on A C

R™ if there is some nonnegative scalar K satisfying

1f(x) = fWll < Kllz =yl for all z,y € A.

Rademacher’s theorem states that a Lipschitz continuous map f : I — R, where
I is an interval in R, is almost everywhere differentiable (that is, it is differentiable
everywhere except on a set of Lebesgue measure 0). If K is the Lipschitz constant
of f, then |f(z)| < K whenever the derivative exists. Conversely, if f : I — R is
a differentiable map with bounded derivative, |f(z)| < L for all = € I, then f is
Lipschitz continuous with Lipschitz constant K = L.

Let C be a nonempty closed subset of R™. A Lipschitz continuous function

related to C' it is distance function d¢, defined by

de(x) = min{|jz —¢|| : ¢ € C}.
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In [Cla83], we can find the proof of the following inequality

|do(z) — do(y)] < [l —yll

Definition 10.2.26 A real-valued function f defined on a real interval I = [a,b] is

said to be absolutely continuous if for each € > 0 there exists a 6 > 0 such that
Z |f(bi) — f(ai)| <€
i=1

for every finite collection of disjoints (a;,b;) subintervals of I with Y ;| |bi—a;| <.
The space WH(I : R) is defined for an intervals I and consists of all absolutely

continuous functions on I.

Namely if f is absolutely continuous, it is continuous, it is a function of bounded
variation and it is differentiable almost everywhere.
A Lipschitz continuous function is absolutely continuous, but the inverse is not

necessarily true.

Definition 10.2.27 A function f : A — R is lower semicontinuous at a point
x of ACR" if
f(z) < lim f(z;)

for every sequence x1, xa, ..., in A such that x; converges to x and the limit of f(xy),

f(xza), ..., exist.

This condition may be expressed as

f(z) < liminf, . f(y) = Um(inf{ f(y) - ly — 2l < €}).

Similarly, f is said to be upper semicontinuous at x if

f(x) > limsup,_, f(y) = leifg(sup{f(y) Hly =z <e}).



124 Appendix

The combination of lower and upper semi continuity at x is ordinary continuity

at z.

Theorem 10.2.28 [Roc70] A function f : R"™ — R is lower semicontinuous if and

only if the epigraph of f is a closed set.

Definition 10.2.29 Consider now any function f :[0,1] — R. Set

F(z) = supZ |f(t:) — f(tio1)]

i which the supremum is taken over all n and over all t; such that 0 =ty < t1... <
tn = x, for all x € [0,1]. F is called the total variation of f. If F(b) < co, then

f is said to be of bounded variation on [0, 1].

If f is of bounded variation, then f is differentiable almost everywhere and

f e LY([0,1];R).

Lemma 10.2.30 /DS88] Let f be a function of bounded variation in the interval
(a,b). Then f(a™) and f(b™) exist.

Measurable Space

An ordered pair (€2, M) consisting of a set © and a o-algebra M of subsets of 2 is
called a measurable space. Any set in M is called an M - measurable set, but
when the o-algebra M is fixed (as is generally the case), the set will usually be said
to be measurable.

Measurable Functions

Definition 10.2.31 Assume that Q) is any set and M is any o-algebra of subsets
of Q. Suppose f : Q — [—o0,00] then [ is measurable function if for all

t € [—o0,00], the set f~1([—o0,t]) belongs to M. In other words

{r eQ: f(z) <t} e M.
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Theorem 10.2.32 [Bar95] Let f and g be measurable functions and let ¢ be real

number. The functions

cf, 2, f + 9, fa. | fl,

are also measurable.

Theorem 10.2.33 [HM61] If f(y) is a continuous function and y = g(x) is a

measurable function, then the composite function f(g(z)) is measurable.

Theorem 10.2.34 [Bar95] Let {f,.(x)} be a sequence of measurable functions and
define the functions

f(x) = inf f, (), F(x) = sup fu(x),
f*(x) = liminf f,(x), F*(z)=limsup f,(z).

Then f, F, f* and F* are measurable functions.

Definition 10.2.35 The smallest o-algebra B containing all the closed sets of a
given topological space ) is called the Borel algebra of (), and the set in B are
called the Borel sets.

Borel Functions

A mapping f : Q — I', where Q and I' are metric spaces, is Borel measurable if
f~HU) is a Borel subset of Q for every open set U C T

Note: We denote £" x B* the o- algebra of subsets of R" x R* generated by

products of sets in the Lebesgue o-algebra of R™ and the Borel o-algebra of R”.

Proposition 10.2.36 [Vin00] Consider a function f : [a,b] x R" x R™ — R*
satisfying the following hypotheses:

(i) f(t,.,u) is continuous for each (t,u) € [a,b] x R™;

(i) f(.,z,.) is L x B™ measurable for each x € R™.

Then for any Lebesgue measurable function x : [a,b] — R", the mapping

(t,u) — f(t,x(t),u) is L x B* measurable.
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Measure Space

Definition 10.2.37 A set function is a function defined on a family of sets, and
having values either in a Banach Space, which may be the set of real numbers or in
the extended real number system, in which case its range contains at most one of
the improper values +0o0 and —oo. A positive set function is a real valued or extend

real valued set function which has no negative values.

Definition 10.2.38 Let o be a vector valued or extended real valued additive set
function defined on a algebra M of subsets of a set 2. Then pu is said to be count-
ably additive if

M(U E;) = Z aey

whenever Ky, Fs, ... are disjoints sets in M whose union also belongs to M.

Definition 10.2.39 A measure space is a triple (2, M, ) consisting of a set €,
a o-algebra of M of Q, and a countable additive p defined on M. The measure
space is said to be finite if p does not take on either of the values +o0o or —oo, and

to be positive if i never takes on a negative value.

Definition 10.2.40 A measure pn on R"™ is called Borel regular if for each A C R™
there exists a Borel set B such that A C B and p(A) = p(B).

Definition 10.2.41 The support of a measure p € C*([a,b] : R"), written
supp{p}, is the smallest closed subset A C |a,b] with the property that for all rela-
tively open subsets B C [a,b]\ A we have u(B) = 0.

Integral

Definition 10.2.42 A function ¢ on a measurable space ) whose range consists
of only finitely many points will be called a simple function. Among these are the

nonnegative simple functions, whose the range is a finite subset of [0,00). Note that
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we explicitly exclude oo from wvalues of a simple function. If aq, ..., a, are distinct

values of a simple function p, and if we set A; = {x : p(x) = «;}, then

p=> a;Xa, (10.1)
i=1
where Xy, is the characteristic function of A;.

Note that ¢ is measurable if and only if each of sets A; is measurable.

Definition 10.2.43 Let ¢ : Q2 — [0,00) be a measurable simple function, we define

/s@du =Y (4,
=1

where o, A;, i =1,...,n are as in (10.1).

The convention 0- oo = 0 is used here; it may happen that «; = 0 for some 7 and

that pu(A;) = oc.

Theorem 10.2.44 [Rud87] Let f : Q — [0,00] be measurable. There exist simple

measurable functions ¢, on € such that
(i) 0<pr < <. <
(i) ¢n(x) — f(z) as n — oo, for every x € Q.

Definition 10.2.45 If f : Q — [0,00] is measurable function, the integral of f is

defined by
/fduzsup/sadu,

where the supremum s taken over all simple measurable functions ¢ such that 0 <

o< f.

Definition 10.2.46 For any measurable set E, and nonnegative measurable func-

tion f, fE fdz = [ fXgdp is the integral of f over E.
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Theorem 10.2.47 (Lebesgue’s Monotone Convergence Theorem) [Rud87] Let { f,,}

be a sequence of measurable functions on (), and suppose that
() 0< fi(2) < folz) < .. < oo for every z € O,

(ii) fu(z) — f(x) as n — oo, for every x € Q.

Then f is measurable, and

/fnd,u—>/fd,u as n — oo.
Q Q

Lemma 10.2.48 (Fatou’s Lemma) [Rud87] If f, : Q@ — [0,00] is measurable, for

each positive integer n, then

/(lim inf,, oo fn)dp < lim infn_m/ fndp.
Q Q

Theorem 10.2.49 [Bar95] If f : Q — [0, 00] is measurable and if X is defined on
M by
NE) = [ s
E

then \ is a measure.

Definition 10.2.50 Let f : Q2 — [0, 00] be a measurable function, we defined

[ (x) = max(f(x),0), f~(x) = max(—f(z),0)
as positive and negative parts of f respectively.
Theorem 10.2.51 [Bar7j/
@) f=r"=f2 =+ =
(ii) f is measurable iff fT and f~ are measurable.

We now proceed to some properties of the integral. In the following result, all

function are assumed measurable from € to [—o0, 00].
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Theorem 10.2.52 [Ash00]
(i) If [ fdu exists and c € R, then [cfdu exists and equals ¢ [ fdu.

(ii) If g(z) > f(x) for all x, then [ gdu > [ fdu in the sense that if [ fdu exists
and is greater that —oo, then [ gdu exists and [ gdp > [ hdp.

(iii) If [ fdu ewists, then | [ fdp| < [ |f|dp.
(iv) If f >0 and B € M, then [, fdu = sup{ [, pdp : 0 < ¢ < f, ¢ is a simple function}.

(v) If [ fdu exists, so does [, fdu for each A € M; if [ fdu is finite, then [, fdu
18 also finite for each A € M.

Definition 10.2.53 We define L'(p) to be collection of all measurable functions f
on Q) for which

[\t <o,

Theorem 10.2.54 Suppose f and g € L*(n) and o and 3 are real numbers. Then
of +Bg € L}(u) and

/Q(aerﬁg)du:a/Qfdquﬁ/diu.

Theorem 10.2.55 (Lebesgue’s Dominated Convergence Theorem)[Rud87] Suppose

{fn} is a sequence of measurable functions on Q0 such that

f(z) = lim f,(x)

n—oo

exists for every x € Q. If there is a function g € L*(u) such that
[fu(@)] < g(z) n=1,2,3,..;2 € Q,

then f € L*(p),
i [ 14, = fldu=0.
n—oo Q
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and

lim fnd,u:/fdu.
Q Q

n—oo

Convergence of Measures

The set of elements 1 € C*([a,b];R) taking nonnegative values on nonnegative-
valued function in C([a, b];R) is denoted C®(a,b). The norm on C'®(a,b), written
l2¢ll7.v... is the total variation of u, [, , n(ds).

Given pu € C%(a,b), p- continuity set is a Borel subset B C [a,b] for which
p(bdy B) = 0. Take p € C¥(a,b). Then there is a countable set S C (a,b), such
that all sets of the form [s, ], [s,t), (s, t] with s,t € ([a,b]\S) are p-continuity sets.

Take a weak* convergent sequence p; — p in C%(a,b). Then,

/B h(t)u(dt) = lim | B(t)ulde)

1—00 B

for any relatively open subset B C [a,b], any h € C([a, b]; R") and any p- continuity
set B.

Multifunction and Trajectories

Definition 10.2.56 Tuke a set Q2. A multifunction I' : Q ~~ R" is a mapping
from € to the subsets of R™; that means for each x € Q, then I'(x) is a subset of R™.

A multifunction I" : Q ~» R™ is called closed, compact, convex, or nonempty if

for all z € Q, I'(z) has the property in question.

Definition 10.2.57 Let (2, M) be a measurable space. Take a multifunction T :

Q ~ R". T'" is a measurable when the set
{z eQ:T(x)NC # 0}

1s M for every open set C' C R".
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Theorem 10.2.58 [Cla83/Measurable Selection Let I be a measurable, closed,
and nonempty on S. Then there exists a measurable function v : S — R™ such that

~v(z) belongs to I'(x) for all z € S.

Definition 10.2.59 Take a multifunction I' : I ~» R". We say that a function

x: I — R" is a measurable selection for ' if
(i) x is Lebesque measurable, and
(ii) z(t) e I'(¢) a.e.

Theorem 10.2.60 [Vin00] Aumann’s measurable selection theorem Let I :

I ~ R™ be a nomempty multifunction. Assume that

GrT is £ x B* measurable,

then I' has a measurable selection.

Definition 10.2.61 Consider the case in which S = [a,b], an interval in R. We
say that T' is integrably bounded provided there is an integrable function ¢(t) such
that for all t € [a,b],for all v € T'(t), || < o(2).

Definition 10.2.62 I' is said to be a Lipschitz Multifunction on S (of rank k)
provided that for all 1, x5 in S and for all v; in T'(xy1) there exists vo in I'(x2) such
that

71— 2|l < Ellzy — 22|

Definition 10.2.63 I' is said to be upper semicontinuous at x if for all € > 0,

there exists a 0 > 0 such that

(') C T'(z) + B

for all ' € x+ 0B. It is lower semicontinuous at x if, for all v € T'(x) and all

e > 0, there exists a § > 0 such that

L@)N(y+eB) #0
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for all ¥ € x + 0B. It is continuous at x if it is simultaneously upper semi-

continuous and lower semi-continuous.

Let S, €, be the sets defined by

S ={t:(t,z) € Q for some z € R"}
Q={z:(t,x) € Q}.

2 is called a tube provided the set S is an interval ([a, b], say) and provided there
exist a continuous function w(¢) and a continuous positive function € on [a, b] such

that €, = w(t) + &(¢)B for ¢ in [a, b].

Definition 10.2.64 Let Q be a tube on [a,b]. F is said to be measurably Lipschitz

on ) provided:
(i) For each x in R™, the multifunction t ~ F(t,x) is measurable on |a,b].

(ii) There is an integrable function k(t) on [a,b] such that for each t in |a,b], the
multifunction x ~ F(t,z) is nonempty and Lipschitz of rank k(t) on Q.

Proposition 10.2.65 [Vin00] Take a weak* convergent sequence {u;} in C%(a,b),
a sequence of Borel measurable functions {v; : [a,b] — R"}, and a sequence of
closed sets {A;} in |a,b] x R". Take also a closed set A in |a,b] x R", and a measure
pue C%a,b).

Assume that A(t) is convex for each t € domA(-) and that the sets A and

Ay, Ao, ... are uniformly bounded. Assume further that

lim sup A; C A,

vi(t) € Ai(t) pi a.e. fori=1,2,..

and

Wi — fo weakly”.
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Define n; € C*([a, b]; R¥)
ni(dt) = i (t)pi(dt).

Then, along a subsequence

i — "o weakly",

for some ny € C*([a, b]; R¥) such that

no(dt) = o(t)po(t),

in which 7y is a Borel measurable function that satisfies

Y(t) € A(t) po a.e..

Multifunction in Optimal Control

Definition 10.2.66 A trajectory (for F, or for the differential inclusion) is an

arc x such that for almost all t € |a, b],
x(t) € F(t,z(t)) a.e.

Theorem 10.2.67 [Vin00/Compactness of Trajectories Take a relatively open
subset Q C [a,b] x R™ and a multifunction F : Q ~» R". Assume that, for some
closed multifunction X : [a,b] ~ R™ such that GrX C Q, the following hypotheses

are satisfied:

(i) F is a closed, convex, nonempty multifunction.

(ii) F is £ x B™ measurable.

(iii) For each t € |a,b], the graph of F(t,.) restricted to X (t) is closed.

Consider a sequence {x;} of Whi([a,b];R™) functions, a sequence {r;} in
L*([a,b]; R) such that ||rilj;n — 0 as i — oo and a sequence {A;} of mea-

surable subsets of [a,b] such that meas A; — |b— a| as i — oc.
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Suppose that:

(iv) Grz; C GrX for all i;

(v) {2} is a sequence of uniformly integrally bounded function on [a,b] and {z;(a)}

18 a bounded sequence;

(vi) there exists ¢ € L' such that

F(t,z;(t)) C c(t)B

for a.e. t € A; and for i=1,2,... . Suppose further that

Then along some subsequence

x; — x uniformly and &; — & weakly in L'

for some x € Wh([a,b]; R") satisfying

t(t) € F(t,z(t)) a.e. t € |a,b.

Cones

Definition 10.2.68 A set C' C R" is called a cone if it is nonempty and for all

A>0 andv € C we have \v € C'.

Definition 10.2.69 The Negative Polar cone of a set C C R" is defined by

C-={2"eR": 2" 2 <0,VyeC}.
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Convex Analysis

Definition 10.2.70 A set C C R" is convex if, for all x € C and y € C, the line
segment [{ax + (1 — a)y € R™, with a € [0,1]}] belongs to C.

Definition 10.2.71 The convex hull of a set C', denoted by co C, is the smallest

set that containing C'. In other words, co C' is the intersection of all sets containing

C.

The convex hull can also be defined as:

coC={) Nai:> N=LXA>0withi=1,. kandk>1 z;€C}

Nonsmooth Analysis

Definition 10.2.72 The limiting normal cone of a closed set C C R™ at x € C,
denoted by N¢(x), is the set

NE(z) = {n € R™: 3 sequences {M;} € R", x; — x, n; — n such that
v, €C andn; - (y—x;) < Milly — x||* for ally e R, i =1,2,...}.

In [Vin00], we can find the proof of some elementary properties of cones:

Proposition 10.2.73 [Vin00] Take a closed set C' C R™ and a point x € C. Then
(i) = € int{C} implies N&(z) = {0};
(ii) x € bdy{C'} implies that contains nonzero elements.

Proposition 10.2.74 [Vin00] Take closed subsets C; C R™ and Cy C R", and a
point (x1,x5) € C; X Cy. Then

NE oy (@1, m2) = NE (1) X NE, (22)
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Note: The limiting normal cones and limiting subdifferential are closed sets, but

they are not necessarily convex.

Definition 10.2.75 The Contingent Cone of a closed set C' C R" at x € C,
denoted by Te(x), is the set

.. dist(x 4+ hv,C)
Te(z) = R"| lim inf
c(z) = {v e R"|limin .

—0}.

Definition 10.2.76 The Clarke Tangent Cone of a closed set C' C R" atx € C,
denoted by Ce(x), is the set

Cole) = v e R lim 28U Zh”’ 9y,

h—0tz' —cx

where —¢ denotes the convergence in C.

Note: We can have the following characterization of these cones in terms of

sequences:

i) v € Te(x) if and only if 3h, — 0+ and Jv,, — v such that Vn, x + h,v, € C.
This implies that if z € Int(C), then To(x) = R™.

ii) Cc(x) comprises vectors £ such that for any sequences z,, —¢ x and h,, | 0 there

exists a sequence k, in C such that h,'(k, — z,) — &.

Definition 10.2.77 The Clarke Normal Cone to C at x is defined by
Neo(z) ={£ e R"E-v <0,Vv € Te(x)}.

Note that: Ne(x) = Te(x)™.

Theorem 10.2.78 [Vin00] Take a closed set C C R¥ and x € C. Then the Clark

tangent cone C.(z) and the limiting normal cone N.(x)™ are related according

Co(w) = N&(x) ™
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Definition 10.2.79 We shall say that a closed subset C' is sleek at xq € C' if the
multifunction,

x~ To(z),Yo e C
15 lower semicontinuous at xg and that it is sleek if it is sleek at every point of C'.

Theorem 10.2.80 [AF90] Let C be a closed set of R™. If C' is sleek for all x € C,

then Te(x) = Co(x), and consequently are convet.

Definition 10.2.81 Take a lower semicontinuous function f : R" — R U {400}
and a point x € domf. The limiting subdifferential of f at x, written OF f(z),

1s the set

0" f(x) ={n € R": (n,—1) € N, ;(x, f(2)}. (10.2)
where epi f = {(z,a) € R" . a > f(z)} denotes the epigraph of a function f.

Proposition 10.2.82 [Vin00] Take a lower semicontinuous function f : R" —
RU{+o00} and a point x on R™. Assume that f is Lipschitz continuous on a neighbor-

hood of x with Lipschitz constant K. Then O f(x) is nonempty and 0 f(x) C KB;

Definition 10.2.83 Let f : R™ — R be a Lipschitz continuous function on a neigh-
borhood of some point = € R™. The Clark’s Subdifferential, denoted by Of, is
defined by Of (z) = co f(z).

Consider a function f : R® — R and a point x € R" such that f is Lipschitz
continuous on a neighborhood of z. According to Rademacher’s Theorem, f is dif-
ferential almost everywhere on this neighborhood (with the respect to n-dimensional

Lebesgue measure).

Theorem 10.2.84 [Cla83], [Vin00] Take a function f : R"™ — R, a point x € R
and any subset 2 C R™ having Lebesqgue measure zero. Assume that f is Lipschitz

continuous on a neighborhood of x. Then

co 0 f(z) =co{neR": Au; — x,2; & Q, fo(;) exist and f.(z;) — €}



138 Appendix

Definition 10.2.85 Tuke a point y € R" and a function L : R" — R™ that is
Lipschitz continuous on a neighborhood of y. Then the Generalized Jacobian

DL(y) of L at y is the set of m X n matrices:
DL(y) = co{n : Jy; — y such that L,(y;) exist Vi and Ly(y;) — n}.
Proposition 10.2.86 [Cla83] For any vector v € R
vDL(y) = 0(rL)(y).

Definition 10.2.87 Consider a multifunction map F : R™ ~» R"™, Lipschitz around
x and let y € F(z). The adjacent derivative of F' at (x,y) is the multifunction
map dF(x,y) from R" into subsets of R™ defined by
_ F _
dF (z,y)w ={v € R" : lim dist(v, (v+sw) =y

s—0t S

) = 0}.

Definition 10.2.88 Let xy € dom(h). The superdifferential of h at xo is the

closed convex set

a+h(x0) ={p € R" : limsup h(x) — h(zg) —p - ( — 7o)

< 0}.
T—XxT0 ||£L‘ _xOH

Definition 10.2.89 The upper derivative of h(-) at xy € dom(h) in the direction

0 s given by

D*hiao)(6) =  lmsup 0t s0) = h(xo)

s—0t,0'—0, zo+s0’'€X S

,V0 € Tx(]}g)

and DYh(zo)(0) = —oo for all 6 & Tx(xo).

We also make use of the hybrid partial subdifferential.

Definition 10.2.90 The hybrid partial subdifferential, denoted by 0; h(t,z),
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is defined by

O-h(t,x) = co{n:3At;,z;) — (t,x) : h(t;, x;) > OVi, h(t;, z;) — h(t, x)
and hy(t;, x;) — n}.

In the case of the function h do not depend of the time ¢, we have

O”h(x) = co{n:3Jz; — x: h(z;) > OVi, h(z;) — h(z)
and h,(z;) — n}.

Now we proceed to derive an assortment that facilitates greatly the calculation

of df.

Scalar Multiples:

Assume that f is Lipschitz continuous near of a point z. For any scalar «, one

has

daf(z)) = adf(x). (10.3)

Local Extreme
If f is Lipschitz continuous near of a point x and attains a local minimum or

maximum at z, then 0 € 0f(z).

Sum Rule:

Let f; and fy be Lipschitz continuous near z, then
O(f1+ fo)(x) C Ofs(x) + O fa(x). (10.4)

Products Rule:
Let f; and f5 be Lipschitz continuous near x. Then f; f5 is Lipschitz continuous

near x and

I(f1f2)(x) C fo(@)0fi(x) + fi(2)Ofa(x). (10.5)

Quotients Rule:
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Let f; and fy be Lipschitz continuous near z, and suppose fa(x) # 0. Then f1/ fo

is Lipschitz continuous near x, and one has

fo(2)0f1(z) — fi(x)dfa(x)
f3(x) '

h

5’(f2)(x) -

(10.6)

Max Rule

Suppose that f; is a finite collection of functions (i = 1,2,...,m) each of which
is Lipschitz continuous function on a neighborhood of  The function f defined by

f(z) = max{f;(z) : i =1,...,m} is Lipschitz continuous near x and
df(x) C co {0fi(x) i € I(x)},

where I(x) denote the set of indices i for which f;(z) = f(x), for any z (i.e. the

indices at which the maximum defining f is attained).

Mean-Value Theorem

Suppose that f is Lipschitz continuous on a open set containing the line segment

[z,y]. Then there exist a point u € (z,y) such that

fly) = f(z) € Of (u) - (y — x). (10.7)
Partial Generalized Gradients

Let f(x1,22) be a Lipschitz continuous function on a neighborhood of (xy, z5).
We denote by @lf(a;l,xg) the partial generalized gradients of f(-,x) at x; and by

O, f (11, ) partial generalized gradients of f(xy,-) at zo.

If fis convex at x = (xy, z3), then

a(xl,xz)f(xlny) C ax1f(~r1a w?) X 5:E2f(x17 1'2).
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Some Important Results

Lemma 10.2.91 [Vin00] Dubois - Reymond Lemma Take a function a €
L*(]0,1]; R™). Suppose that
1
/ a(t) -w(t)dt =0
0

for every continuous function w that satisfies

/0 1 w(t)dt = 0.

Then there exists some vector ¢ € R™ such that

a(t) =d for a.e. t €[0,1].

Theorem 10.2.92 [Vin00] (Exact Penalization Theorem) Take a set C' C R
and a Lipschitz function f : R™ — R, with Lipschitz constant K. Let T be a

manimizer for the constrained minimization problem,

Minimize f(x)

subject to x € C.

Choose any K > K. Then & is a minimizer also for the unconstrained minimization

problem,
Minimize f(z)+ IA(dC(x)

subject to x € R™.

Theorem 10.2.93 [Vin00]Gronwall’s Inequality Take an absolutely continuous
function z : [S,T] — R™. Assume that there exist nonnegative integrable functions

k and v such that

II%Z(??)II < k@@ +o(t) a.e. t €[S, T].
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Then

=01 < e ([ bto)in ) 1)1+ [ e [ kiorde ) viriar]

for all t € [S,T].
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