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Abbreviations:

ODE: ordinary differential equation
OCP: optimal control problem
DI: differential inclusion
DIC: constrained differential inclusion
DDI: discrete differential inclusion
DDIC: constrained discrete differential inclusion

1 Introduction

This thesis is about delivering convergence results for a pretty wide class of optimal
control problems, when using direct methods for discretization. Those control problems
may include pure state constraints, which is one of the major difficulties. The majority
of this article deals with convergence of the discrete solution for the state. But it is the
authors strong believe, that the methods presented here can be used to show convergence
of the discrete solution for the control, too.

This document is made up of five core chapters:

Chapter 2 introduces the class of control problems considered in quite some variants.
Each of these forms has its theoretical advantages and disadvantages, but the Mayer-
Form builds the basis for most investigations. Chapter 2 also introduces the notations
used throughout the paper and a lot of basic tools, that will play a great role in the
following chapters but are not really part of the core concept.

Chapter 3 then derives the central convergence result of this thesis for the problem class
presented in chapter 2. The strategy, used for deriving that result, might be applied to
other problem classes, that are not presented in this article. Showing that this might
be possible was the intention of creating chapter 4, which takes a look at the methods
used in chapter 3 in a more general way. In fact showing how flexible the modularized
approach is, is the main goal of that part of the article. Chapter 4 is presented after
chapter 3, because it is the authors opinion, that the concept is easier to understand in
a more or less concrete case. Although quite some things are repeated in chapter 3, the
statements made are usually more general and do involve less assumptions.

One major role plays the so called Approximation Property, which is a statement about
the approximation of feasible sets. The result delivered is already needed in chapter 3,
but as the property is the core of this thesis, a whole chapter has been devoted to it. This
chapter contains some of the most interesting parts of the whole article. For example,
the way state constraints can be handled is included there. That also contains some yet
unproven claims for multidimensional state constraints, an interesting aspect in current
research.

The thesis concludes with chapter 6, which is a large chapter on examples. A majority
of the work has been put into that chapter, because calculating discrete solutions for
the examples shown is no easy task. The chapter itself is intended to shed some light
on how the whole theory presented before may be applied to concrete problems. This
includes showing how to obtain an inverse stability property, verifying central properties
for the constraints to know that the Approximation Property holds and of course a lot



of numerical results, that should give more insight to what assumptions are actually
needed. For some examples, properties needed to apply the theory do not hold, but
good convergence results can be obtained anyway. By means of such results, ways on
explaining the observed behavior are presented.

2 Preliminaries and Basic Tools

2.1 Overview

This section covers the basic tools and definitions, which the following chapters will
make use of. The main part is describing the class of optimal control problems nearly
the whole thesis is about. The only exception will be chapter 4, which may be applied
to even more generalized problems. The first thing to do will be to present some
basic notations, which includes funcitons, sets vectors and constants, that will be
used throughout this article. Afterwards some variants of the continuous OCP will be
introduced. Then the process of discretization will be discussed, which will conclude
in a directly discretized version of the continuous OCP. The final section of this
chapter will be a discussion about convergence, which of course includes discussion
about appropriate distance measures and norms. Let us start with the basic notations.

Discrete
Differential
Inclusions

Mayer formulation
Differential of an optimal
Inclusions control problem

Preliminaries and
Basic Tools

Optimal Control Problem (OCP)
(Bolza-Form)

]

‘ [ | Mayer-Form of the OCP ‘

]

‘ . transformation of the ODE ‘

)

‘ direct discretization ‘

]

‘ Discrete Mayer-Problem ‘

outline of deriving the different forms of the OCP in this chapter



2.2 Basic Notations

The listing of all the functions below is intended to serve as a reference to come back to
later on. The functions will soon make sense, when the actual OCP will be introduced
in 2.3. T marks functions and constants that will be altered, when the form of the OCP
will be changed to this articles needs. This change will take place in the section about
the continuous OCP (2.3), when transforming the Bolza-Problem into a Mayer-Problem.
Because there will be an Extension of the state variable involved, there might be a bit of
confusion about the use of the indices n — 1 and n, when just looking at the declarations
in this section. In general I recommend not to pay too much attention to the exact
indices occurring below for now. They will make sense, when this chapter is done. Let’s
start with the definitions and declarations.

I = [ty, T] shall be the time interval for the optimization.

The following functions represent the control function and the state function:

u(.) € Lo (D)™ (m-dimensional control function)
i(.) e AC()*'  ((n-1)-dimensional state function (Bolza-Formulation))
z(.) € AC(I) (extension of the state, see 2.3.2)

x(.) = ( (§> e AC(I)" (n-dimensional state function (Mayer-Formulation))

Where AC(I) is the space of absolutely continous functions on I.

The optimal control and optimal state are denoted using - :

a(.) € Loo(I)™ (m-dimensional optimal control function)
z(.) € AC(I)* ' ((n-1)-dimensional optimal state function (Bolza-Formulation))
2(.) € AC(I) (extension of the state, see 2.3.2)

Ko
—

IS

#() = (

The following vectors will occur in general as a placeholder for the control u(.) and the
state x(.) at a certain time:

( ;) e AC(I)" (n-dimensional optimal state function (Mayer-Formulation))

u€eR™ (placeholder for control at a certain time)
FeR™! (placeholder for state at a certain time)
. z cR" (placeholder for state at a certain time (Mayer-
B Formulation), with z € R)



Functions to describe a specific problem:

RTIXRT SR
IxRIxR™ 5 R
R RIS R

I xR R™ 5 R”
I xR R™ — R"
I xR 5 R™
I xRS R™

» 9@ & Tt = <

G

CAC(H" N X Log(D™ - R

objective function for the Bolza-Problem)

objective function for the Mayer-Problem)

integrand in the objective function integral term)

pointcost term in the objective function)

right-hand side of the ODE for the Mayer-Problem)

mixed control-state constraints)

pure state constraints)

(
(
(
(
I xR X R™ 5 R (right-hand side of the ODE for the Bolza-Problem)
(
(
(
(

mixed control-state constraints, set form)

Sets used in conjunction with the ODE:

X, cR"!
X, CR"

X(T,ty, Xo) € AC(I)"
Xo(T,ty, Xo) € AC(IH)™
X(T,ty, Xy) C AC(I)"
Xo(T,ty, Xo) € AC(I)"

ScR"

UcCR™

(set of all initial values for the state z for the Bolza-Problem)

set of all initial values for the state x for the Mayer-Problem)

(set of all feasible solutions to the unrestricted

(no pure state constraints) differential inclusion on
I = [t, T] in the Bolza-Problem)

(set of all feasible solutions to the restricted differen-
ial inclusion on I = [ty, T in the Bolza-Problem)

t

(set of all feasible solutions to the unrestricted

(no pure state constraints) differential inclusion on
I = [ty,T] in the Mayer-Problem)

(set of all feasible solutions to the restricted differen-
tial inclusion on I = [ty, T] in the Mayer-Problem)
(compact set with z(¢t) € S for all z(.) € X(T,ty, Xo)
and t € [ty,T]; Theorem 2.6.1 proves that such a set
exists)

(set such that u(t) € U for all admissible controls uf(.)
of the OCP)

Set-valued functions (see 2.3.3):

F:IxR"=R" (set-valued right-hand side of the ODE)

0:I1=R" (set-valued mapping representing pure state constraints)

10



Special notation for the discrete case

N eN

GN = (th"'7tN> S RN+1
N

PN : vF o RINFDE

XN (85,0, Xo) ¢ RUFTDOD

Xg(tjat07X0) - R(j+1)(n71)

XN(T,ty, Xy) € RNFDR

Xg(Ta th XO) - R(N+l)n

XM(T,tg, Xo)(t;) C R"

Xg(T, t()?XO)(tj) CR"
ScR"

Discrete control and state (see 2.4.2):

(see 2.4):

the number of steps).
grid on the interval I, used for discretization)

3

‘discrete function” on the grid Gy)

~~ ~~

ordinary restriction operator to the grid, V:
function space)

(set of all feasible discrete solutions to the un-
restricted (no pure state constraints) differen-

tial inclusion on [tg, ;] in the Bolza-Problem)

(set of all feasible discrete solutions to the re-
stricted differential inclusion on [ty,¢;] in the
Bolza-Problem)

(set of all feasible discrete solutions to the
unrestricted (no pure state constraints) dif-

ferential inclusion on I = [ty, T] in the discrete
Mayer-Problem)

J

(set of all feasible discrete solutions to the re-
stricted differential inclusion on I = [ty,T] in
the discrete Mayer-Problem)

(set of all reachable points of the discretized
unrestricted (no pure state constraints) diffe-
rential inclusion on {t;,...,¢;} in the discrete
Mayer-Problem)

(set of all feasible discrete solutions to the re-
stricted differential inclusion on {ty,...,t,} in

the discrete Mayer-Problem)

(compact set with z) € § for all 2" ¢

X3 (T, ty, X,), j €{0,...,N} and N € N; Theo-
rem 2.6.3 proves that such a set exists)

N =@, ul) e RV (discrete control)
V=@, ) e RVEDID (discrete state)
N = (2., 2N) e RN (extension of the discrete state)
N N
2N = ((Z%) e ("Z%)) e ROVFLn (discrete state (Mayer-Formulation))
0 N

11



The optimal discrete control and optimal state are denoted using - :

Constants:

N ¢ RINHDm (m-dimensional optimal discrete control func-
tion)
2N (N+1)(n—1) (optimal discrete state function (Bolza-
' eR .
Formulation))
SN o N+1 (extension of the discrete state for " and a”,
zZ7eR
see 2.3.2)
N ) € ROV+R (n-dimensional  optimal state function
\EN (Mayer-Formulation))

uniform upper bound of all feasible solutions z(.) € X(T,ty, Xy) to
the continuous problem

uniform upper bound of all feasible solutions 2" € X™ (T ty, X,) to
the discrete problem; does not depend on N

uniform Lipschitz constant of all feasible solutions z(.) € X (T, 3, X;)
to the continuous problem

uniform Lipschitz constant of all feasible solutions " € X (T, t,, X;)
to the discrete problem; does not depend on N

La, =21

Lipschitz constant of the objective function J(.,.) with respect to
both arguments and the supremum norm

Lipschitz constant of the ODE function #(.,.,.) with respect to all
three arguments and the supremum norm

The following functions map solutions to a continuous problem on solutions of a discrete
problem respectively the other way round. They appear in conjunction with the so called
Approximation Property (see section 3.2.1)

TN XS (T t, Xo) — Xo(T,tg, Xo) (feasible discrete solution mapping)
Sn :Xo (T, ty, Xo) = X& (T, tg, Xo) (feasible solution mapping)

12



2.3 Optimal Control Problem (continuous)

This subchapter starts with the basic form of an OCP, that will be considered throughout
this article. Due to theoretical reasons this form will be altered afterwards to finally reach

the shape, that will be used later on.

The class of optimal control problems considered in this article may be described the

following way.

2.3.1 Basic Form of the Optimal Control Problem (Bolza-Problem)

Bolza-Problem

u(t) € U(t, 7(t))

with #(.) € AC(I)"" and u(.) € Lo (I)™

T
Minimize : J(&(),u(.)) = o(E(ty), Z(T)) + /f(t,i(t),u(t))dt
with respect to :
2(t) = O (t, & (t), u(t))
i(ty) € X
_ <0 (2:1,...,77,'9)
(8, 2(8), u(t)) {: 0 (1= n; +1,...,n,)

Il

(en)

Il

3

@w ~ R
+
\‘H

3

wn

Remarks:

e a.e. means almost everywhere and occurs because of the specific function spaces

for the state and the control

e (1) is the objective function. It consists of two terms. The first one only depends
on the state on the boundary of the time interval I and is sometimes called the
pointcost term. The second one is an integral. This special form is related to models

from physics or engineering.

e (2) is the system equation, which is an ODE parametrized by the control u(.).

e (3) are the initial value conditions, where X, is the set of all allowed initial values

for the state.

13




e (4) are mixed control-state constraints.

e (5) are pure state constraints. They are treated separately from 4, to allow more
complicated constraints like differential-algebraic equations. They are also trea-
ted separately for theoretical purposes that appear in conjunction with treating
differential inclusions (see Definition 3).

e (6) is an alternative description for mixed control-state constraints or pure control
constraints. This description uses a set constraint.

Definition 1:

The set of all feasible solutions to this problem will be called Xg(T,ty, Xo)-
So Xe(T,ty, X,) is the set of all functions #(.) € AC(I)"" with:

50) — 36t 50, u0) a.e.
#(t) € Xo
) <0 (Zzl,..-’n;) a.e
) <0 (i=1,...,n))
5;(t,z(t)) { 0 (i=nl+1,...,n,) -
u(t) € U(t,z(t)) "
u(.) € Loo(I)™

The set of all feasible solutions to this problem without pure state cons-
traints will be called X (T,tq,Xo). So X(T,ty, X,) is the set of all functions
i(.) e AC(I)"" with:

(t) = U(t, Z(t), u(t)) a.e
Z(ty) € X
<0 (i=1,...,ny) we
“Mmu®%0@%+L.mﬂ
u(t) € U(t, (t)) a.e
u(.) € Loo(I)™

This should give the reader an outline of the structure of an OCP this article deals with.
As this is in no way an introduction to optimization problems, the reader is referred to
a wide range of publications on that topic for further reading (for example [1], chapter
3).

14



2.3.2 Mayer-Form of the Optimal Control Problem (Mayer-Problem)

The main goal with this kind of formulation is to get an objective function that only de-
pends on the state evaluated at the first and the last timepoint, i.e. t, and T'. To achieve
this, the state variable itself has to be extended by one component. The special form
of the objective function will be advantageous, more precisely very important, for the
theoretical investigation in chapter 3. The reason for this is that the objective funciton
will be the same in the discrete case as in the continuous case.

The transformation from the Bolza-Form to the Mayer-Form is no difficult task. Nevert-
heless the author recommends paying attention to the exact definitions of the functions
used. The basic notations can be found in 2.2. Let’s start with extending the state va-
riable, which will directly lead to the new form of the OCP afterwards.

Transformation:

The basic concept is to subordinate the integral term of the objective funciton .J to the
state function by expanding the ODE. This comes down to adding one component to
the state function vector. This additional state vector component shall be called z(.) and
is defined the following way:

t

A(t) :/f(f,f(T),u(T))dT (t € [to,T] = T)

to
This is equivalent to:
2(t) == f(t,2(¢),u(t)) (for almost all t € I) A  2z(ty):=0

So we get one additional state vector component and two additional equations. The first
equation will extend the ODE, the second one is an initial value condition. This leads to
redefining the state Z(.) to z(.), the ODE right-hand side ¥(.,Z(.),u(.)) to ¥ (., #(.),u(.)),
the initial value set X, to X, and finally the objective function J(z(.),u(.)) to J(.,.).

z(t) == (j(t)> eR" (1)

J(&(to), 2(T)) := p(2(to), 2(T)) + 2(T) (4)

The other functions g, s and U stay untouched. These definitions correspond to the
listing in 2.2.

| Important remark for easier notations:
For the sake of simplicity #(t) (the first (n — 1) components of the vector z(t)) will no
longer be passed explicitly as an argument to one of the functions J, ¢, g, s, r and U.

15



Instead the whole vector x(t) will be used and implicitly only the first n — 1 components
(which correspond to #(t)) will be taken into account. For example the function s(.,.)
takes only an (n — 1)-dimensional vector as its second argument. But instead of passing
Z(t), the whole vector z(t) will be passed and s(¢,«(t)) shall be implicitly understood
as s(t,z(t)). To give the reader a bit more of a view behind the scenes, the functions
1 and J defined above only take the full vector z(¢) where needed, otherwise only Z(¢)
has been passed. For example the function J(.,.) (see (4)) just needs all n components
in its second argument, not in its first one. So the function J has been defined to map
from R"™' x R" to R. The alternative would have been to define it as a function from
R™ x R" to R, but this would have suggested, that the the n-th component of the first
argument would have some influence, which it does not. But nevertheless the notation
will be J(z(ty), z(T)) from now on, which shall be understood as J(z(ty), z(T)).

Taking the transformation and the note about easier notations into account, we arrive
at the Mayer-Formulation of the OCP:

Mayer-Problem

Minimize : J(x(to), 2(T)) = (@ (ty), #(T)) + 2(T)

with respect to :

<0 (i=1,...,n,
s;(tx(t)) 4~ (i , ns) a.e.
=0 (i=ngs+1,...,n,)

u(t) € U(t, x(t)) a.e.

with z(.) € AC(I)" and u(.) € Lo (I)™

Remarks:

e Take in account the remark about easier notations above.

e The objective function now just depends on the state z(.) evaluated at ¢, and T.
To achieve that the state vector itself had to be changed (see (1)).

e The integral term of the objective function is now represented by the n-th compo-
nent of the ODE (see (2)).

e The Mayer-Problem stated above is just another formulation of the Bolza-Problem
(see 2.3.1). So the above form represents the same OCP.

16



Definition 2:

The set of all feasible solutions to this problem will be called Xg(T,tq,Xg)-
So Xe(T,ty, Xy) is the set of all functions x(.) € AC(I)" with:

z(t) = (¢, (), u(t)) a.e.
(ty) € Xo
<0 (i=1,...,ny) e
gi(t, x(t), u(t)) {_ 0 G—n, 1o, :
<0 (i=1,...,n)
(b z(t)) {:O (i=nj+1,...,n,) “
u(t) e U(t, z(t)) a.e
u(-) € Loo (D)™

The set of all feasible solutions to this problem without pure state cons-
traints will be called X(T,ty,Xo). So X(T,ty,X,) is the set of all functions
z(.) € AC(I)" with:

L(t) = o(t,x(t), u(t)) a.e.
x(tg) € Xo
<0 (i= ;) e
gi(t’x(t)vu(t)) {:0 (7, .,_’ng) €.
u(t) € U(t,x(t)) a.e.
u(.) € Loo ()™

Remarks: X¢(T,to, X,) is the same as X¢ (T, ty, X,) with one exception. Any ele-
ment of Xg(T,ty, X,) has the additional component z(.) defined in the Transforma-
tion section above.

We have now almost arrived at the final form of the OCP, that will be used later
on this article. The only thing left is packing the feasible controls combined with the
parametrized ODE in a set-valued formulation.

2.3.3 Set-Valued Form of the Mayer-Problem

There are only two things left to do.
The first one is to transform the parametrized ODE into a so called Differential
Inclusion.

17



Definition 3:
A Differential Inclusion (DI) can be described as a differential equation with
set-valued right-hand side and a set of feasible initial values. With the notations

of this section (which will be introduced later on) the differential inclusion looks
like:

(DI) z(t) € F(t,z(t)) a.e.
z(tg) € Xo

In our case this Differential Inclusion will include pure state constrains repre-
sented by a set-valued mapping ©(.) defined in this section. The Constrained
Differential Inclusion (DIC) then looks like this:

#(t) € F(t,z(t)) a.e.
(DIC) 2(ty) € X,
z(t) € O©(t) a.e.

So the first thing that needs to be done is to create a set-valued mapping, whose image
consists of all feasible (without taking pure state constraints into account) right-hand
sides of the ODE. This mapping will be called F.

The second one is to replace the pure state constraints s(.,.) by a set-valued map ©,
which will give all feasible states at a given time t. Let’s start with the right-hand side
of the ODE.

Creating the set-valued right-hand side:

The set-valued right-hand side F' will depend on the time ¢ and the state at that time
z(t). In fact F consists of all feasible right-hand sides (¢, z(¢),u(t)). This leads to F
subsuming all constraints concerning the control u. In general, F is defined in the
following way:

F: IxR"=R"

F(t,z) :={ ¥(t,z,u):

gi(tal'vu) {

ueU(t,x)

IN

(i=1,...,np)

0
0 (i=ny+1,...,n,)

Note: The “=7” signalises that the mapping is set-valued, i.e. the image is a set.
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Creating the set-valued pure state constraint mapping:
©(t) should be the set of all feasible states at the time ¢ according to the pure state
constraints s(.,.). So defining the set © is straighforward:

CE I=R"

Note: The ‘=7 signalises that the mapping is set-valued, i.e. the image is a set. As one
can see, the last component of the vector z, i.e. z, is not restricted in any way. This
is because there are no restrictions to the integral term of the objective function
from the Bolza-Problem.

Those two modifications applied to the Mayer-Problem given in 2.3.2 delivers the final
form.

Set-Valued Mayer-Problem

Minimize : J(x(tg), x(T))

with respect to :

i(t) € F(t,x(t)) a.e.
z(tg) € Xo
a(t) € O(t) a.e.

with z(.) €ACI)" and u(.) € L (I)™

Remarks:

e The control u(.) does not appear directly in the optimization problem above. Ne-
vertheless it is an optimization variable, all the terms containing w(.) are just
included in the right-hand side of the ODE F. See definition of F above.

e Though this problem looks way easier than the Mayer-Problem(2.3.2) it is ab-
solutely identical. The crucial point really is the defintion of the right-hand side
F of the ODE above. So the set of all feasible solutions to the problem above
is Xg(T,ty, Xy), defined in Definition 2. With the formulation of the set-valued
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Mayer-Problem we now get another way of defining the sets Xg(T,ty, X,) and
X(Ta tOvXO):

Xo(T,ty, X,) is the set of all functions z € AC(I)™ with:

z(t) € F(t,z(t)) a.e.
z(to) € Xo
z(t) € O(1) a.e.

The set of all feasible solutions to this problem without pure state cons-
traints will be called X (T),ty,Xo). So X(T,ty, Xy) is the set of all functions
x e AC(I)" with:

(1) € F(t, (1)) ae.
z(to) € Xo

The form of the OCP above is the final form, that will be used later on in this article.
This subchapter started with introducing the Bolza-Problem. Then the Bolza-Problem
has been transformed into a Mayer-Problem, which then has been slightly modified to
represent the parametrized ODE as a differential inclusion. We have now reached the
point where we can turn to discretizing the OCP.

2.4 Discretization

This article is about using direct discretization methods for the numerical approxima-
tion. This means that the optimal control problem itself is taken and every occurring
function gets discretized without any further diversion. The same thing will be done
with the ODE. The really crucial point will be the method used to do this. In this pa-
per Euler’s Method will be chosen for a number of reasons. One of them being that
Euler’s Method allows pretty weak assumptions for several results or even makes them
possible in the first place. The goal of this section is to provide discrete versions of the
Mayer-Problem (2.3.2) and the set-valued version of the Mayer-Problem (2.3.3). To get
the latter one, the concept of the Set-Valued Euler’s Method will be introduced.

The first thing to do will be to choose an appropriate grid for the discretization pro-
cess. So this subchapter starts with a description of that grid and introduces some basic
notations specific to the discretized problem afterwards. This is all that’s needed to
discretize the continuous Mayer-Problem (2.3.2). After doing so, the Set-Valued Euler’s
Method for solving the parametrized ODE will be introduced. Having those tools ready,
the Set-Valued Mayer-Problem (2.3.3) will be discretized.

2.4.1 The Grid

Discretization takes place with respect to the time variable t. So we have to split up the
interval I into appropriate fragments. This will be done by specifying an equidistant grid
Gp-. As the name suggests, this grid will depend on the number of steps N chosen for
the discretization, but it will remain equidistant for all the investigations done in this
article later on. So the grid presented in this subsection will be the grid used throughout
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the whole thesis. The following definitions are all straightforward.

Definitions:
Let N be the number of steps, then:

T —t,

hy = N (steplength)
ti=to+j-hy (j=0...,N) (discrete time points)
Gn = (tost1y -y tn) (the grid)

From the definition of ¢; it follows directly that ¢5 = T. To stress the fact, that T is a
grid point, later on ¢, will be used in some places instead of T.

To restrict a function to the grid, the so called ordinary restriction operator py is
introduced:
pr  VE o RVHDE

Where V is an appropriate function space operating on I (for example V = L_(I) for
the control u(.)).
Let f(.) € V¥, then:

on(FO)) = (Fto), f(tr), ..., fty)) € REFTDE

Applying py to V C V shall also be permitted:

on (V)= {on (£ () | 7)€V}

2.4.2 Discrete Mayer-Problem

Notations:

A superscript N (.N ) denotes a “discrete function”, i.e. a vector in with k repre-

senting the space dimension. For example a discrete state would be called . Written

according to the grid, this would give # = (z{',...,z¥) with z; €eR" (j=0,...,N). So

2" could be seen as a function evaluated on the grid. Once again: Space dimension of

the state is n due to the extension process described in the Transformation section of
N N N\ [~

2.3.2. Furthermore according to 2.3.2(2) we define " = (y,...,zx) (z) € R*™" for

~N
j=0,....,N)and 2" = (,...,2N) (sze]Rforj:O,...,N) such that xjy:(mfv)for

Zj
j=0,...,N.

R(N+1)k

By now we have everything we need to apply the method of direct discretization to the
Mayer-Problem (see 2.3.2).

The optimization variables will be represented by 2z = (z0,...,2N) € RON+Y" and
N o= . ul) € RYTY™ Ag already mentioned one major advantage of the

objective function of the Mayer-Problem is the fact that it has to be evaluated just at
discrete points even in the continuous case. So the objective function does not change in
the process of discretization. For the discretization of the ODE Euler’s Method will
be used. The continuous constraints will be restricted to the grid Gy which will result
in lots of constraints depending on the number of steps N. So the directly discretized
version of the Mayer-Problem looks like this:
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Discrete Mayer-Problem

Minimize : J(xd,2N) = (& ,EN) + 2N

with respect to :

N N N N .

.’L'(Z)VGXO
<0 (i=1,...,n
gty ) =0 G ") (G=0,...,N)
J J J . /
=0 (i=ng+1,...,ny)
<0 (i=1,...,n,
SZ(tj7l'§V) B (Z ’ n) (.7207 7N)
=0 (i=ng+1,...,n,)
ul € Ut;, ) (j=0,....N)

with V¥ e RV+I™ and oY ¢ RWVFU™

Remarks:

e The objective function is the same as in the continuous case, but notation for the
discrete functions changes the exact expression (see “Notations” above).

e Taking a closer look at the restrictions above yields: There are (N + 1) - n, mixed
control-state constraints, (N +1)-n, pure state constraints, (N +1) set-valued mixed
control-state constraints and one set-valued constraint for the initial state. This
sums up to (N + 1) - (n, + n,) single scalar and (N + 2) set-valued constraints. The
latter ones have to be treated separately when counting the number of constraints,
because they each may consist of a lot of constraints.
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Definition 4:

The set of all feasible solutions to this problem will be called X& (T, tq, X,).
So X5 (T, ty, X,) is the set of all discrete functions =" € RO with:

ey =) +hy Yt u)) (j=0,...,N—1)
wéVEXO
<0 (i=1,...,n))
gl(tj’xjy7u§v) . , g (j=0,...,N)
=0 (i=ng+1,...,ny)
<0 (i=1,...,n))
Si(tjvx;'v) R ’ (]:07 7N)
=0 (i=ng+1,...,n,)
ul € U(t;, ) (j=0,....,N)

UN c R(N+1)m

The set of all feasible solutions to this problem without pure state cons-
traints will be called X~ (T,to, Xo). So X" (T, ty,X,) is the set of all discrete
functions ¥ € RNVTY™ with:

afoy =) + hy oty a)  ul) (j=0,...,N —1)
.’E(])VGXO
<0 (i=1,...,n)
N N = ) )
gl(t],xj,uj){ . , g (]:07 7]\7)
=0 (i=ng+1,...,nH)
uy €Uty ) (j=0,...,N)

UN c R(N-i—l)m

The only thing that’s missing to start with the discretization process of the Set-Valued
Mayer-Problem is the method to discretize the set-valued ODE, in other words the
differential inclusion. To solve the ODE we will use Euler’s Method again, which can be
easily adjusted to differential inclusions. The method is then called “Set-Valued Euler’s
Method”.
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2.4.3 Set-Valued Euler’s Method

To work with sets we need to introduce addition and scalar multiplication of sets. The
way this article understands addition and multiplication by a scalar is the following;:

Let A € R and let 4, B ¢ R* nonempty for arbitrary k € N.
Then addition is defined by the so called “Minkowski Sum”, which is a straightforward
definition:

A+B:={a+beR":ac Abe B} (Addition)
Multiplication is defined as one might guess:
M ={Xa:ae€ A} (Scalar Multiplication)

With these definitions one can easily transfer the concept of Euler’s method to it’s
set-valued form:

ey €al +hy - F(t,z)) (j=0,...,N—1)

Definition 5:
To stress the set-valued character of the above expression we introduce
xN(r, to, Xo)(t;) (j = 0,...,N) as the set of all reachable points delivered by Eu-
ler’s method with starting set X, on {ty,...,t;}. Then xN(r, to, Xo)(t;) fulfills the
following recursion:

XN(T’ tO’XO)(tO) = XO
XN(T, 0, Xo)(tj41) = U (x+hy-Fltjz)  (G=0,...,N—1)

eeX N (Tt0,X0)(¢;)

Including pure state constraints represented by the restriction set © in the above
recursion delivers:

X8 (T, t9, Xo)(tj41) = U (#+hy - F(t;,2)) NO(t;41) (j=0,...,N—1)
T€XS (Toto,X0)(t;)

Where X§ (T t,, Xo)(t;) is the same as xN(T,t,, X)(t;) with the addition that every
element in X& (T, t,, Xy)(t;) obeys the pure state constraints represented by the set
O(t;), i.e. Xg (T,t0, Xo)(t;) C O(t;) (j=0.....N)

This definition won’t be used later on, but the sets mentioned above shall give the
reader a better idea on how the set valued theory works.
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2.4.4 Discrete Set-Valued Mayer-Problem

Obtaining the directly discretized of the Set-Valued Mayer-Problem (2.3.3) involves the
same process as for the discrete Mayer-Problem 2.4.2. The only difference is the use of
the set-valued Fuler’s method 2.4.3. So we finally obtain:

Discrete Set-Valued Mayer-Problem

Minimize : J(xp ,xy)

with respect to :

ey el +hy-F(ty,z))  (j=0,...,N—1)
l’éVGXO
N .

with 2V e RV and oY ¢ RIVHI™

Remarks

e The discrete control «” does not appear directly in the optimization problem
above. Nevertheless it is an optimization variable. All the terms containing parts
of «" are just included in the right-hand side of the ODE F. See definition of F
in the section about the set-valued Mayer-Problem 2.3.3.

Though this problem looks way easier than the discrete Mayer-Problem (2.4.2) it
is absolutely identical. The crucial point really is the set-valued Euler’s Method.
So the set of all feasible solutions to the problem above is Xg(T), g, X;), defined in
Definition 2. With the formulation of the discrete set-valued Mayer-Problem we
now get another way of defining the sets X3 (T, t,, X,) and X (T, t,, X,):

X3(T, t, X,) is the set of all discrete functions 2 € ROFD™ with:

afyy € 2l + hy - Fty,2)) (j=0,....N —1)
xéVGXO
aY € 0(t;) (j=0,...,N)

And XY (T, ty, X,) is the set of all discrete functions 2V € RV TY™ with:

wi €y +hy o Ft, 7)) (j=0,...,N—1)

xéVGXO
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Let’s conclude with the definition of the so called Discrete Differential Inclusion,
which is the discrete analog of a Differential Inclusion and appears in the set-valued
Mayer-Problem.

Definition 6:

A discretized Differential Inclusion (see Definition 3) is called Discrete Differen-
tial Inclusion (DDI) and looks like this for 2% € RN *":

N N N .

IéVEXO

A Constrained Discrete Differential Inclusion (DDIC) includes pure state
constraints, in our case represented by the set-valued mapping ©(.):

ey €al +hy - F(t;,a)) (j=0,...,N—1)
l‘éVEXO
aY € 0(t;) (j=0,...,N)

2.5 Norm and Convergence Discussion

Concerning convergence analysis it is essential to consider appropriate norms. In infinite
dimensional spaces norms are not equivalent. So convergence with respect to a certain
norm might not lead to convergence in another one or vice versa. This will also be the
case for convergence analysis concerning discrete optimal solutions and their continous
counterparts. To understand that, one has to know in what sense the word convergence
has to be understood. This is what this section is all about.

First off norms used in this article will be defined. Then some basic properties of these
norms will be presented. Afterwards some light will be shed on the phrase “convergence
of optimal solutions”. The last part will be about how to measure distance between
sets, which will lead to the Hausdorff-distance. The chapter about the Approxima-
tion Property will make heavy use of that definition, because theory about differential
inclusions plays a great role there. So let’s start with the definitions.

2.5.1 Norm Definitions

case R™:
Let v = (vy,...,v,) € R", then:

[v]loo = max v
1=1,...,n

n 1/p
ol = (z ) (1<p<oo)
=1
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continuous case:
According to the occuring function spaces we have to consider the following L,-norms:

()]l = esssup | £(.)| = nf{K € R : | f(t)]lo <K for almost all t € I} (for £(.) € Lo, (I)™)

[f( oo = esssup|f(.)| = sup 1f ()0 (for f(.) e C(I)")
T 1/p

1FOllp = (/t (FAGIT dt) (for f(.) € L(D)")

Remarks:

¢ |||~ is the L-norm and ||.||, the L,-norm.
e An alternate definition of the essential supremum esssup is
is null set

esssup |f(.)] = N inf { sup [|f(t)[oo
teI\N

For f(.) € C(I)" the distinction between null sets falls away and one arrives
directly at the expression given above for a continuous function f(.).

discrete case:
For the discrete case we use the discrete L,-norms, which are directly derived from the

L,-norms presented above. Let N =(fo,. .. fn) € RN+D" then:
”fNHoo = . sup ”f_]”oo
7=0,...,N
N-1 L/p
1= D2 - 151G (1<p<oo)
3=0

Note: The discrete L,-norm can be derived from the continuous case by taking the
Riemann Sum of the Integral.
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set case:

To deal with Differential Inclusions (see Definition 3) we need to define what we under-
stand by the norm of a set.

Let V be a Banach space with norm ||.||yy and M C V then

[M]ly := sup ||v[|y
veM

Remarks:

e It is easy to prove that this is a norm on the vector space of subsets of
V. Addition and scalar multiplication for these sets is defined as in the
section about the set-valued Euler’s Method (see 2.4.3).

e We will need this norm definition among others for getting an upper
bound of any valid initial value. Let’s say the set of initial values X, c R"
is bounded by a constant C, i.e. for any vector v € X it holds ||v||,, < C.
Then || Xg|loo = sup ||v|leo < C.

veX

2.5.2 Norm Properties

This section just highlights a few properties concerning the norms defined in 2.5.1, which
are useful in terms of convergence analysis.

Let v € R" and f(.) € Loo(I)", then:

1. In finite dimensional spaces norms are equivalent. Only two estimations used later
on will be presented here:

n 1/2 n 1/2 n 1/2
[vllz = <Zw2> < <Z ||v||3o> = [[vlloo <Z 1) =V vl
i=1 i=1 i=1

and (without loss of generality let ||v||o = |v,])

n 1/2 n-l 1/2 monotonicity
2 2 2 2
[oll2 = (E vz—) = <|U||00+ > vi> > vls = Il
i=1 i=1 2

of

2. 3C >0 with [[f()ll, < C-[f()lloo

This means, that the L,,-norm is “stronger” than the L,-norm.
Proof :

T 1/p T 1/p T 1/p
1Ol = (/t IF @Ol dt) < </t n- |l f()1% dt) < (n/t IF OIS dt>
T 1/p
={/n- <||f(-)||€o’/ 1 dt) = /n- (T —to) - lf)llo
to —

This inequality also shows that L. (I)" C L
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3. The other way round is not true, i.e. 3C > 0 with || f(.)||cc < C - |f()|l, for all f(.) € Loo(I)".

Ip

Proof :

This can be easily shown by giving a counterexample.

Let fu(t) = max((tfto)-(f%to)Jrl,O). Then ||fyll. = 1 ¥k € N.
But | fgll, - 0 (k — o0). So, for every C > 0 there 3k € N such that
1filloo > C - 1 filp- .

The discrete norms behave like their continuous counterparts. This is no sur-
prise, because they are directly derived from them.

Let N = (fy,..., fx) € RYTY™ then:

4. 3C > 0 independent of N with |||, <C - [|f" s

This means, that the discrete L.,-norm is “stronger” than the discrete

L,-norm.
Proof :
N_1 1/p N1 1/p
1], = ho - 515 <D0 - lf1%
=0 j=0
N_1 1/p N—1 1/p
< ST NI ) = N
=0 =0

= /n (T —to) I n
N—————
C:=

5. The other way round is not true, i.e. AC > 0 independent of N with
1 e < C-11FN ], for all £()Y € R and N e N.
Proof : Analog to the continuous case. Just evaluate f,(.) on the grid. W

The following calculation shall illustrate, that in any estimation of the
form ||/ <C- ||fN||p for fixed N the constant C > 0 depends on N.
In fact, C — oo (N — o0). Due to the specific definition of the |[.||,-norm
(which does not take fy into account), fy will also be cut off on the left
side. (Note: One could have defined the |.||,, to be more comparable to the
|.ll,-norm by leaving fy out. But as those two norms are not equivalent
anyway and for some purposes later on this isn’t such a good idea.

j=0,....N 7=0,...,

N—1 1/p ~
1 N
=7 : h f| b =9 f
\/@ N;“J'p TftOH Hp
——
C:=

N_1 1/p
[(fo, s fni)lle = sup ) [fillo < sup £l < (Z ||fj|§)
_ _ =
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2.5.3 Convergence

The phrase “the discrete solution f" converges to the continuous one f(.)” shall be
understood as:

A}im 1N = pn(fF(O) =0  (discrete convergence)
—00

Where ||.|| is an appropriate discrete norm (for example the discrete ||.[|,-norm or the
discrete |.||;-norm defined in 2.5.1). py, as defined in 2.4, is the ordinary restriction
operator to the grid.

Let’s consider the discrete norm properties 2.5.2.4 and 2.5.2.5. As a direct consequence

of these properties the following holds:
o lim [IfY = py(f(Dlloe =0 *Z dim [I£Y — pn(F())]2 = 0.
—00 N—o00

So convergence in the discrete L-norm leads to convergence in the discrete
Ly-norm.

e From 2.5.2.5 it follows directly, that the other way round is not true. So convergence
in the discrete L,-norm does not lead to convergence in the discrete L ,-norm.

2.5.4 Hausdorff-distance

As already stated the right-hand side of the ODE occurring in the considered class of
optimal control problems will in general be parametrized by the control. This, as shown
in 2.3.3, leads to considering set-valued right-hand sides in the ODE, which is then called
a differential inclusion. Dealing with this set-valued approach will include measuring the
distance between sets. This will be done using the Hausdorff-distance. In general the
Hausdorff-distance is defined the following way:

general Hausdorff-distance:
Let (M,d) be a metric space with metric d. Let furthermore be A, B ¢ M. Then the one
sided distance d of the sets A and B is defined in the following way:

d(A, B) := sup dist(a, B)
acA

Where dist(z, Z) = ing d(z,z) for x € M and C c M.

ze

This definition is not symmetrical, i.e. in general it holds d(A4,B) # d(B,A). The
Hausdorff-distance dj of the sets A and B adds symmetry by taking the maximum:

dy (A, B) := max (d(A, B), d(B, A))

Note: dy(A,B) = 0 does not mean that A = B, but it means, that A = B. The bar -
denotes the closure of a set.
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One property of the Hausdorff-distance is the triangular inequality:

Triangular Inequality
Let A,B,Z c M. Then it holds:

dH(AaB) § dH(AvZ)+dH(ZvB)

Proof :
The idea of the proof is to start with the triangular inequality for the dist-function and
derive the triangle inequality for d. This result then leads to the triangle inequality of the

Hausdorff-distance. Because of d(A, B) = sup dist(a, B) we are taking a look at dist(a, B)
acA
first. Via the triangular inequality for the dist-function one gets:

Def. of d
@ dist(a, B) < dist(a,{z}) + dist(z, B) < dist(a,{z})+d(Z,B) VzeZ

From the definition of the dist-function we get:
@ | da,2) = ing dist(a, {z}) = 3 (2x)pen C Z such that dist(a, z) LN dist(a, 2)
zE

As @ holds for all z in Z this leads to:

. ® . k— o0 .
o) dist(a, B) < dist(a, {z,}) + d(Z, B) £2°% dist(a, Z) + d(Z, B)
So we have:
@ dist(a, B) < dist(a, Z) + d(Z, B)

Applying the definition of d leads to:

@) Def. dy
® d(A, B) = supdist(a, B) < supdist(a, Z2)+d(Z,B) =d(A, Z)+d(Z,B) < dy(A,Z)+dg(Z,B)
ac€A acA

Of course A and B can be interchanged, which gives:

Def. d mmetri
d(B, 2)+d(2,A) < dy(B,Z)+dg (2, A) " TE 44 (A, Z)+dy (Z, B)

IN@®

@ 45 4

Alltogether we have:

®,®

DL ax (d(A, B),d(B,A)) < dp(A,Z)+dy(Z B)

dy (A, B)

One goal of this section is to use this concept to measure the distance between the
sets XN (T, ty, X,) and X (T, o, X,) respectively the sets X§ (T, ty, Xo) and Xe (T ty, Xo).
Recall, that X™(T,t,, X,) is the set of all feasible solutions to the discrete Mayer-
Problem respectively X (T,ty, Xy) the set of all feasible solutions to the continuous
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Mayer-Problem, both without pure state constraints ©. X& (T,t,, X,) is the set of all
feasible solutions to the discrete Mayer-Problem respectively Xg(T\, %, Xy) the set of
all feasible solutions to the continuous Mayer-Problem with pure state constraints.
XN(T,ty, X,) and X§ (T, ty, X,) are treated in 2.4.3.

Measuring the distance between a set X ¢ AC(I)" and XV € RV will always be
done on the grid. This means that the set X will be restricted to the grid by using
the ordinary restriction operator py (see 2.4.1) and afterwards the Hausdorff-distance
will be applied. So the Hausdorff-distance of X and X” has to be understood as

d(pn(X), X ™).

Of course the above definition of the Hausdorff-distance depends on the metric d,
which will always be a norm in this article. Three special cases, that will be considered
throughout this article are:

distY (b, A) := inf{ sup ||b—aly:ac A} (A c RWVFDR py ¢ ROV
j=0,...,N

dist (b, A) :=inf {||b — a|| : a € A} (Ac (M, ].]leo),b e (M,].]l))

disty (b, A) :=inf {||b—alls : a € A} (Ac (M,]|.]l2),b € (M,].]l2))

This dist-functions lead directly to the definition of the corresponding Hausdorft-
distances.

dH oo (A, B) := max (sup distY. (a, B), sup dist2 (b, A)) (A,B C R(NH)")
acA beB

dy (A, B) (sup disty, (a, B), sup disty (b, A)) (A, B C (M,]-lss))
a€A beB

dp 2(A, B) := max <sup disty(a, B), sup disty(b, A)> (A, B C (M,]|-]12)
a€A beB

So for X ¢ AC(I)" and X~ € RV*V" we have:

A1t oo (py(X), XN) = max [ sup distd (pn(2), XV), sup dist] (2", pn (X))
z(.)eX :ENEXN

For X, Y c AC(I)" we get:

dioo(X,Y) =max [ sup disto(2(.),Y), sup disto(y(.), X)
z(.)EX y(.)EY

And as a last example for X, Y c R" the above definitions deliver:

dy2(X,Y) = max (sup disty(z,Y), sup disty(y, X))
’ zeX yeY

Note: The examples above have been chosen to represent usage of the Hausdorff-
distance later on. The Hausdorff-distances occur especially in chapter 5. That chapter
is based on [2]. Note that dy ., used in [2] corresponds to dj) ., in this thesis.
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2.6 Differential Inclusion Theory

This section presents some basic results concerning differential inclusions. These
results will play a great role in chapter 5. That chapter is about the so called
Approximation Property and delivers one of the major results in this thesis, i.e.
a relation of the solution set of the Constrained Differential Inclusion and the
solution set of the Constrained Discrete Differential Inclusion. In chapter 3 the
results about Lipschitz-continuity of solutions of Differential Inclusions with glo-
bal Lipschitz constant are needed to get the so called Compatibility Property
(3.2.6). The uniform boundedness theorems are essential for restricting Lipschitz-
continuity premises on compact sets (see Theorem 3.2.2 and Theorem 3.2.4). Let’s
begin with a few assumptions. Recall the definition of the norm of a set (for example
|F(t,z)] = sup ||yll2, see 2.5.1) and the definition of the Hausdorff-distance (see 2.5.4).

yEF(t,x

Assumptions:

(A1’) F satisfies a linear growth condition in integrable form, i.e.:
There exists a nonnegative function Cp(.) € Ly(I) such that with ¢ € I and
z € R" it holds

1E @ )ll2 < Cr(t) (22 +1)

(A1) F satisfies a linear growth condition, i.e.:
There exists a constant Cr > 0 such that with t € I and z € R" it holds

|F(t,z)]ls < Cp (2]l +1)

Note: It should be easy to see that the assumption (A1’) is a weaker formulation of
(A1), i.e. (A1) implies (A1’).

These assumptions are enough to obtain the following results concerning the bounded-
ness and Lipschitz-continuity of feasible solutions to the Differential Inclusions.

2.6.1 Theorem (Uniform Boundedness)

Let the set of all valid initial values X, be bounded and let (A1’) be fulfilled.
Then all solutions z(.) of the Differential Inclusion presented in Definition 3, i.e.
z(.) € X(T,ty,X,), are uniformly bounded by the constant M := (|| X,|l, + Cf)e "
with Cp = [|Cr ()]

Note: This shows that there exists a compact set S € R™ such that x(t) € S for all
I’() S X@(T, to,Xo) and te [to,T]

Proof :
The strategy for this proof is exactly the same as for the well known Gronwall Lemma.
The only difference is the occurrence of the time dependent constant Cr(.).
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Let z(.) € X(T,ty, Xo). This means that () € F(t,z(t)) a.e. and z(ty) € Xy. So we get:

Def. || F(t,z(t))]l2
<

le(®)l2 = (ty) + / i(r) drlls < llo(to) 2 + / li(m) | dr

[l (to) |2 +/t 1E(r, ()2 dr < [ (t0) 12 +/t Cp(7) ([le(7)ll2 + 1) dr <

+(.) nonegative

t t C
1%l + / Co(r) dr+ [ Co(r) 2z dr
to

to

t
[ Xoll2 + Cf +/ Cr(m) |2(7)l2 dr (¢ € T)
— Ji,

C:=

Due to z(.) being continuous on I there exists a constant C, > 0 with ||z(¢)|, < C,
(t € I) (which means z(.) is bounded on I). Note that the constant C, depends on the
specific function z(.). This proof is about showing that there exists a constant M, which
is an upper bound to ||z(.)|| for all z(.) € X (T, ¢y, Xy), so we have to be careful not to
mix that up. From combining ||z(¢)||, < C, (t € I) with @ we get:

@ . t lz(m).<C. - ¢
@ le(®)]ls < € + / Crl(r) (7 dr ¢+, [ Culr)dr
to to
Placing @ in @ leads to:
@ R t @ R B t t 2
@| |at), < O+ / Cr(r) ()]s dr < C + € / Cotr)dr+C, [ Culry) [ Criry) dryim,
to to to to

Using the above inequality and placing it into @ and repeating that process k-times
gives us the following estimation:

~ ~ t ~ t Tk—1
le@l. <C+C | Cp(r)dr+---+C CF(Tl).../ Cr(r) dry, ... dmy
to

to to

@ k nested integral terms

t Tk

+Cx CF(Tl) CF<Tk+1) di+1...dTl (tEI,k‘EN)

to to

k41 nested integral terms

The right-hand side of the estimation depends on C,. To reach our goal we have to get
rid of that dependency. It should be clear, that we have to deal with the nested integral
terms of the form f:o Cp(m)... tTO"*l Cp(1,) dmy, ...dm. Via simple integration by parts
one gets:

t ™ t 2 t 7-1
[ et | cFm)drzdn:( / cF<T>dr) - [ cetm) [ Cotry) anan,
to tg to to to
2

é/t: OF(Tl)/tOTl Crp(1p) drodry = % </t: CF(T)d7'>
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This gives the idea for completing the proof. Indeed it holds:

t

@ Cplry). /t Cplry) dry ... dry = % (/: cF(T)dT)

k

to

It is easy to show that result via induction. The initial step has already been done. So
we consider @ to be true for k € N, then it follows:

t Tk inductive 1 t n k
/ CF(Tl).../ C’F(T;CH) ATy ---dmy duct / Cr(m) (/ CF(TQ)d7'2> dm
to t to to

o assunTption g
With integration by parts we get:

¢ ™ t ¢ ™ k
CF (TQ)dTQ) dTl

ot ([ o) i = ([ extorar) -k [ cutn

to to to to to

t 7'1 k 1 t k+1
& Cr(m) ( CF(TQ)d7'2> dr = = ( C’F(T)dT)
to to k41 \Js,

Combining both results we complete the induction step:

t T 1 t k+1
C Cr(1; dri,,...d7 = — / C d >
" #(T1) . F(T}g+1) Th+1 1 i+ 1)! ( . p(T)dr

Together, the initial step and the induction step prove, that @ ist true.
Combining @ and @ yields:

k

le@l> < ¢+ € / Cr(r) dr -+ O ( / Crtryar) +Cors / Cr(r) ar)

g;(/t:cF(f) dr>l+cx(ki1)! (/t:cF(T) dT)k+1 (tel, keN)

To obtain a uniform upper bound for all z(.) € X(T,ty, X,) we still need to get rid of
C,. But as the above inequality holds for all k¥ € N we can take the limit of £ — oo on
the right-hand side. From investigation of the exponential series it then follows:

kq t ! . 1 t k+1
> i (/ Cp(7) dr) S e r™M AT and ¢ TS (/ Crp(7) dT) =0 (k—o0)
<1\ s, '\,

= i

So we finally got rid of C, and obtain the final result:

k+1

©)

o)

® la(®)ll2 < Celloo 7 < Ge = (Xl + Cp) e (b 1)

M:=
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As a simple result of the Uniform Boundedness Theorem 2.6.1 we get that all soluti-
ons z(.) € X(T,ty, X,) are uniformly Lipschitz-continuous, i.e. Lipschitz-continuous with
uniform Lipschitz constant. We will call that Lipschitz constant L.

2.6.2 Theorem (Uniform Lipschitz Continuity)

Let the set of all feasible initial values X, be bounded and let (A1) be fulfilled.
Then all feasible solutions of the Differential Inclusion presented in Definition 3, i.e.
z(.) € X(T,ty,Xy), are uniformly Lipschitz-continuous with Lipschitz constant L
(with respect to the ||.|[;-norm).

Proof : Let z(.) € X(T,ty, X,) and t,t € I with ¢t > then:

() — 2@l = | / #(r) drl, < / ey ar €T / VF(r 2(r))]lz dr

Theorem 2.6.1 >i

(A1) ¢ -
< CF/ |z(7)llz + 1 dr < Cp (M+1)(t—t)
t
For t < t we get with the above inequality:
lz(t) = 2Dl = lz()) — 2(t)]l2 < Cp (M +1) F =) = Cp (M +1) |t — 1]
So overall we have for z(.) € X(T,ty,X,) and ¢,t € I:

lo(t) = 2(B)lls < Cr (M +1) |t — ]
————

L:=

For the discrete case we get similar results with the assumptions (Al) and (A1’). The
only thing that needs to be strengthened is that we need Cr(.) to be Riemann integrable
instead of “just” Lebesgue integrable. For our future investigations in the following
chapters, it will be of extreme importance that these results deliver a uniform upper
bound and an uniform Lipschitz constant independent of the grid, i.e. independent
of N. Let’s take a look at the discrete analog of the Uniform Boundedness Theorem
2.6.1 on the next page.
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2.6.3 Theorem (Discrete Uniform Boundedness)

Let the set of all valid initial values X, be bounded and let (A1’) be fulfilled. In addi-
tion let Cx(.) be Riemann integrable. Then all solutions ¥ of the Discrete Differential
Inclusion presented in Definition 6, i.e. 2" € X" (T, X,), are uniformly bounded by
the constant M := (|| X,|ls + Cr)e“® independent of N with Cy being the upper bound
of all Riemann sums hy Yr ' Cr(t;,) (this means hy S ' Cp(t,) < Cr VN € N). This
means that ||a:§v||2 <M (j=0,...,N) for all 2" € XN (T,t,,X,) and N € N.

Remarks:

e Be aware, that in general M # M. This is because Cp, is an upper bound to
all Riemann sums hy kN:_Ol Cr(t;) (N € N), which in general does not coincide
with [[Cr ()|l = Cy.

e This theorem shows that there exists a compact set S € R" such that xév €S
for all zV € X§(T,ty, Xy), j € {0,...,N} and N € N.

Proof
The ideas of this proof are exactly the same as for the proof of Theorem 2.6.1. The
major difference is that we have to deal with Riemann sums instead of integrals.

Let 2V ¢ XN(T, to, Xo). This means that there exists &Y e F(t,,2) such that foH =
2 + hy& . This leads to:

s i Def. || F(t,,¢")l|
N N N N N ’ LSt iz
25 [l2 = llzo +hNZ§z 2 < [lzo [l2 +hNZ & 2 dr
=0 =0
N = N (A1) N = N
o lla + b DO IFEN 2 < e o + ke > Crty) (il +1) <
=0 =0
@ i-1 j-1 Cr(.) Riemann

IXollz + 7 D Cr(t) + hy > Co(ty) Izl <
=0 1=0 integrable

Jj—1

[ Xollz + Cr +hy Z Crty) |27 |15
—_—

- =0
C:=

Note: There exists Cr with hy Zj.vgol Cr(t;) < Cr VN €N because the Riemann sums

hy Z;V;()l Cr(t;) converge for (N — oo). That’s why we needed C(.) to be Riemann

integrable for this proof.

Let C v = [Jz™ |y > |21 |l (1 € {0,..., N}). We then get:

Jj—1 Jj—1

@ |z Nl < C + iy Y Cr(ty) |27 |ls < C+ Cow by > Co(ty)

=0 =0
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Placing @ in @ leads to:
0 il j—1 -1
©) [zl < C+Chy Z Cpt,) +Cp~ hi Z Cr(t,) Z Cr(t,)
1, =0 1, =0 1,=0

Using the above inequality and placing it into @ and repeating that process k-times
gives us the following estimation:

. i1 le 1—1
a3 [l < C + C hy Z Cpty,) + -+ C hy Z (OF(tll)m Z CF(tl’“))

1,=0 1,=0 1,=0

@ k nested sums
j—1 b 1—1
+Con iyt Crt,)- Y Cplty,) (j€{0,...,N}, keN)

1,,=0

k nested sums

Note: Zf a; = 0 if k < I. This occurs in the inequality above, especially if the nesting
depth is greater than j + 1.

Again, our goal is to get rid of C ~. Unlike the proof in the continuous case, we have to
deal with nested sums instead of nested integral terms here. The idea now is to work
with the formula for integrals we have already from @ in the proof of Theorem 2.6.1,
ie.

@ /t:f(ﬁ) T e i an = g (/t:ﬂr)dr)k (f € Ly(D)

To use it the idea is to rewrite the sums occurring in @ as integrals. To do so we
introduce:

N—

Cilrv(t) = Z Cr(t) X[tl,tHl[(t)

=0

=

with y being the characteristic function, i.e.:

1 te[t,tiq]

X[tl,tHl[(t) = {0

else

So it holds:

0

® /"c%) dr = hy S Cp(ty)
t 1=0

To get the connection to @ just replacing the sums in @ via the formula above is not
enough.
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We need an additional estimation to work with @:
Let k€ {0,...,N} and let C* be Lebesgue integrable with C*(t) > 0 for all ¢ € I, then:

k—1 t, tr t
® hw Y Cp(t) [ CT(r)ydr< [ CR@t) [ CY(r)drdt
1=0 to to to

This follows directly from

k=1 t t
hN ZCF<tl) C+( dr = / (Z CF tl ( (7') dT) X[tlvtl+1[(t>) dt
=0 to to

and inspection of the integrand

k-1 t C T nonnegative k-1 t
S Oty ( [erm df) Veot® T EEOS Oy ( [ e dT) Neva(®)
1=0 to =0 to

Def. C () Nt < tc*(T) d¢> (tel)

to
With
t

N N Tl N
o) cF(Tl).../ CN(r) dry .. dry >0 (tel, keNU{O})
to

to

k nested integrals

By successively applying ® we get the result we were looking for to be able to use @:

= e ©®© i Tt N @
hN Z CF tl Z OF tl S CF (7'1)/ CF (Tk) di...dTl =
to to

1,=0

k nested sums

. k
1 BN k@1< = ) )
~ oNmydr) 2= (S Crt) | (Gel0,...,N}, keN)
k! (/t ) k! N; vy

In the final step we applied @ which transforms the integral representation back into
the sums representation. This result can now be substituted in @ to get an exponential
series like in Theorem 2.6.1:

i-1 F

" 1
ol < O C oy 3 Colt) -+ k<thcF tl>
@ 1,=0

k j—1 i k41
:ézil!<hNZCF(tl)> +CN( (hNZCFtl> (j €{0,....,N}, keN)

k+1
+Cn —— k+1 (hNZCF tl>

To obtain a uniform upper bound for all ¥ € X (T, t,, X,) we still need to get rid of
C ~. But as the above inequality holds for all £ € N we can take the limit of & — oo on
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the right-hand side. From investigation of the exponential series it then follows:

A i1 i , k+1
1 S
Zﬂ <hNZCF(tl)> (20 Cr0) and C o~ k+1 (hNZCF t;) > =0 (k— )
i=0 1=0

So we finally got rid of C ~ and obtain the final result:

@ el < Ol B ) < G = (Xl + Cr) % (€ {0, NY)

M:=

Like in the continuous case we get that all solutions 2™ € X™ (T, ¢y, X,) (N € N) are uni-
formly Lipschitz-continuous, i.e. Lipschitz-continuous with uniform Lipschitz constant
independent of N. We will call that Lipschitz constant L.

2.6.4 Theorem (Discrete Uniform Lipschitz Continuity)

Let the set of all feasible initial values Xy be bounded and let (A1) be fulfilled. Then
all feasible solutions of the Discrete Differential Inclusion presented in Definition 6,
ie. 2V e XN(T,ty, X,), are uniformly Lipschitz-continuous with Lipschitz constant
L (with respect to the ||.|,-norm).

Proof :

Note: (Al) implies that C(.) is Riemann integrable, because it is assumed to be con-
stant. So Theorem 2.6.3 can be applied in the proof.

Let 2™ € XN(T,ty, X,) and let I > k:

€F(t;,al)
-1y -1 fl—’%
N N N N N N
21 — i ll2 = hy ||Zh7(xj+1_$j N2 < hy ZHF(%‘H—% )2
o o
Def. ||F(tJ7I] )2 (A1) -1 N
hy ZHF ) )ls < Cphy Z(H%‘ 2 +1)
=k

Theorem 2.6.3 ~ l>k
< Cr (M +1) (I —k)hy 'Z° Cp (M +1) |t; — 1]

For I < k we get with the above inequality:
e =i lls = llar =i lla < Cp (M +1) (k= Dhy = Cp (M +1) [ty — 1y
So overall we have for z" € X (T, t,, X,,) and k,I € {0,...,N}:

27’ —ap la < Cp (M +1) [t; — t]
—_—

?1
Il
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3 Convergence Theorem (Problem Specific Approach)

3.1 Overview

In this chapter the main result |2 — pn(2()]loo < Ch,ll\,/2 is shown, where & is the
optimal solution to the discrete Mayer-Problem 2.4.2 respectively 2.4.4, z(.) the optimal
solution to the continuous Mayer-Problem 2.3.2 respectively 2.3.3 and C some constant
independent of N. Recall that py is the ordinary restriction operator to the grid (see
2.4.1). The approach presented here makes use of results specific to the problem class
itself and the chosen numerical method. A more general view on the approach used
in this chapter is presented in chapter 4. That chapter is included to give the reader
a better sense on how modular and flexible the method used here really is. In fact
there is the core concept of using Value Convergence in conjunction with a so called
Approximation Property, a Compatibility Property and an Inverse Stability
Property. All these properties are modules, which need to deliver certain results, but
may be interchanged to fit to specific problems and discretization methods.

We will start off directly with examining [|#" — py(2(.))||ls- The key to success is to bear
in mind that we ultimately want to make use of Value Convergence (convergence of the
objective function).

To give the reader an idea of the whole concept, the whole estimation will directly
be presented, which involves the 4 major steps mentioned above. These steps will be
explained later on in detail, but for now a short overview of these steps shall be given:

1. The Approximation Property ensures, that for any valid discrete solution z”
for the state of problem 2.4.2 there exists a solution 7y (z")(.) to the continous
problem 2.3.2 close enough to z" (on the grid) and vice versa. Although it might
seem that only the first mentioned direction is needed, we will see (when conside-
ring Value Convergence) that indeed both directions are the key to success. The
result we exploit here is ||2” — pn (7 (™) ()]loo < cha. As the reader might
see, this is the major component for connecting the discrete and the continuous
case.

2. The Compatibility Property ensures, that the value of the discrete L.-
norm of a L -function f(.) € L. (I)* restricted to the grid is close enough
to the value of the L_-norm of f(.). With the additional property of
Lipschitz-continuity for the function f(.) (with Lipschitz-constant L;) one gets
Hen (FC)loo = 1 f ()lloo| £ Lehpn . Together with the Approximation Property
this result will serve as a bridge between the discrete and the continuous ca-
se. In our case the function f(.) will be x5 (2")(.) — #(.) and the corresponding
Lipschitz-constant will be denoted by La.
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3. The Inverse Stability Property serves as a connection between the di-
stance of a feasible state to the optimal state together with the distan-
ce of a feasible control to the optimal control and the difference of the
corresponding values of the objective function. That’s the point, where se-
cond order sufficient optimality conditions come into play. The final re-

2
sult we will exploit here is o <||7rN(§3N)(.) — #()low + IFn(@N) —ﬁ:(.)||2> <

J (7 n (@) (b)) Tn (@) (T)) — T (£(to), #(T)), where 7y (2™ )(.) is an appropriate
solution for the state to the continuous problem according to the Approximation
Property. 7y (") is a corresponding feasible control to the state my(2")(.) and
a > 0. Note the use of the different norms, which is crucial here.

4. Value Convergence is convergence of the value of the objective function
J(&,2N) to J(&(ty),#(T)) for N — oco. Asuming Lipschiz-continuity of J (with
corresponding Lipschitz-constant L;) leads to [J(20, &%) —J(2(to), &(T))| < L; chy.
Based on that Value Convergence and the Approximation Property we will later
on obtain the result J(mwn (2" ) (to), 7n (8™ )(T)) — J(&(to), #(T)) < 2L; chy .
Together with the Inverse Stability Property this yields the important result

I7n(@)() = (Moo < /24 VRN.

Remember, the following estimation shall just serve as a starting point to see where this
chapter is going. The details crucial for understanding the whole picture will be pre-
sented later on. Nevertheless the whole estimation process will be shown. To estimate
2" = pn(2(.)]|lo we start off by using the Approximation Property, then the Compa-
tibility Property and finally the Inverse Stability Property in conjunction with Value
Convergence, i.e. the result in 4. So the whole process looks the following way:

choose ﬂ'N(er)(.)

13 = oy (2() oo 13 = oy (7 () (Do + llon (v (@)()) = v (@ ())lloo

accordag to 1.

< chy + llon (mn @)() = pv(E)lloo € el + Laghy + [ (@)()) - E() oo

3.4. 2L, ¢ hy<1 2L, ¢
S (C+LA1;)hN+ J VhN NS <C+LAI+ CLZ >VhN

«

C:=

The only reason for presenting the estimation process this way is that it is much more
readable. The way following the ideas, which lead to the final result, would be the
other way round. If we would go that way, we’d have to start with the inverse stability
combined with Value Convergence, because Value Convergence is the result we want to
make use of. And that is exactly what will be done in the next section. To understand
the ideas behind the approach above the estimation process will be presented in detail
there.
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The following figure shows the estimation process of the following section in detail.

transition from
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lon (mn @EY)() = pn(E()lloo

’J

supremum norm

. ||7FN(43N)(~)) —2()ll
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3.2 Detailed Estimation Process

In the previous section, in order to give a quick overview, only the surface of the concept
has been touched. This section deals with the details.

The central idea is based on the assumption of Value Convergence, i.e. convergence of
the value of the objective function J(&) , &) to J(&(ty), #(T)) for N — oc. If this is the
case, there is hope that the corresponding states and maybe even controls will converge
with respect to a certain discrete norm, too. For this to happen there is the need for
some sort of Inverse Stability Property, but more on that topic later.

Indeed under certain circumstances Value Convergence can be proven, but to do so we
need one major result, the so called Approximation Property. As we will see later on in
the prove of Value Convergence (see 3.2.2) there will be a need for a feasible solution to
the continuous Mayer-Problem (see 2.3.2 respectively 2.3.3) close enough to the optimal
discrete solution of the discrete Mayer-Problem (see 2.4.2 respectively 2.4.4) and vice
versa. So before taking a look at Value Convergence we shall consider the Approximation
Property. This property builds the core of the whole estimation process and is in no way
a trivial result. That’s why the whole chapter 5 of this thesis has been devoted to it. For
now only the result shown in chapter 5 will be presented.

3.2.1 Theorem (Approximation Property)

Recall Definition 2 (definition of feasible solution sets to the Mayer-Problem). Let
() € Xo(T,tg, Xy), 2" € X§(T,ty, X,) and let all the assumptions from chapter 5
((A1), (A2), (A3), (C1) and (C2)) be satisfied. Then 3N € N, such that for any
N € N with N > N there exist functions wy : X§ (T, t, Xo) = Xe(T,t, X,) and

Sn : Xo(T, to, Xo) — X& (T, ty, X,), such that:

lon (n (@) () = 2 [l < chy

[0n(z(.)) = pn(2()) oo < chy
Remarks:

e Note the image sets of the functions. They indicate that my(z™)(.) is a feasible
solution to the continuous Mayer-Problem and dy(z(.)) a feasible solution to the
discrete Mayer-Problem.

e An alternative description of the Approximation Property without introducing the
functions 7 and §5 would be by using the Hausdorff-distance d;j}’, o defined in
2.5.4

dfz}l,oo (PN(X@(T7 to, X0)), X6 (T, to7X0)) < chy

e As this is a general result for differential inclusions with certain properties it also
applies to the solution sets Xg (T, t, X,) and X& (T, to, X,) defined in Definition 1.
But we just need it for the solution sets to the Mayer-Problem.
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Now we are ready to take a closer look at Value Convergence of the Mayer-Problem
objective function. Indeed the only reason for using the Mayer-Problem formulation in
this article is that with only one additional assumption we get Value Convergence for
this special kind of objective function. The key components will be the Approximation
Property described above, the optimality of the discrete solution 2" in the discrete
case and the optimality of #(.) in the continuous case.

3.2.2 Theorem (Value Convergence)

Consider the objective function J of the Mayer-Problem 2.3.2 respectively 2.3.3. Let
J(.,.) be Lipschitz-continous in both arguments on X, x (S U S) (with Lipschitz-
constant L; with respect to the supremum norm) and let all the assumptions of
Theorem 3.2.1 (Approximation Property) be fulfilled. Then it holds:

|70, aN) = T (@(ty). &(T))] < Ly chy

Note: Lipschitz-continuity of J(.,.) is only needed on X, x (SUS). S C R" is the compact
set that contains all vectors z(t) for t € [ty,T] and z(.) € Xg(T,ty, Xo) (see Theorem
2.6.1). S is the discrete counterpart to S, so it contains m;v for all j € {0,...,N} and
N e X5 (T,ty, X,) for all N € N (see Theorem 2.6.3).

Proof :
We will estimate J(zp ,2N) — J(2(ty), #(T)) in both directions. To get the desired result
we make use of the optimality of 2" respectively #(.), i.e.:

J(@y an) < J(ah xy) v e X§ (T, to, Xo)
respectively
J(&(to), 2(T)) < J(x(to), (1)) Va(.) € Xo(T' 19, Xo)

From the Approximation Property (see 3.2.1) we get the existence of
6N(§j()) € Xév(Ta tOvXO) and 7TN(‘%N)() € X@(T7 t07X0)
with

165 (#()) = PN (E())loo < chy and [lpy (mn (#)() = " o < chy
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Combining both properties we get:

J(&0 ,@N) = J(@(t), #(T)) < JOn(E())o, On(E())n) = T (@(t0), #(T))

J Lipschitz

IN

Ly |6n(2(.) = pn(2()lo < Ly chy
and

TGN &Y — T(@(t).2(T) > T@EY ) — Iy (@) (to), (Y )(T))
T LG 2N — (e (V) (o), () (1)) oo

= Ly 13 = pn (e () (Do = Ly chy

Y

which leads to

(&0, &8) — I (&(to), &(T))]

IN

LJ ChN

Note: The estimation above is only possible, because the objective function in the
Mayer-Problem and the objective function in the discrete Mayer-Problem are the
same. That way we could make use of the Lipschitz-continuity of J here.

Now that we can make use of Value Convergence, the question of how to deduce con-
vergence of the corresponding states 2" and #(.) arises. The answer is to use some sort
of Inverse Stability Property, hence the name of the next property being introduced.
Specifically we will make use of second order sufficient optimality conditions in
this chapter. This is not the only way one could go for an inverse stability result, but
maybe the best in most cases. First order sufficient optimality conditions would deliver
an even better result, but unfortunately they do not apply in most cases. Again, a
more general way will be explained in chapter 4. The following is a well known result
from optimization theory in function spaces. We will first take a look at this form of
the second order sufficient optimality conditions and then adjust it slightly according
to our needs.

3.2.3 Theorem (Inverse Stability Property)

Let second order sufficient optimality conditions be fulfilled for the continuous problem.
Then 3& > 0 and € > 0 such that

a (Ilﬂ«“(-) =203+ flul) — ﬂ(-)ll%) = all(z(.),u() = (@), a())|z < J(@(te), 2(T)) = J(&(to), #(T))
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for all admissible pairs (z(.), u(.)) with [[u(.) — a(.)|lx < € and z(.) — ()] < €

Remarks

e The main part in second order sufficient optimality conditions is that
L (3, ) (v, w), (v, w)) > B]| (v, w)||2 has to be fulfilled for all (v,w) € L(S, (&,)).
Notations: L is the Lagragian, L" its second Fréchet and L(%,(Z,4)) the so

called linearizing cone of the feasible set . For further information see [1].

e The whole chapter deals only with Mayer-Problems, and indeed the above ine-
quality is needed for the extended state z(.). For verifying sufficient optimality
conditions it might be advantageous to stick with the Bolza-Problem and show
that the sufficient conditions hold. If the integrand of the objective function
f(.,.,.) is Lipschitz-continuous in all of its arguments on the feasible set, the de-
sired inverse stability property for the extended state can be obtained from the
inverse stability property delivered by analyzing the Bolza-Problem. Note that
the Lipschitz-continuity of f(.,.,.) follows directly from the Lipschitz-continuity
of ¢¥(.,.,.), which will be postulated in Theorem 3.2.4 anyway. So needing the
Lipschitz-continuity of f(.,.,.) is no additional restriction. For details see 6.1.1
in the examples chapter. For an example of how to verify second order opti-
mality conditions see section 6.2.2 about applying the Convergence Theorem

to Example 6.2.

e This result might be obtained for another norm than the L,-norm, which would
be fine. But the Ly-norm is the natural norm for proving that second order
sufficient optimality conditions are fulfilled. This has to do with the fact, that

the second Fréchet derivative of the Lagrangian is a bilinear form.

e Consider the different kind of norms used here. The phenomenon appearing
here is the so called Two-Norm-Discrepancy (in our case Ly- and L..-norm).
Also norms might be altered to some extent in the above statement, they may
not be easily exchanged by each other. The reason for that has to do with
existence of Fréchet derivatives with respect to certain norms. For example,
this result is only valid on an e-ball with respect to the L. ,-norm with center
(z(.),0(.)). It would be much more preferable to have that result with respect
to an L,-norm (1 < p < oo) than to the L.,-norm. This would widen the range
of pairs (z(.),u(.)) for which the above inequality holds. But to the author’s
knowledge such a result has not been proven yet. For further details on second
order optimality conditions in function spaces and the T'wo-Norm-Discrepancy

see [1].

Remember the final result [|#" — pn (&(.))]o < Chjl\,/2 we want to prove in this chapter.
This result states convergence in the discrete L_,-norm. When considering the above
second order optimality condition 3.2.3, at first sight one might think that the result
is too weak to use it to prove convergence of the state in the discrete L.-norm. And
indeed, just looking at the inequality given in 3.2.3 supposes only convergence in the
discrete L,-norm. This is because the left-hand side only delivers convergence in the
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Lo-norm, which is in general weaker than the L_-norm, and the L,-norm is related to
the discrete Ly-norm, not the discrete L, -norm (see 2.5.2). Also we haven’t yet made
any connection between the optimal discrete solution #" and the optimal solution for
the continuous case Z(.), a gut feeling or maybe a look in the overview section of this
chapter should tell us that we can’t proceed directly with the result given above if
we actually want to obtain the convergence result with respect to the L.-norm. But
fortunately the fact that z(t) = ¥(¢, z(t),u(t)) a.e. for feasible states of our problem
2.3.2, ie. z(.) € Xgo(T,ty, Xy), will help us out. With the additional assumption of
Lipschitz-continuity of ¢ in all of its arguments, we will be able to estimate ||z(.) —2(.)|ls0
by [[(x(.),u(.)) — (2(.),a(.))|2 (see the proof of the following Theorem), which leads us to
the stronger result we need.

3.2.4 Theorem (Adjusted Inverse Stability Property)

Let all the assumptions of 3.2.3 be fulfilled, let @(t) = (¢, z(t),u(t)) a.e. and &(t) =
P(t, &(t),u(t)) a.e. and let ¥(.,.,.) be Lipschitz-continuous in all of its arguments on
[to, T] x S x U (with Lipschitz-constant L, with respect to the supremum norm).

Note: Lipschitz-continuity of (., .,.) is only needed on [ty,,T] x S x U. U C R™ has to
be chosen in such a way that u(t) € U for all admissible controls u(.). S C R"™ is the
compact set that contains all vectors z(t) for t € [ty,T] and x(.) € Xg(T,ty, X,) (see
Theorem 2.6.1).

Then with & and e from 3.2.3 it holds:

a(z() = () + lul) = a()2)* < J(@(to), 2(T)) — J(&(ty), #(T))
with

(07

2
(/72 + 2Ly T —To +1)

for all admissible pairs (z(.),u(.)) with ||u(.) — 4(.)|le < e and [|z(.) — Z()|loo < €

o =

Note: The Lipschitz-continuity of ¢ stands in close relation to the assumption (A3) for
the Approximation Property (see chapter 5). So this is not much of an additional
requirement.

Proof :

Our main goal is to estimate ||z(.) — Z(.)|loo by ||z(.) — £(.)||2 and |Ju(.) —4(.)||o. The result
we want looks like ||z(.) — 2(.)||s < Cll(x(.),u(.)) — (&(.),4(.))||s with some constant C.
Let t € I, then:

() = &(t)lloc = III(to)+/t o(r,2(7), u(r)) dr — 2(to) —/t (7, (1), (7)) drlo0

@ < [lz(to) — &(to)lloc + | /t (7, (1), u(T)) — ¢ (7, 2(7), 4(7)) dr

@ ®
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We start off with estimating the second term (®). The result we will get will also prove

useful to estimate the first term (®@).

I wmv),um)—wm(ma(f)) drlle < t [(7, 2(7), u(7))

2.5.2.1

< Lw H(x(T),U(T))—(f(T),ﬁ(T))IlﬂT

) er 1/2 T 1/2
@ | no (/ Iz (#(), <T>>||§dr> (/ 1dT>
= Ly VT —to [(2(),u(.)) = (2(), a())]

Summary:

II/t (7, 2(7), u(T)) = (7, 2(7), 4(T)) d7l|oc < Ly/T —to [[(2(.), ul)) —

- 1/)(7—7 ‘%(7)7 ﬁ'(7—>)||oc dr

<L, / ¢ @)l e L, / (), u(r)) -

(&(7), a(7))ll o0 dr

(@(),a())ll2

We are now equipped to estimate @. We start with the same equality used at the
beginning of the prove, but as we want to estimate @ we use the triangle inequality of

the norm in the other direction. So we get for all ¢ € I:

le(t) — #(t)]oo = l(to) + / b, 2(r), ulr)) dr — i(to) / (8 (r

®
> le(to) = #(to)lloc — Ly VT —to [|(2(.), u(.)) = (2();

|00 (/ Ja(r) - i ||2df) (/ la(r) = ()%

So we get the following estimation for ||z(ty) — 2(to)so:

||$ (2 + Ly /T —to [|(z

||1: tO — & tO ”oo =
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> la(te) — #(to) oo — | / b, 2(7), u(r)) — ¥, 2(7),

(7)) drll

(7)) drll

a())l2

Using this result and taking a closer look at ||z(.) — Z(.)|| yields:

/2
dT)

T 1/2
> (llztto) = #(to)lloe = Lun/T—to (), u()) = (), 2(0)]l ) ( / 1 dT>
= VT 1o (e(t) = #t0)lloc — Ly /T —fo Il ((.),u() -

0

(@), ()l

= @(),a()ll2



Turning back to @ and estimating further with the results of @ and ® yields for all
tel:

() = &)l < lz(to) — (ko) ||oc+||/ (1, 2(7), u(r)) = (7, &(7), (7)) dr

@ ®®

III = 2()ll2 + 2Ly VT — to [[(2 @(),a())ll

Once again, this result is true for all ¢ € I, which gives us:

@ | 2() - () <

e 1) = G0+ 2Ly T () u() = GO )l

We now have the estimation we wanted for |z(.) — #(.)||o. To obtain the result
stated in this theorem we just need to take a look at (||z(.) — #(.)||ae + u(.) — @(.)]2)?,
apply the above result, estimate a little further and involve & to use Theorem 3.2.3.

Note: We will make use of the trivial estimates ||u(.) —a(.)|l2 < [[(z(.),u(.)) = (&(.), a(.)]l2
and [lz(.) = 2()[l2 < [[(z(), u(.)) = (£(.), a())]l2-

2 @
(120) = #(O)llso + 1u() — 8 2)* <
2
( - o) = #0) e + 2Ly T o |z #0), ()2 + lu() — a(. >||2> <
( T+ 2/ T o+ 1) (), u() = E0) ()3
By involving & from Theorem 3.2.3 this leads to:
> (120) = () oo + () — ()ll2)?
(/s +2LpvT— 1 +1)
<allz()u() - GO AR Y I alto), 2(T)) - J(@(to), #(T))
||

The result from Theorem 3.2.4 definitely brings us one step closer to the final result
of this chapter. Now we would like to combine the Adjusted Inverse Stability Property
with Value Convergence, which we have already proven. Again, taking a closer look
yields that this is not directly possible. This is because on the left hand side of
the inequality in Theorem 3.2.4 we have to deal with functions from the continuous
problem. There is no way to replace z(.) by 2" in that equality, but we can substitute
x(.) with a function that is close to 2" on the grid Gy. And this is the point, where the
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Approximation Property appears for the second time (the first time was in the proof
of Value Convergence). Recall the name of the function we are looking for is 7y (2")(.)
and it holds |2V — py(7x(EV)()|le < chy. With that estimation and the Adjusted
Inverse Stability Property (that we can make use of with 7y (#")(.)), there is hope that
we can combine both estimations to gain the final result. Indeed this will be possible,
but to do so we have to overcome the obstacle that one estimate involves the discrete
L.-norm and the other one the L_-norm. But more on that later. Let’s deal with
fitting 7y (2" )(.) into Theorem 3.2.4 first. The only problem with this is that we need
linear convergence for the difference of the objective functions on the right-hand side of
the inequality. But this shouldn’t be hard to prove, because we can make use of Value
Convergence, the Approximation Property and Lipschitz-continuity of the objective
function J (see prove of the following Corollary). So all this considerations lead us to

the important result below.

3.2.5 Corollary to Theorem 3.2.4 (Applied Inverse Stability Property)

Let’s consider the Mayer-Problem (2.3.2) and the discrete Mayer-Problem(2.4.2) again.
Let all the assumptions of Theorem 3.2.1 (Approximation Property), Theorem 3.2.2 (Va-
lue Convergence) and Theorem 3.2.4 (Adjusted Inverse Stability Property) be fulfilled.
Then with o and ¢ from 3.2.4 it holds:

o (I GV = 20l + 17 @) — A0)l) < T @) (). @YD) — S (@(t0). 2(T))

S 2LJ ChN

as soon as |7y (@™)(.) = () oo < € and [|my(EV)() = #()]o < €.

This implies for ||mx (#V)(.) — 2(.)||:

I @E¥)(0) = 20 loe < I @EY)(0) = Q) + Iin (@Y)(0) — ()l < 1) 2L

(6%
as soon as |7 (@™)(.) = () oo < € and [l (E)() = #()]loo < €
Remarks:

o mx(#V)() is a feasible state for the continuous problem according to the Approxi-
mation Property and 7y (2")(.) denotes a corresponding feasible control.

e The additional condition inherited from Theorem 3.2.4 ||y (a")(.) — &()|le < €
and |7y (2V)() — 2(.)|lo < € is unfortunately present. ¢ depends on the specific
problem, so this leads to an additional assumption one has to make. As already
mentioned in a note for Theorem 3.2.3 it would be desirable to only have to make
that assumption with respect to an L,-norm (1 < p < oo). There are investigations

using an Ly, g-norm (with 8 > 0) going on, but these are not part of this thesis.
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Proof :
The only thing that needs to be proven is that

J(mn (V) (to), i (V) (T)) = J(a(t), #(T)) < 2Ly chy

This is a direct consequence of the Approximation Property (Theorem 3.2.1), Value Con-
vergence (Theorem 3.2.2) and the Lipschitz-continuity of J postulated in Theorem 3.2.2:

T (mn (@) (to) my (3%)(T)) = T (#(to), #(T)) = T (mn (27 (t0), w (2°)(T)) = T (&5, #N)
@
+ I8, @n) = J(@(t), #(T))
@

The first term (@) can be estimated using the Lipschitz-continuity and the Approxima-
tion Property:

) T (mn (%) (to), T (@ )(T)) = T (&5, &) < Ly 1w (&) (to), v (@V)(T)) = (&0, EN) oo
< Ly o (my (@V)() = #"loo < Ly chy

The second term (@) can be estimated directly using the Value Convergence Theorem:

@ (I, aN) = J((te), #(T)| < Ly chy = J(30 ,2N) = J(@(to), #(T)) < Ly chy

Due to the fact that 7y (&")(.) € Xo (T, to, X,) is a feasible solution of the Mayer-Problem
2.3.2 and #(.) € Xgo(T,tg, Xy), it holds:

This, of course, follows directly from the second order sufficient optimality conditions,
too.

So overall we get:

0 < J(rn(@N)(to), mn (@N)(T)) = J(@(to), #(T)) = J(mn (&™) (t), mn (@™ )(T)) — T (&0, &N)

®©,®
+I(@,8N) = J(@(to), 2(T)) < Lychy + Ly chy = 2L chy

So let’s sum things up. We are now left with two major results. The first one is the
Approximation Property result || — py(7x(")())|lw < chy. The second one is the

2Lj chy
o

result from the corollary above, ie. [|mx(2V)() — 2()]w < . The goal now

is to combine those results to gain ||#" — pn(2(.))|le < Chy with some constant C
independent of N. The only problem doing so is that we have to deal with the discrete
Lo-norm in |2V — py(7x(#™)()||le and the L.-norm in [wy(2V)(.) = 2(.)]le. To be
able to combine them, the idea is to prove that ||zy(2")(.) — #(.)||l» is close enough

t0 [low (my (2%)()) = pn(@())llee to be able to work with [|pn (my (2™)(.) = pa(#())lloc
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instead of ||y (2™)(.) — 2(.)||s. We are now going to introduce that result, which will be

called Compatibility Property, in its general form and show afterwards, that it applies
to the function (mx(2V)(.) — £(.)). It’s then trivial to apply the triangle inequality to
[7n (@) () = 2(.)||lo and then use the two major results wrapped up before.

3.2.6 Theorem (Compatibility Property)

Let f(.) : I — R* (k € N) be Lipschitz-continuous (with Lipschitz-constant L, with
respect to the supremum norm). Then it holds:

[l (FOllao = 1 Olloe| < Egh

Proof :

As f(.) is continuous on I there exits ¢ € I such that || f(.)||.c = |fi(f)| for somei € {1,...,k}
(see definition of the ||.||-norm for f(.) € C(I)* ). With { € I there exists j € {0,...,N—1}
such that ¢ € [t;,¢;,,]. The Lipschitz-continuity of f(.) then delivers:

@ i) = £ < 1) = Ft)] < IFE) = FE) oo < Lylf — 1] < Lphy

From the definition of the discrete L.,-norm and the ordinary restriction operator to
the grid py, it directly follows that:

@ lon (fF( Dl = sup. 1 (E)loo = sup ( sup |fl(tj)|> = [fi(t5)]

,,,,,

Combining @ and @ leads to:

@
1f O llee = llon (Fllse = £ = lon (F( Do < [0 = 1£i(E5)] < Lehy

Due to {ty,...,tn} C I we get by considering the norm definitions that

1FOllse = lon (F(Dlloe =0

So overall we have:

0<IfOllee = lon (F(Dllso < Lphy
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Let’s apply the result of the compatibility property to the function (my(2V)(.) — 2(.)).

3.2.7 Corollary to Theorem 3.2.6 (Applied Compatibility Property)

Let assumption (A1) from section 2.6 be fulfilled, which leads to the fact that Theo-
rem 2.6.2 (Uniform Lipschitz Continuity) and Theorem 2.6.4 (Discrete Uniform Lipschitz
Continuity) hold.

Then
[lonmn(@™)() = pni (oo = I (@)() = 20)lloe| < Lashy
with
Ln, =2L (with L from section 2.6)
Proof

This is actually pretty simple, because the hard work already has been done in Theo-
rem 2.6.2 (Uniform Lipschitz Continuity) and Theorem 3.2.6 (Compatibility Property).
So we just need to show that (mn(&")(.) — #(.)) is Lipschitz continuous with Lipschitz
constant 2L.

Let t,t € I, then:

| (7w @)@ = 20)) = (7n @)D = 3D) oo < Imn @)@ = (@) Dllow + 13(8) = 2]

2.5.2.1 Theorem 2.6.

< @) = v @)@l + 12 - 2D CLt—d + Ljt— 1 = 2Lt — ]

We can now replace f(.) in Theorem 3.2.6 with (mx(2#")(.) — £(.)) and are done. |

Finally we have reached the point, where we have all major results ready to prove the
main result of this chapter, i.e. |2 — py(2())]lw < C’h}vm. So let’s wrap things up:

The initial idea was to use Value Convergence (Theorem 3.2.2) in conjunction with
Inverse Stability (Theorem 3.2.3) to deduce convergence of the corresponding states
from convergence of the objective function values. This did not lead to the final result,
but brought us to Corollary 3.2.5, which is pretty close. To get a connection to the
discrete norm, Corollary 3.2.7 came in handy. And finally one can make use of the Ap-
proximation Property (Theorem 3.2.1) to fill in the gap between &V and py (my(2")(.)).
This describes the whole estimation process from right to left, but it is not convenient
to write things down that way. It is way better to go from left to right. So we start
directly with estimating ||#" — px(2(.))||. While bearing in mind, that we ultimately

want to apply the result of Corollary 3.2.5, i.e. [|rn(2V)() — 2()] o < 1/%.

The first step is getting = (2")(.) into play:

D 3" = pn @Ol < 17V = o (e @)Dl + lox (T (@¥)()) = o ()|

The first term can be estimated by using the Approximation Property (Theorem 3.2.1):

o4



@ 13 = pa(ra (@) () loo < chy

The second term [|px (7x(#")(.)) = py(E()|la is close to |7y (E™)(.) — &(.)||o, Which is
guaranteed by Corollary 3.2.7 (Applied Compatibility Property):

[lonmn @) = pnOlloe = I (@)() = 3()lloc| < 2L by

= [onmn (@) = (oo < 2L hy + [lrn (3™) () = 20l

©)

So finally the term |7y (2")(.) — 2(.)||l» occurs, for which we have from Corollary 3.2.5
(Applied Inverse Stability):

@ I (E¥)() — 2 < f 222N

Combining @ and @ with ® and finally using @ delivers:

@
13 = oy (@(Dloo < 12" = on(wn @) (Do + lon (Ta(E)()) = pn (@)oo

@
< chy + o (my (@7)()) = pn(E(Dlloo < ey + 2Ly + [mn (EV)()) = 2]l

2L hn <1 [2L
(C+2L)h1\/‘+ JC\/hN S <C+2L+ C;]C> \/hN

(&%

NS

IN

IN®

C:=

Note: In the last step we assumed hy < 1 so that hy < v/hy. So the estimation above
holds for N > T — t.

So overall we have proven the following major result.

3.2.8 Convergence Theorem

Let all the assumptions from chapter 5 (X, bounded, (A1), (A2), (A3), (C1) and (C2))
be satisfied. This leads to the fact, that the Approximation Property 3.2.1 holds with
constant c. From (A1) we also get that the Applied Compatibility Property (Corollary
3.2.7) can be used with constant L,, = 2L. Also let the objective function J(.,.) be
Lipschitz-continuous on X, x (SUS) in both arguments with Lipschitz constant ;. This
leads to Value Convergence (Theorem 3.2.2). Furthermore, let second order sufficient
optimality conditions be fulfilled (see Theorem 3.2.3) and let the right-hand side of the
ODE (., .,.) be Lipschitz-continuous in all of its arguments on the set [ty,T] x S x U
with Lipschitz constant L,. This implies that the Adjusted Inverse Stability Property
(Theorem 3.2.4) applies with constant .
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With all these assumptions it then holds:

(0%

13 = o (#() oo < <c+2L+ 2LJC> Vhx

C:=

Remarks:

e This result only holds for sure as soon as |an(@")() — a()||l. < € and
|7y (@) () = 2()||loo < €. For details on that matter and the constant e see Theo-
rem 3.2.3 (Inverse Stability Property) and Corollary 3.2.5 (Applied Inverse

Stability Property).

e Lipschitz-continuity of J(.,.) is only needed on X, x (SUS). S ¢ R" is the
compact set that contains all vectors z(t) for t € [ty,T] and z(.) € Xgo(T,ty, Xo)
(see Theorem 2.6.1). S is the discrete counterpart to S, so it contains xjv for
all j €{0,...,N} and 2™ € X§ (T, ty, X,) (see Theorem 2.6.3).

e Lipschitz-continuity of (., .,.) is only needed on [t,,T] x S x U. U C R™ has to
be chosen in such a way that u(t) € U for all admissible controls u(.).

As this chapter presented the whole concept for a specific class of optimal control
problems, the reader should be somehow familiar with the techniques used. This should
make following along the more abstract view presented in the next chapter easier.
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4 Convergence Theorem (General Approach)

4.1 Overview

This chapter presents the estimation process of chapter 3 in a more general, hence pro-
blem independent, way. We are no longer talking directly about the Mayer-Problem
presented in 2.3.2 here. Chapter 3 has been presented before this one, because in the
author’s opinion the core concepts are easier to understand when working with a specific
problem class, which makes it possible to obtain distinct results. In the more general
approach we will just be able to make the assumptions for achieving certain goals, but
we won’t be able to prove that they are fulfilled without considering a specific problem
class. This chapter is only about presenting certain modules, usually in a weaker form
than in chapter 3, that will lead to a convergence result. Again, whether these modules
can be applied or not depends on the specific problem considered. The essential modules
are the Approximation Property, the Inverse Stability Property and the Compatibility
Property. In the previous chapter these were theorems we were able to prove under cer-
tain conditions. Now these are modules making weaker statements, which should make
it possible to apply them to a wider range of problem classes. Of course these weaker
statements will lead to weaker results. Especially assumptions on convergence will be
weaker than the results obtained in chapter 3. In general we will just presume conver-
gence with respect to a certain norm, whereas we were able to obtain linear convergence
for most modules when considering the specific problem 2.3.2.

The problems we are talking about in this chapter will just be called continuous pro-
blem and discrete problem. To get an idea of what those problems may look like, the
reader is strongly advised to take a look at the continuous Mayer-Problem 2.3.2 and its
directly discretized counterpart, the discrete Mayer-Problem 2.4.2.

This time we will gain a weaker result, which is

Jim 1Y — pn(&(.)) || =0
— 00
where 2(.) is the optimal solution to the continuous problem, 2" the optimal solution to

the discrete problem and ||.|| an appropriate discrete norm. Choice of this norm heavily
depends on the Inverse Stability Property and the Compatibility Property available.
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In general all notations will stay the same, except the following ones.

Notations:
As we are talking about general optimal control problems in this chapter it makes
sense not to use the same notation for solution sets, although notation will be
pretty similar:

X: Set of all feasible solutions to the continuous problem.
X"N:  Set of all feasible solutions to the discrete problem.

Note that we are not distinguishing between pure state constraints included or not
(which was denoted by a subscript ©) in this chapter. This makes sense, because
there is no specific problem considered here.

|l.Il:  Appropriate norm. Depends on the Inverse Stability Property and the
Compatibility Property available. The corresponding (relating to the
Compatibility Property) discrete norm will be denoted the same way.
The arguments make clear which norm is meant.

[II]]l:  Another appropriate norm. Usually stronger than |.|.
For example ||.|| might be the Ly-norm and [||.||| the L, -norm.

Once again, the following section essentially presents a similar estimation process as
section 3.2 in the previous chapter. All the ideas are exactly the same. This chapter
builds upon the previous one so the basic ideas will be explained way shorter. The
reader is strongly advised to read Chapter 3 first.

4.2 Estimation Process (General Form)

The main idea of the whole concept is making use of Value Convergence of the objec-
tive function J(.,.), which shall look like the objective function of the Mayer-Problem
presented in the last chapter. It is essential that the objective function does not change
when switching from the continuous to the discrete case. This is because both functions
need to be comparable. In fact, it would be possible to consider an objective function
that depends on the state at an arbitrary number of time points, but it is convenient to
let J just depend on the state at ¢, and T respectively ¢, and ¢y (the first and the last
time point). As shown in the previous chapter this can be easily achieved for objective
functions with integral term by using the Mayer formulation.

To obtain Value Convergence we need some sort of Approximation Property, which we
have to premise here. It will be postulated in a weaker form than in 3.2.1 so that it is
more likely to be fulfilled. For obtaining the result in 3.2.1 the optimal control problem
had to fit quite a lot of needs (see chapter 5).
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4.2.1 Approximation Property (General Form)

Recall the Notation about solution sets in this chapter. Let z(.) € X, 2" € X". Then
JN € N, such that for any N € N with N > N there exist functions 7y : X — X and
Sn : X = X%, such that:

Jim (o (my(@™)()) ~ ]l =0

Jim (3 (2()) ~ p(x())le =0
Remarks:

e Note the image sets of the functions. This means, that my(z")(.) is a feasible
solution to the continuous problem and dy(z(.)) a feasible solution to the discrete
problem.

e Unfortunately this proposition has to be made with respect to the ||.||,-norm to
obtain Value Convergence of the objective function.

e An alternative description of the Approximation Property without introducing the
functions 7 and §, would be

lim dH’OO(pN(X),XN> -0

N—o0

where dy ., is the applied Hausdorff-distance defined in 2.5.4.

The Approximation Property helps us gain Value Convergence.

4.2.2 Theorem (Value Convergence, General Form)

Consider the objective function J(.,.) : as described before. Let J(.,.) be continuous
and let the Approximation Property 4.2.1 be fulfilled. Then it holds:

lim J(&5, &5) — J(#(ty), #(T)) = 0

N—o00
Proof :
We will estimate J(zp ,2N) — J(2(ty), #(T)) in both directions. To get the desired result
we make use of the optimality of 2" respectively 2(.), i.e.:

J(&0 ,aN) < J (25, 2N) va¥ e xN
respectively
J(&(to), 2(T)) < J(2(to), z(T)) vr(.) e X

From the Approximation Property 4.2.1 we get the existence of dy(#(.)) € X~ and
my(@V)() € X with ]Vlgnwlle(WN(wN)(~)) — 2" = 0 and i [1on (2(.) = pv (2()) ]l = 0.

Together with the optimality, this will deliver the statement of this theorem.
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For the first direction we get:

T(&0 #N) — J(#(te), #(T)) < J(6x5 (2()0, Sn (#(-) ) — I (8 (ko) &(T))
From the Approximation Property 4.2.1 we get:
1On (2(-))o On (2(-)) ) = (2(t0), #(T))lloe < Jim [[0n(2()) = P (E())]loo 220
@ | With J(,.) being continuous this leads to
(N (2())0: On (2() ) = J(2(to), 2(T)) = 0 (N — o0)

So taking the limit in the inequality for the first direction delivers:

N—o0

And for the second direction:

J(&0 ,&N) — (@ (te), &(T)) > J (&5 ,@n) — J(mn (@) (o), ma (27)(T))
From the Approximation Property 4.2.1 we get:

18,33 — (rar () (t0), (VT o < Jim (137 = oy (i () () o 2225 0
@ | With J (.,.) being continuous this leads to
T(& ,@n) — J(wn (@) (t), iy (@)(1) = 0 (N = o0)

So taking the limit in the inequality for the second direction delivers:

Combining both directions @ and @ leads to:

lim J(&,2N) — J(&(t), #(T)) = 0

N—o0

Note: The estimation above is only possible, because the objective function in the
continuous problem and the objective function in the discrete problem are the same.
That way we could make use of the continuity of J here.

Again we want to deduce convergence of the corresponding states from Value Conver-
gence. To do so we need some sort of Inverse Stability Property. With results from
optimization theory in mind, like second order sufficient optimality conditions presented
in 3.2.3, it makes sense to take a look at J(my(2")(to), 7 (2 )(T)) — J(&(to), #(T)) first.
With Theorem 4.2.2 we get the following corollary.
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4.2.3 Corollary to Theorem 4.2.2 (Extended Value Convergence)

Let J(.,.) be continuous and let the Approximation Property 4.2.1 be fulfilled. Then
it holds:

lim J(my (2")(t), my (2™)(T)) = J(&(to), #(T)) = 0

N—o00
Proof :
This is a direct consequence of the Approximation Property (Theorem 4.2.1), Value
Convergence (Theorem 4.2.2) and the continuity of J postulated in Theorem 4.2.2:

T(rn (V) (t), mn (BV)(T)) = (& (to), #(T)) = J (mn (&) (to), ma (&°)(T)) = T (&, &)
©
+J (3, @n) — J(@(to), #(T))
@

For the first term (@) we make use of the Approximaiton Property and the continuity

of J.
From the Approximation Property 4.2.1 we get:

1@5", %) = (mn (&) (to), 7w () (T)loo < Jim (2% — v (i (27) (oo TTT) 0
@ With J(.,.) being continuous this leads to
J(#5 ,@n) = I (mn (@) (to), T (3)(T)) = 0 (N = o0)

The second term (@) is directly covered by the Value Convergence Theorem 4.2.2:

@ (@5, &) = J(@(te), (1) S22 0

Combining @ and @ delivers:

lim J(my (2")(t), my (27)(T)) = J(&(to), (1)) = 0

N —oc0

We are now able to formulate an abstract Inverse Stability Property, which should
guarantee |7y (2")(.)—&(.)|| = 0 (N — o0) at least locally. The reader is strongly advised
to take a look at the Inverse Stability Property shown in the last chapter, which makes

use of second order sufficient optimality conditions.
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‘ 4.2.4 Inverse Stability Property (General Form)

It exists a function ¢ : I — R such that:

e For |||mx(@V)(.) — 2()|]] < € and |||7yx(@")(.) — a(.)]|| < e with € > 0 chosen appro-

priately it holds:

o (Imn (@™)() = 2()1) < T (@) (k) 7 (@V)(T)) = T(a(to), 3(T))
where [||.||| is a usually stronger norm than |.||.

e ¢ is strictly monotonously increasing, hence invertible. In addition its inverse
is continuous. This property may be restricted to the interval [0,a] with a :=

sup { Imv(#)() = Q)] | Hllm (™)) = )l < ef
Remarks:

o mx(2™)(.) is a feasible state for the continuous problem according to the Approxi-
mation Property and 7y (a2 )(.) denotes a corresponding feasible control.

o |[|[mn(@E™M)() —2()]|| < € and [||7n(a)(.) = a(.)]|] < € represent the local restriction

of the Inverse Stability Property. Unfortunately results from optimization theo-
ry usually include such constraints. Second order sufficient optimality conditions
presented in 3.2.3 shall serve as an example.

e The reason why o needs to be continuously invertible can be seen in the next
theorem.

Combining Extended Value Convergence (4.2.3) with the general Inverse Stability
Property (4.2.4) assures |7y (2")(.) — &(.)|]| = 0 (N — o0) locally:

4.2.5 Theorem (Local Convergence)

Let all assumptions of the Extended Value Convergence Theorem (4.2.3) and let the
general Inverse Stability Property be fulfilled. Then it holds:

Jim [y (2Y)() = ()] =0

As long as there exists N € N such that |||z (2" )(.)=2(.)||| < e and |||7y (@) () —a()]|| < e
for all N > N, with e from the Inverse Stability Property 4.2.4.

Proof :
Let [||mn(27)(.) = 2()[| < e and [||7x(@") () = a()]]| < e
From the Inverse Stability Property 4.2.4 we get

o (Imn (@) = 2()1) < T (@) (k) i (@)(T)) = T(@(te), &(T))

With o being strictly monotonously increasing it follows that
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D I @)O =20l <o (Tn @) o), m (@)D = T(@lty), 3(T)))

From Extended Value Convergence (4.2.3) we have

@ lim J(my (&) (to), 7 (37V)(T) = T (&(to), 2(T)) = 0

N—00

As ¢~ was premised to be continuous in the Inverse Stability Property 4.2.4 we get
from combining @ and @ that

@®
Imn(@)() = ()] £ 07t (e (@) (to). mn (@)(D)) = J(alte), (1)) 220

So we have

Jim [y (#)() — #()]) = 0

The only thing left now is to connect ||#" — py(2())|| with [|xx(2V)(.) — &(.)| via the

Approximation Property 4.2.1. To do so we need a connection between the norm in the
continuous case ||.|| and its “corresponding” discrete norm, which we called ||.||, too. The
discrete norm appears in ||#" — py(&(.))|| and the continuous one in ||xy(E")(.) — ()|
which can be clearly distinguished by the arguments being functions respectively
vectors with a finite number of components. What connects the discrete norm and
the norm in the continuous case is the so called Compatibility Property. With the
Local Convergence Theorem 4.2.5 we have légnoo lmn (@V)() = &(.)|| = 0 with respect to

a certain norm. Depending on the kind of Compatibility Property available we have to
choose the corresponding discrete norm, which then leads to a convergence result for
7n(@V)() = 2(.)|| in that specific discrete norm. So let’s take a look at the last module

we need.

4.2.6 Compatibility Property (General Form)
For f(.) := mn(@™)(.) — &(.) it holds:

Jim [lox (PO = 1£01| =0

Note: If we know, that f is Lipschitz-continuous then we get from Theorem 3.2.6 that

[low (F(Dlloe = 1FOlls| < Lyl

This should lead to a similar result for the ||.||-norm, which we are considering here.
Once again, the specific norm that is represented by ||.|| in this chapter, depends on
the Inverse Stability Property available.
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Now we have all the modules ready for use. The whole process then looks like:

The first step is getting 7y (2" )(.) into play:
@ 13 = pn @O < 112" = pn (e @O+ o (o (7)) = pn (@)
For the first term we get by directly using the Approximation Property 4.2.1:

@ 13 = pn(rn @) =0 (N = o)

The second term ||px (7x (2Y)(.) — pn(&())|| is close to ||my (&™) (.) — 2(.)||, which is gua-

ranteed by the general Compatibility Property 4.2.6:

lowmn (@)() = pn@()l| = lrn (@)() = 20| < e(N)
©) = lonmn (@) = vl < o (V) + [y (@V)() = 2()]
with p(N) =0 (N — o)

So finally the term |my (&™) (.) — #(.)|| occurs, for which we have from the Local Conver-
gence Theorem 4.2.5:

@ lrn (EV)() = ()| =0 (N = o0)

As long as there exists N € N such that |||z (2" )(.)=2(.)||| < e and [||7yx (@) () —a()]|| < e
for all N > N, with e from the Inverse Stability Property 4.2.4.

Combining @ and ® with @ and finally using @ delivers:
N R D N N N A
27 = pn (@ < 127 = pn(en (@) O+ llon (mn (7)) = pa (2C)

®
< |2 = oy (an @)D+ @(N) + |lrn ()() = 2()l]

This means it holds:

Jim 13" = px(#())]| =0
—00

64



So overall we have shown that the following theorem holds.

4.2.7 Convergence Theorem (General Form)

Assume that the Approximation Property 4.2.1 holds and let J(.,.) be continuous in both
arguments. This leads to Value Convergence in the form of Theorem 4.2.2. Furthermore
let the Inverse Stability Property 4.2.4 and the compatibility property 4.2.6 be fulfilled.

With all these assumptions it then holds:

Jim 13" = px(2())]| = 0
—00

Note: This result only holds if there exists N € N such that |||z (" )(.) —2(.)||| < € and
|7x (@) () = a()||| < € for all N > N. For details on that matter and the constant e
see Theorem 4.2.4 (general Inverse Stability Property).

Chapter 3 and 4 do rely heavily on some sort of Approximation Property for the feasible
solution sets. The next chapter shows that under certain circumstances such a property
really does exist.
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5 Approximation Property

5.1 Overview

This chapter is intended to prove the Approximation Property presented in 3.2.1. It is
based on article [2]. However we won’t need any convexity assumptions, which is quite
an improvement. The idea for proving results without the need of convexity is based on
[4] and [5].

We will consider the solution sets to the Constrained Differential Inclusion introduced
in Definition 3 and the Constrained Discrete Differential Inclusion introduced in
Definition 6 with bounded starting set X,. Recall that they are denoted by Xg (T, ¢y, X,)
respectively X3 (T, to, X,). X, being bounded is needed to apply the theorems of
section 2.6. Furthermore the reader should be aware of the fact, that the Constrained
Differential Inclusions involve pure state constraints, which is a major difficulty. This
makes obtaining the desired result, already presented in Theorem 3.2.1, way more
complex.

Note: The notations in this chapter are the same as in the set-valued Mayer-Problem
sections of chapter 2.

The proof consists of two major parts. The first one is about proving the result
without pure state constraints. The second one is the part based on [2], which
uses the result without state constraints and combines it with a result obtained
for the state constrained case. Both parts are in no way trivial and this thesis
cannot cover any detail. This chapter is intended to wrap up all the results that
lead to 3.2.1. One thing, that will be explored in detail, is the extension of the
result from [3] to get rid of the convexity assumption made in [3]. For the approach
to obtain the Approximation Property in this chapter the set-valued right-hand
side F of the Differential Inclusion needs to fulfill the following assumptions:

Assumptions:

(A1) F satisfies a linear growth condition, i.e.:
There exists a constant Cr > 0 such that with t € I and z € R" it holds

IE @ )ll2 < Cr (lzl2 +1)

(A2) F has nonempty compact images.

(A3) F is Lipschitz-continuous in (t,x) for all t € I and z € R™ with Lipschitz
constant Ly with respect to the Hausdorfl-distance, i.e.

dyo (F(t,x), F(ty)) < Lp(lt =t + e —yl2) (€l 2,y €R)

The figure on the next side shows the whole concept and even some results only
presented in [2].
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5.2 Approximation Property for the unconstrained case

This section proves the Approximaiton Property for the case without pure state cons-
traints. So the solution sets one has to consider here are X (T'ty, X,,) (see Definition 2)
for the Differential Inclusion introduced in Definition 3 and X™ (T, t,, X;) (see Definition
4) for the Discrete Differential Inclusion introduced in Defintion 6. The final result of
this section will be:

dI-]}[,oc (PN(X(T, to, X)), XN (T, tho)) < chy

where d ;IV o« 1s the Hausdorff-distance introduced in 2.5.4.

Note: As mentioned in a remark to the Theorem 3.2.1 this way of representing the
Approximation Property is completely identical to the way used in 3.2.1, which
involved the introduction of the functions wx(.) and dy(.).

This section on its own involves three major results. The first and the second one (both
presented in [3]) are well known in literature and will be presented without proof. The
third one was published by Mattias Sandberg with proof in paper [4] and [5]. This thesis
presents a slightly alternated proof. This proof won’t go for convergence of reachable
sets, which makes it a lot more readable.

The core of this concept will be the convergence result from [3] which needs the images
of F to be convex, which this chapter tries to avoid. So we introduce the following
Differential Inclusions and corresponding solution sets, which are the same as in
Definition 3 and Definition 6 apart from the fact that the right-hand side has been
convexified.
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Definition 8:
X.o(Tyty, Xo) shall be the solution set to the following Differential Inclusion with
r e AC(I)":

&(t) € coF(t,z(t)) a.e.

x(to) (S XO

XN (T, t, X,) shall be the solution set to the following Discrete Differential Inclu-
sion with 2" € RV D"

xﬁ_lex]]y—l—hN-COF(tj,xjy) (j=0,...,N—1)
l‘év - XO
Remarks:
e co delivers the convex hull of a set.

e If the images of F are already convex, it of course holds co F(t,z) = F(t,x),
which leads to X, (T, ty, Xo) = X(T, to, Xo) and X2 (T, te, Xo) = X (T, to, Xo)
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With this definition, the convergence result with convex right-hand sides looks like this:

5.2.1 Convergence Theorem for convex Differential Inclusions

Let (A1), (A2) and (A3) be fulfilled. Then it holds:
dll}/v,oo (pN(Xco(T7 t07X0))aXéX(T7 tO7X0)) S C(DhN

Proof : For a proof see [3]. |

The goal now is to obtain a similar estimation for d}}ioo (pn (X (T, 19, X0)), pn (Xeo(Ty 1o, X0)))
and d}}[m (Xég(T, to, Xo), XV (T, tO,XO)) and then use the triangular inequality of the
Hausdorff distance (see 2.5.4), i.e. in this case:

d}]}[,oo (pN(X(T7 t07 XO))7 XN<T7 th XO)) < dII—IVoo (pN(X(T7 th XO))’ pN(Xco(Ta t07 XO))) +

®
B e (P (Xeol T 0, X0)), X2U(Tit0, X)) + i) e (KT 10, X0), XN (T80, X))

@ ®

For @, i.e. dﬁoo (pn (X (T, 9, X0)), pv(Xeo (T, tg, X)), one can directly use Filippovs rela-
xation theorem, a result well known in literature (see [6]).

5.2.2 Filippovs Relaxation Theorem

Let (A2) and (A3) be fulfilled. Then for every z(.) € X, (T, ty, Xo) and e > 0 there exists
y(.) € X(T, 1y, Xp) such that
() =yl <€

which is equivalent, to

dH,oo (X(Ta thXO)7Xco(T7 tOvXO)) =0

Note: The equivalence follows from:
For every z(.) € X(T,ty, Xy) and € > 0 there exists y(.) € X ,(T,ty, Xy) such that

() = y()llec =0

which is a trivial result, due to F(t,x) C coF(t,z) (t € I, € R") leading to
X(T,ty, Xo) C X o(T,ty,Xy). Together with the relaxation theorem this leads to
X(T,to, X)) = Xo(T,ty, Xy), where the bar - denotes the closure of a set (in this
case the closure with respect to the supremum norm). When the closure of two sets
is equal, the Hausdorfl-distance is 0.

From dy o, (X(T,t0, Xo), Xco(T, 19, X)) = 0 it follows directly by the definition of djy
and dl‘]}],oo that df]}’,oo (pN(X(T7 tO7XO))apN(Xco(Ta thXO))) =0.
Proof : See [6].
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We now have sufficient estimations for the Hausdorff-distances @ and @. The only
term left now is @, which will be explored in detail. The result we need is the same as
Filippovs Relaxation Theorem, but this time for discrete convex Differential Inclusions.
The proof will be quite lengthy and at the beginning pretty technical. But the core
concept is nevertheless quite interesting.

5.2.3 Convergence Theorem for convex discrete Differential Inclusions

Let the set of initial values X, be bounded and let (Al), (A2) and (A3) be fulfilled.
Then for every 2" € XN(T,ty, X,) there exists y" € X" (T ty, X,) such that

N N
sup |lz; —y; |l < Cshy
§=0,..,N

which is equivalent to

dll}/v»oo (Xé\O/(Tv tO7XO)7XN(T7 thX())) S C:S'hN

Note: The equivalence follows like in Theorem 5.2.2:
Due to

F(t,z) CcoF(t,z) (t€ I, v €R")
one gets X (T, ty, Xo) € XN(T,ty, X,). So d(XN (T, ty, Xo), XN(T', 19, X)) = 0, with d
defined in 2.5.4.

Proof :
The proof of this theorem is based on [4] and [5]. It will be presented in detail in
section 5.4.
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Jumping back to the triangular inequality presented at the beginning of the section and
using Theorem 5.2.2 to estimate @, Theorem 5.2.1 to estimate @ and Theorem 5.2.3 to
estimate @ we get the final result for this section.

5.2.4 Theorem (Convergence Result for the unconstrained case)

Let the set of initial values X, be bounded and let (Al), (A2) and (A3) be fulfilled.
Then it holds:

dPJXoo (PN(X(T7 to, Xo)), X (T, t07X0)) < chy

Proof :
The proof is a simple consequence of Theorem 5.2.2, Theorem 5.2.1 and Theorem 5.2.3:
A8 oo (P (X(T, 10, X)), XV (10, X)) < diff e (o (X (T k0, X)), pv(Xeo (T o, X)) ) +

dljy,oo (pN(Xco(Tv tOv XO))v Xg)(Ta th XO)) + dljy,oo (Xég(Ta tOv XO)7 XN(T» tOv XO))

5.2.2,5.2.1, 5.2.3
< 0+ Cphy + Cshy = (Cpy + Cs) hy
——

éi=

5.3 Approximation Property for the constrained case

This section extends the result of section 5.2 for the constrained case, which means that
pure state constraints are involved. So the sets considered in this section are Xg(T), ¢y, Xo)
and XJ (T, t, X,). The main result of this chapter will be

dll}f,oo (PN(X@(T7 to, X0)), X6 (T, to,Xo)) < chy

To deal with the constrained case in addition to (A1), (A2) and (A3), some quite re-
strictive assumptions are needed. They might be weakened, but for the proofs in [2]

they are indespensible. These assumptions will make sense when looking at the proofs
of Theorem 3.1 and Theorem 3.2 in [2].

Assumptions:

(C1) ©: 1= R" has nonempty images explicitly given by
o(t) == {x eRY | s(t,z) < o}

with s(.,.) € CV*(I x R"™) being a single scalar function.
Furthermore x € 99(t) < s(t,z) = 0 shall be fulfilled.

(C2) The boundary of ©(.) fulfills the “strict inwardness condition”. This means
that there exist o, u > 0 such that for all (t,x) € B, (graphd©(.)) N (I x R") it
holds

i \% ta ) ; < -
Jhin (Vs(t2), (3)) < —a
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Remarks:
e J0(t) is the boundary of O(t).

o CUE(IxR™)is the space of all differentiable functions, whose partial derivatives are
Lipschitz-continuous. So with s(.,.) € C"*(I x R™), Vs(.,.) is Lipschitz-continuous
on I x R". Let the corresponding Lipschitz-constant be Ly,.

e The postulation that s(.,.) has to be a single scalar function is very restrictive.
After analyzing the proof of Theorem 3.2 in [2] it is the authors strong believe
that this restriction is not needed. The proof of that theorem might be extended
to fit the multidimensional case, but it would be even more lengthy and technical
than the proof for the single scalar case already is. So it won’t be presented in
this thesis. Nevertheless there will be a short section on ideas on how to treat the
multidimensional case, which involves extending (C1) and (C2) (see the extended
variants (C1E) and (C2E) below or 5.3.4 for further details on the multidimensional
case).

e 1 € 00(t) & s(t,z) = 0 has to be postulated, because this is in general not the case.
With s(.,.) being continuos it holds that x € 90(t) = s(t,z) = 0. But the other way
round does not have to be true even if s(.,.) € C**(I x R™).

For example with
—(z+1)? z<1
z € (—1,1]

s(t,z) =40
(x—1) xz>1

we have 00(t) = {1} (t € I), but s(t,z) =0 (z € [-1,1],¢t € I).
e B, is a ball with radius p with respect to the |.|,-norm, i.e.

B, :={(t;z) e I xR" | ||(t.)ll> < n}

e graph90(.) = {(t,z) € I x R" | x € 00(t)}

e The “strict inwardness condition” makes it possible to “redirect” any feasible
solution that comes close to the boundary of ©(.) inwards. One might also
say that the condition delivers a valid direction of descent at “critical” points
(those close to the boundary of ©(.)). The idea of the proof of Theorem 3.2
in [2] is to redirect a solution of the unconstrained Differential Inclusion (DI)
to get a solution of the constrained Differential Inclusion (DIC).

For multidimensional state constraints s(.,.) the following assumptions should be
enough to deliver the desired results from the following theorems. It is the authors
strong believe, that replacing (C1) with (C1E) and (C2) with (C2E) will make the
statements of Theorem 5.3.1, Theorem 5.3.2 and Theorem 5.3.3 available for the
case involving more than one single scalar function for the state constraints. But
as there are no formulated proofs available yet, the following extended assumptions
should be considered “experimental”. For details see the following section 5.3.4.
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Assumptions:

(C1E) ©:I = R" has nonempty images explicitly given by

with n, € N and
0, (1) ::{xERN}si(t,x)g()} (i=1,...,n,)
where
s:(.,.) € CVE(I x R™) (i=1,...,n,)
Furthermore = € 00,(t) < s;(t,x) =0 (i = 1,...,n,) shall be fulfilled.

(C2E) The boundary of ©(.) fulfills the “strict inwardness condition”. This means
that there exist o, pu > 0 such that for each i € {1,...,n,} it holds:
For all (t,z) € B,,(graph 99,(.)) N B,,(graph 99(.)) N (I x R") the following inequa-
lity applies:

i v i ta 9 ! < -
Qi (Vsi(t, 2) (1) < —a

The central idea of this section is to make use of Theorem 5.2.4, which is the main
result from section 5.2.

This result will be applied to a solution z(.) € X¢ (T, ty, X,)) to obtain & € XN (T, t,, X),
which is close to z(.) on the grid. Though being close to z(.) the solution #" may
not obey the pure state constraints, but it definitely does not harm them too much.
Assuming that (C1) and (C2) hold, we shall see in this section that for such a solution
" there exists a solution =" € XJ (T,t,, Xy) (so z" obeys the pure state constraints
represented by ©), which is close enough to & on the grid to give the desired estimation.
The other way round, i.e. starting with a solution z" € X& (Tty, X,) and finding a
solution z(.) € Xg(T,ty, X)) uses the same method as described above, but a different
result for finding a feasible solution that obeys the pure state constraints ©(.) will
be required. This is because after applying Theorem 5.2.4 one has to deal with the
continuous case.

The two following theorems will provide these results. As already mentioned the proofs
are rather lengthy and technical, so they won’t be provided here. For further details
see [2].

The first one will help us gain a solution z(.) € Xg(T\,ty, X,) when we already have a
solution #(.) € X(T,ty, X,) that is close to fulfilling the pure state constraints represented
by ©(.). The disty-function is the distance function based on the ||.||,-norm (see 2.5.4).
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5.3.1 Theorem

Consider the constrained differential inclusion (DIC) (see Definition 3). Assume that
(A1), (A2), (A3) and in addition (C1) and (C2) hold.

Then there exists C. > 0 such that for every =5 € XoN0O(ty) and z(.) € X (T, tg,{zo}) there
exists y(.) € Xo(T,tg,{zo}) with

sup ||lz(t) —y(t)llo < G sup disty(2(t), ©(1))
te(ty,T) t€(to, T

Note: =z, € X, N O(ty) just expresses the fact, that the initial value has to be feasible.
This is automatically fulfilled for any solution y(.) € Xgo(T,ty, X,) but not for any
solution x(.) € X(T,ty, Xy). So this has to be postulated seperately.

Proof :
For further details see Theorem 3.1 in [2].

The second one will help us gain a solution " € XJ (T, t, X,) when we already have

a solution # e X™(T,t,,X,) that is close to fulfilling the pure state constraints

represented by O(.).

5.3.2 Theorem

Consider the constrained discrete differential inclusion (DIC) (see Definition 6). Assume
that (A1), (A2), (A3) and in addition (C1) and (C2) hold.

Then there exists Ny € N and C; > 0 such that for every z, € X, N©O(ty), N > Ny and
™ e XN(T,ty, {xy}) there exists " € X (T, o, {xy}) with

N N : N
sup ||z’ =y [l2 < Gy (hN + sup disty(z; ae(tj)))
0,0, N §=0,....N

Note: =z, € X, N 0O(ty) just expresses the fact, that the initial value has to be feasible.
This is automatically fulfilled for any solution y" € X& (T, t,,X,) but not for any
solution 2™ € X™(T,ty, X,). So this has to be postulated seperately.

Proof :
For further details see Theorem 3.2 in [2].
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Combining Theorem 5.3.1, Theorem 5.3.2 and Theorem 5.2.4 then delivers the final
result. The only major step to proof that will be to estimate sup{disty(z(t), O(t)) | t €
[to, T]} and sup{dist,(z} ,O(t;)) | j € {0,...,N}}.

J o

5.3.3 Theorem (Convergence Result for the constrained case)

Let the set of initial values X, be bounded. Furthermore let (A1), (A2), (A3) and in
addition (C1) and (C2) be fulfilled. Then there exists N, € N such that for all N > N,
it holds:

@ e (P (X6 (T to, X0)), X8 (T to, X)) < chy

Note: Once again: The major difference between Theorem 4.2 in [2] and this Theorem
is that for the latter one the images of F must not be convex. This can be seen by
comparing assumption (A2) in this thesis to assumption (H2) in [2]. This is due to
the fact that [2] uses the result of Dontchev Farkhi (this is Theorem 5.2.1), which
needs convexity. In section 5.2 this result has been extended for the nonconvex case
without the need for additional assumptions, which lead to Theorem 5.2.4.

Proof :

First direction:

Let us first consider a solution y(.) € Xgo(T,ty,{z}) with 24 € X,. The goal now is to
obtain a solution y" € Xg(T,t, {zo}) which is close enough to y(.) on the grid. The key
to success is the use of Theorem 5.2.4 in conjunction with Theorem 5.3.2.

For y(.) Theorem 5.2.4 delivers ™ € X™(T,t,,{xy}) (for N > N,) with

N _
@ sup |ly(t;) —n; |2 < chy
§=0,...N

Theorem 5.3.2 guarantees the existence of 3" € X& (T, to, {zo}) with

N N . N
@ sup n; —y; ll2 < Gy (hN + sup disty(n; 7@(75;‘)))
0,...N §=0,...N

Analyzing distg(nj-v, O(t;)) ( =0,...,N) by using the fact that y(t;) € ©(t;) ( =0,...,N)
delivers

@) dista(n), 0(1;)) < [0}’ = y(t))llz + dista(y(t), 0(t) = [ =yl (G =0,...,N)

Combining @, @ and ® yields for j € {0,..., N} that
N N N N D,® ~ . N
ly(t;) — v ll2 < ly) —m5 o+ 1" =y lla < Chy + G| Ay + SudeISt2(77j ,0(t5))

Jj=0,...,

® . ® ]
2 ahy + Gy (hN + s ] —y(tj>|2) < e+ G+ ) hy
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So we have the desired result for the first direction, i.e.:
For any y(.) € Xo (T, to, {zo}) there exists y" € Xo(T,to, {zo}) With N > N, such that

s ly(ey) = yj lla < (E+Cu(1+8)) hy
Second direction:
This time we start off with y" € Xg(T,ty, {z,}) and try to get y(.) € Xo(T,to, {zo}),
where z, € X, N O(t,). For this direction the key to success is the use of Theorem 5.2.4
in conjunction with Theorem 5.3.1.
For y" Theorem 5.2.4 delivers n(.) € X (T, to, {zy}) with

@ sup g =0ty < ehy
0,....,N
Theorem 5.3.1 then guarantees the existence of y(.) € Xg(T, %y, {zo}) with
® sup |In(t) —y(t)ll2 < C. sup dista(n(t), O(t))

t€fty,T) t€(ty,T)

So this time we have to estimate disty(n(t),©(t)) for all ¢ € [, T] instead of
distQ(njv,@(tj)) (j = 0,...,N). This is more complicated, because we only have
y]N € O(t;) (j =0,...,N) as a reference. To bring ij € O(t;) ( =0,...,N) into play
we need to use reference points on the grid. This gives us the following estimation for
tet;,t;41) and all j € {0,...,N -1}

® disto(n(t),0(1)) < [In(t) = n(t;)l2 + lIn(t;) — ZU;V”z +disty (y; , O(t))

262,® . N

So all that’s left to do is to estimate distz(ij, O(t)) for t € [t;,t;41). Although
y]N € O(t;) (=0,...,N) this turns out to by quite tricky.

The central idea is the following;:

If 4V € B, (graph 90(.)) use (C2) to create a function 4" (.) on [t;,t,1) with y" (t) € ©(t)
and |y (t) — ij||2 < C’hN for t € [t;,t;41) and C > 0. Then we can make use of
diSt2<ygN7®(t)) < ||ij -y ( M2 < ChN for ¢t € [tj7tj+l)

If y]N ¢ B,(graph0©(.)) then yj is far enough in the interior of O(¢ j) such that for
N > Ny and t € [t;,t;,,) it still holds yJ € O(t). Hence dlstQ(yj ,0(t)) =0for t € [t;,t;41).

So we have to consider the following two cases:

e Let’s begin with the case that ij ¢ B,(graph90(.)). The goal is to show that
s(t,ij) < 0 for ¢ € [t;,t;41). Let’s assume the opposite, i.e. it exists ¢ € [t;,¢;,1)
such that s(f,y)') > 0. Because of s(t;,y; ) < 0 it exists € [t;,#] such that y(f) = 0,
where ~(t) := s(t,ij ). This follows directly from the intermediate value theorem.
So y' € ©(f), which means (f,y) ) € graph d0(.). With Nj chosen high enough this
leads to

. N N2>N,
disty((t;,y;' ), graph 00(.)) < [|(t;, 47 ) = Gy )2 =lE—t;| <hy < p
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Note: If we have already set N, high enough such that Theorem 5.3.2 holds,
hy < w is already fulfilled. This can be seen by taking a look at (3.5) in
the proof of Theorem 3.2 in [2], which is a postulation. Theorem 3.2 in [2]
corresponds to Theorem 5.3.2 in this thesis.

So the above inequality leads to a contradiction to ij ¢ B,(graph90(.)). This
means that indeed s(t, ij) <0fortelt;,t;q). So for yJN ¢ B,,(graph 99(.)) we have
yN € O(t), hence disty(y, , O(t)) = 0 (for t € [t;,t;41)).

If y € B,(graphd0(.)) it follows from (C2) that there exists v; € F(t;,y; ) such
that
(Vs(t; 97 ), () < —a

st ) = s+ [ Lstra () dr

t

/f”y (7)) dr :/<v5<7,yN<T>>,(U1)>dT

t

/<vS< R INEN) d7+/<vS<T,yN<T>> Vst y)), (L) dr

t; t;
t
(c2) N
L= malt=t)+ [ 195 () = Tstty ) 10l dr
t.
With
Lipschitz

1Vs(r,y™ (@) = Vst )l 1) = o (17 = 1+ 1wV () =571 (1+ llo;1l2)

= Lys (I7 = t51 + 17 =y lvsll2) (1 + [lv;llz)

[T—t;|<hx v; €F(t,y; My

2
< Loy (14 oyll)? Loty (141, 57),)

(A1) 2 2.6.3 N2
Ly.hy (1 +Cp(1+ ||ZUJN||2)> < Ly, (1 +Cp(1+ M)) hy

Combining those two inequalities we get

s(t,y™ (1) < —alt —t;) + / IVs(r,y™ (1) = Vsty.95) 2 114, )12 ds

t
- 2 N=>N, o
—alt—t;) + Ly, (1+ Cp(L+0D) hy(t—t;) < —Z(t—t;) <0
So we have 5™ (t) € O(t) for t € [t;,t;+1) which leads to

dista (', O(1)) < lly; =y (B)lla = (t = t;)llvjlls < Cp(L+ M)y (¢ € [t),t51))
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Combining both cases delivers
disty(y), O(t)) < Cp(1+ M)hy (t €[t tjpr), j=0,...,N—1)
So with ® we get
@ disty (1(t), O(t) < (L + &+ Cp(1+ M))hy (t € [to, T))

Using the triangular inequality and applying @, ® and @ leads to

@®®
Iy = y(t)ll2 < Ny =)z + () —yt)lle < e + Codisty(n(t), O(t))
@ ) - ‘
g(c+C*C(L+c+CF(1+M)))hN (j=0,...,N)
As the above inequality holds for all j € {0,..., N} we get for the second direction

sup |y = w(t))la < (6+ CuL+ &+ (14 2D) ) hy

Combining the first and the second direction
Combining the results from the first and the second direction delivers

ah oo (P (Xo (T, 1o, X0)), X8 (T, to, Xo) ) < max (&+ Cu(1 +8), 6+ Cu(L+ &+ Cp(1+ 1)) ) hy

ci=

Let’s conclude this section with ideas on how to handle multidimensional state cons-
traints.

5.3.4 Multidimensional State Constraints

As already mentioned in the remarks to the assumptions (C1) and (C2), the fact that
they only allow a single scalar state constraint is very restrictive. Even very simple
examples involve more than one scalar state constraint (see chapter 6). It is more than
desirable to get rid of that restriction. The core concept is to adjust (C1) and (C2) in
such a way, that the proofs of Theorem 5.3.1 and Theorem 5.3.2 presented in [2] can
be slightly altered to cover the multidimensional case. As this thesis does not cover this
proofs, this section will focus on modifying (C1) and (C2) instead of explaining the
modifications, that need to be done in the proofs, in detail.

modifying (C1)

The first thing to do should be obvious: The definition of ©(.) will stay the same, but
we will allow s(.,.) € (Cl’L(I x R™))" with n, € N. So n, functions in CYE(I x R™) are
allowed to describe the pure state constraints ©(.). So we have:

o(t) = {a: eRY | si(t,x) <0(i=1,.. n)} with s(.,.) € (C"*(I x R™))™
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Defining
0,(t) = {m eRY | s;(t,z) <0 } with s,(.,.) € CVF(I x R™) (i=1,...,n,)

leads to

This definition comes in handy when replacing the postulation of when z € 90(¢). We
now postulate that

x € 00,(t) & s;(t,x) =0 (i=1,...,n)

This means for 90(t):
@D z€d0t) & (Hi €{1,...,n,} with s;(t,2) =0 and z € @(t))

This property is important for the second direction in the proof of Theorem 5.3.3:
Let’s say we have y]N € O(t) with ij ¢ B,(graph00©(.)). Furthermore there exists
t € [tj,t;41) such that s;(f,y)) > 0 (i € I) with 0 # I  {1,...,n,}. Then there exist
#, (i € I) with s;(f;,y)) = 0 and at least one index i € I with y;' € O(£). So from @ we
get that y} € 90(f;).

So we have arrived at an extended form of (C1), which should be suitable for
the multidimensional case. It shall be called (C1E), where E means extended.

(CI1E) ©: 1 = R" has nonempty images explicitly given by

i—1
with n, € N and
0, (1) ::{xERN}si(t,a:)SO} (i=1,...,n,)
where
s:(,,.) € CVE(I x R™) (i=1,...,n,)

Furthermore x € 909,(t) < s;(t,z) =0 (i = 1,...,n,) shall be fulfilled.
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An alternate description for (C1E) would be:

(CI1E) ©: 1 = R" has nonempty images explicitly given by
o(t) = {x eRY | s;(t,2) <0 (i = 1,...,ns)}

with n, € N and s(.,.) € (C"*(I x R™))"™.

Furthermore
z € 90(t) & (Hi €{1,...,n,} with s;(t,2) =0 and = € @(t))

shall be fulfilled.

modifying (C2)

When extending (C2) for the multidimensional case, the concept of active constraints
comes into play. A constraint i, represented by ©,(.) = {z € R" | s;(t,x) < 0 }, is called
active when (t,z) € B, (graph 00,(.)) N (I x R"™). The strict inwardness condition, stated in
(C2), shall serve as an opportunity to redirect a solution that is close to the boundary
of ©(.) inwards. So for (t,z) € I x R" this condition is only needed for constraints being
active at that point. In addition the inward steering condition just needs to hold on
B, (graph 90(.))N (I xR"). This is because points, which do not obey the state constraints,
i.e. points (t,z) with = ¢ ©(t), do not have to be considered for redirecting solutions of
the Differential Inclusion.

So for each i € {1,...,n,} it must hold: For all (t,z) € B, (graph 00,(.)) N B, (graph90(.)) N
(I x R™) the following condition is fulfilled:

min (Vs;(t,2), (1)) < —a
vEF(t,J;)< Z( ) (U)> -

So we have arrived at an extended form of (C2), which should be suitable for the
multidimensional case. It shall be called (C2E), where E means extended.

(C2E) The boundary of ©(.) fulfills the “strict inwardness condition”. This means
that there exist a, u > 0 such that for each i € {1,...,n,} it holds:
For all (t,z) € B,,(graph 99,(.)) N B,,(graph 99(.)) N (I x R") the following inequa-
lity applies:

i \Y% 'tv ) ! < -
Qi (Vsi(t,2) (1) < —a

extending the proofs

The proofs that need to be adjusted are the ones that belong to the Theorems involving
pure state constraints. These are Theorem 5.3.1, Theorem 5.3.2 and Theorem 5.3.3. In
modifying (C1) it has already been explained how to apply (C1E) to the proof of the
Convergence Result given in 5.3.3. In general it is crucial for the proofs of the Theorems
involving the discrete case, that the maximum step length is chosen small enough. The
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way to choose this maximum steplength usually involves the constants | max {Ly,,} and

max { max ||Vs;(t,z)||}. For a single scalar state constraint there was no need to use
i=1l...,ng ( eIxsS

the maximum. Those constants also play a great role in many estimations appearing in
the proofs the mentioned theorems. Those estimations have to be done for every scalar
state constraint involved and constants have to be chosen to fit all those cases. But the
general way to proof things does not have to be altered.

s

5.4 Proof of the Convergence Theorem for Convex Discrete Differen-
tial Inclusions

This section contains the proof of Theorem 5.2.3.

5.4.1 Notations for the proof

To proof of the result involves quite a few steps. For the sake of readability, the following
notations are introduced:

For easier function definitions it makes sense to take a look at a modified version of
the Differential Inclusion (DI) introduced in Definition 3, which shall be named (DIE)
(extended Differential Inclusion):

2(t) := (t,z(t)) € R x R™ and fulfills
i(t) € F(z(t)) := {1} x F(t,x(t))

(DIE) 2(tg) € {to} X Xg := Z,

with corresponding solution set Z(T,tq, Zy)

This is essentially the same Differential Inclusion as (DI), except for the extension by the
time variable. The corresponding discrete Differential Inclusion will be named (DDIE)
and looks like:

2 = (t;,2)) ERxR" (j =0,...,N) and fulfills
1 €2+ hyF(z) (Flzy) = {1} x F(t;,27)

DDIE
( ) Z(])v:ZOE{to}XXO::ZO

with corresponding solution set Z™ (T, t, Zo)

The corresponding convexified discrete Differential Inclusion named (CDDIE) then

looks like:
2N = (t;,2Y) eRxR" (j=0,....N) and fulfills
(CDDIE) M€ 2 b hy coF () (Flz) = {1} x Flt;,a)))

Zév = 2o c {to} XXO = ZO

with corresponding solution set Z2Y (T, ty, Zy) and co delivering the convex hull
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The advantage of packing the time variable in z lies in the fact that the timepoint does
not have to be passed explicitly to the following functions, which represent one step
in Euler’s Method in (DDIE) and the corresponding convexified discrete Differential
Inclusion (CDDIE).

A lot of the following results depend on the space dimension of the space in which F(z)
is included. In this article the space dimension is n + 1, but as the results do hold in
general we introduce

n:=n+1
and work with 7 from here on.
Let z€ R", Ac R" and i € N then:
B(z) ==z + hy F(2)
U(z) := 2z + hy coF(z)
o(A) = | 2(2) v(A) =] ()
z€EA z€EA
B'(2) :=Po---0®od(2) U(z):=Wo - 0Wo(z)
_ | S
i-times i-times

The unit ball in R” with respect to the ||.||,-norm will be called B:

B:={zeR"||z], <1}

Amongst others we will have to analyze (CDDIE), which involves convexified right-hand
sides coF. To deal with coF some results from convex analysis are needed.

5.4.2 Some results from convex analysis

Theorem
With the Minkowski Sum and scalar multiplication for sets defined in 2.4.3 it holds for
a convex set A and «, 3 > 0:

(a+p)A=aA+pA

Proof :
(a+ B)A C aA + BA should be clear.
The other way round follows from:

a B A> atptais=!

aA+ﬂA(a+ﬂ)<a+6A+a+B

Theorem (Carathéodory)

For A c R? it holds
d+1
coA = { Z Aia;
i=1

A proof can be found in [7].

d+1
a; C A, Z}\Z = 1}
i=1
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Theorem
For any nonempty compact subsets 4, B ¢ R? it holds:

dpr2(coA, coB) < dy »(A, B)

For a proof see [8].

For this proof we introduced F, which replaces F in this proof. Introducing F would be
worthless, if we could not make use of the properties of F'. As the next section shows,
the properties of F can be transferred one to one even to coF. The only thing that
needs to be adjusted are the constants.

5.4.3 Passing properties of F on to ' and coF
If (A1) and (A2) hold for F, then it should be clear, that they hold for F, too. In this

section some boundedness and Lipschitz-continuity results will be derived.

Boundedness
From the uniform boundedness of 3™ € X™ (T, t,, X;) (see 2.6.3) and (A1) it follows that
for j €{0,...,N}
B N N N (AD N 2.6.3 -
1F(z )2 = (1, F(t5 5 Dle <1+ [F(E 92 < 1+Cr(llyj 2 +1) < 14+ Cp(M+1)
[ —

K:=

This means that F' is bounded for all valid solutions of (DDIE) by a constant
K, which is independent of N.

To gain the same boundedness for coF' we first have to consider coF. Any ¢ € coF(t,z)
can be represented by

k k
= N\ (meF(tx) (i=1 Z =1, X2>0 (i—l,...7k),keN>
i=1 i—1

So with (A1’) we get

1y K

k (A1) k
1€l <D Nlmglla - <> NCr)(lzllz + 1)) = Cpe) (22 + 1) Z t(llzlla +1)
i=1 |

i=1

Hence

[coF(t,z)lla = sup  [€lla < Cp(t)([lzfl2 +1)

¢€coF (t,x

So with the proof of Theorem 2.6.3 we get that for " € X~ (T, t,, X,,) it holds ||x§v||2 <M.
This means that X2 (T,t,, X,) is bounded by the same constant as X (T to, X,).
Let 2 e xN(T,ty, X,) and z]N = (tj,ij) (j = 0,...,N). Considering the fact that
coF(zéV) (1, coF(t],x;V)) we then get the same estimation for ||coF(z§V)||2 as we al-
ready have for ||F(z; Ml
Let j €{0,...,N} then

~ 2.6.3 ~
lecoF (2" )ll> = [|(1, coF (t,25))ll> < 1+[lcoF (t;,27 )ll2 < 14+Cp (|25 [|o+1) "< 14+Cp(M+1)
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This means that F is bounded for all valid solutions of (CDDIE) by the constant
K, which is independent of N.

Lipschitz-continuity

The Lipschitz-continuity property (A3) of F leads to Lipschitz-continuity of F, but with
Lipschitz constant Lz = +/2 L. This follows from:

Let z2 = (t,y), z = (t,x), t,t € I and z,y € R", then:

dH,Q (F(Z),F(Z)) De:f.F dH,? ((I,F(t,l‘)),(l,F(E, y))) = dH,2 (F(th)’F(f’ y))

concavity of |/

- 1 ~ 1
< Lp(t =+ o= ylb) = 2Lp Gl -1+ S le -yl <

L, oo 1 2\ - 2\ 1/2 ;
2Lp (Sle= 1P+ Sle—yls)  =v2Lp (=0 +lle—lB) = v2Lelz— 2l
2 2 N——

L=

One additional property that is needed for the proof, concerns the Lipschitz-continuity
of coF. Indeed, it follows directly from the Hausdorff-distance property in 5.4.2 that

~ ~ 54.2
dys » (coF(z),coF(7)) < Lgllz ~ 7,

We are now ready to start with the core part of the proof.

5.4.4 Overview of the proof

The basic idea is to use the general result: (d+ 1) coA = d coA + A (for any set A ¢ R?).
In this case A will be F(z,) and the result from above will be applied repeatedly. It
won’t be possible, of course, to do this directly, because one step of the Euler scheme in
(CDDIE) is represented by zﬁl € z]N +hy co F(z;) (F has different arguments, only z, in
the first step). But with the properties (A1) to (A3) for F one can derive the deviation
result coF (U’ (zy)) C coF(zy) +iK Lz hyB with B being the unit ball with respect to the
II-]l2-norm.

The base of the whole proof will be the following result.

5.4.5 Theorem (reduction of convexification for constant sets)

Let A c R?, then:
(d+1)coA=dcoA+ A

Proof :

The proof is quite lengthy and technical. In the author’s view it would disturb the flow
of reading to present it at this juncture. That is why the proof has been postponed to
the end of this section (see Proof of 5.4.5).
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This result applied to A = F(z,) ¢ R" delivers

5.4.6 Lemma (convex deviation)

U (2) € ON(D(2)) + KLza(A+ 1)hiy B for any z € R"

Note: The structure of the above expression reflects Theorem 5.4.5: On the left hand
side we have the convexified Euler step applied n+1 times whereas on the right-hand
side it is only applied n times and in the first step the not convexified Euler step is
used. The term KL zn(n+ 1)hy B is the deviation term that appears because F is not
constant. In fact this term represents the deviation from FEuler’s Method with the
constant set F(z).

Proof :
From the fact that F(¥'(z)) ¢ |J F(z) forie{1,...,N} it follows from the definition
szI/l(z)
of ¥ that:
o) U (2) = 2+ hy coF (2) + hy coF (U(2)) + - - + hy coF (U7 (2))

From the boundedness of F' we get
U'(z) CU N (2) + Khy = dy (¥ (2), 07 (2)) < Khy

Combining this result with the triangular inequality of the Hausdorff-distance (see 2.5.4)
we get,

k
dp 2 (0" (2), 2) < ZdH,Q(\Iji(Z)v Ul (2)) < kKhy
i=1

To use this result for estimating @ we make use of the Lipschitz-continuity of coF (see
5.4.3), which yields

® dyr s (COF(\IIk(z)), coF(z)) < Lpdpo(V*(2), 2) < LpkKhy
= coF (U*(2)) C coF(2) + kLzKhyB

Applying this result to @ delivers
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This can now be further modified by applying Theorem 5.4.5

3 U (2) C 2+ (7 + 1) hy coF (2) + 7
Z+ hy F(2) + i hy coF () + A+ 1)

Like in the derivation of @ we obtain

@ coF(2) C coF (W*(®(2))) + (k + 1)Lz Khy B

Note: k -+ 1 appears due to the fact that U*(®(z)) represents k + 1 Euler steps. Also
recall that the Lipschitz constants of coF and F are the same.

Applying @ to ® delivers

- 6 . . n(n+ 1
W (2) € 24 hy F(2) + by coP () + PP D g2 g
@ . = i+ 1
Czt+hyF(z)+hy (coF(\I!k(fb(z))) + (k + 1)L};KhNB) + n(nTHLﬁKhIQVB
k=0

— <z + hy F(2) + ni: hy coﬁ(qf’“@(z)))) + (A +1)LzKhy B
k=0

= U™ (®(2)) + (i + 1)Lz Khy B

B (Proof of Lemma 5.4.6) |

Extending this result a little further gives us an essential result for this proof.

5.4.7 Theorem (consecutive convex deviation)

For z € R" and € > 0 it holds
U(U"(2) + eB)C U (D(2)) + (KLﬁﬁ(ﬁ F1)h% +e(1+ LﬁhN)) B

Proof : ~
Like in the proof of Lemma 5.4.6 we obtain for A ¢ R"

dir s (coP (A+eB), coP (A)) < Ly iy (A+eB, A) = Lie

So we have for A = 0" (z)

@ dp 2 (COF(\I/ﬁ(Z) +€B), coF(\Il"(z))) < Lze
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Using this result after applying ¥ to ¥"(z) + B delivers
(U™ (2) + eB) = 9" (2) + eB + hycoF (¥"(2) + ¢B)
Cé) U™(2) + B + hy (coﬁ‘(\Ilﬁ(z)) + LﬁeB)
= (W7() + hyeoF (V7 (2)) ) + e(1 + Lihy) B
= U (2) + (1 + Lphy)B
Applying Lemma 5.4.6 to the result above delivers

(U™ (2) +€eB) € U(2) +e(1+ Lphy)B
"E (@ (2)) + (A + LK B+ (1 + Liphy) B

— U(®(2)) + (KLﬁﬁ(ﬁ +1)hE +e(1+ LﬁhN)) B

B (Proof of Theorem 5.4.7)

By considering solution paths and using Theorem 5.4.7 for going one Euler step further,
it is now possible to conclude the proof.

5.4.8 Concluding the proof of the Convergence Theorem for convex discrete
Differential Inclusions

.....

words (n™ € ZN(T,ty,{z}). What needs to be proven is that there exists a solution
(X )keqr...ny to (DDIE) such that ||y — &Yy < Cshy (k= 1,...,N). This will be done

using induction. It makes sense to choose the same starting point for ¢V as for n", so
we have ¢V € ZV(Tt,, {z})-

Due to the fact that (n,iv)ke{l ~} is a solution of (CDDIE) we have

ny e W (z) (j€{0,...,N})

Initial Step
So we have for j =7

Y € W(z) + € B with ¢ = 0
From Theorem 5.4.7 it then follows that

7 & =& 7
M € U(nn) C (" (z0) +eB) * =" W(VHE)) + e B)
5.4.7 _ ~
@) + (KLpa(a+ DAY + eo(1+ Lihy)) B

= V(o)) + KLya(n + 1)k} B
~—_— ——

€1:=

So there exsits &' € (&) such that

na € UN(EN) + B

88



This serves as the initial step. Next will be the induction step.
Induction Step
Suppose that

mak € V(&) + B (e >0, & €R™)
Then it follows from Theorem 5.4.7 as in the case k = 0 above that

i € =€ 0
777{1V+k+1 € ‘I'<777]3v+k+1) C ‘I’<\I’ (fl]cv) + 6ch) =" ‘I’(‘I’ (&1)\/) + 6OB)

S ON@(EN)) + (KLpi(i+ DAY + e(1+ Lphy)) B

€r4+1:=

So there exsits §,J€V+1 € ®(&Y) such that

N P N
Nkl € ¥ (Ep1) + €p 1 B

Combining the initial step and the induction step we obtain that there exists &V ¢
ZN(T, ty,{z}) such that for k € {0,..., N —a} it holds

@ Tk € V(EY) + 6B
with

60:0

€11 = KLpi(fi+ 1)hy + e, (1 + Lphy)

With the equations for (ey)pcqo1,. . nv—n} above one gets directly by analyzing the
recursion that

S
Ju

(1+ Lphy)" —1
Lihy

k<N
< Kn(i+1)elr@ =ty

e = KLzn(R+ 1)hy

< Kii(f + 1)hy (e g

(1+ Lphy)" = KLza(n + 1)y

™

Il
<)

™~
>
2

F

)k P K+ 1)l e 0Ny

€ooi=

Next we are going to estimate dH,Q(\IJﬁ(ﬁ,JCV), &)) to obtain an estimation of ||777~]:’+k — &Y,
from @.

As already shown at the beginning of the proof of Lemma 5.4.6 it follows from the
boundedness of coF respectively F that

l
dp (P (2),2) < ZdHQ(\IJi(z),\IIFI(z)) <IKhy (l€{l,...,N}, zeR")

€)

1
A o(®'(2),2) < de(qf(z), " '(2)) <iKhy (l€{l,...,N}, zeR"
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Combining ® and @ with @ by choosing z = ¢ and [ = 7 in @ delivers

o . @ @
@ nN € W EN) + €,B C & +iiKhyB +e,B C & + (iKhy +ex) B (k€ {0,...,N —a})
= [Inir — &0 ll2 < AKhy + ex (ke{0,...,N—n})

As a direct consequence of @ one also gets by setting z = & and considering that
Enrn € OM(ED)
® Ny @ )
[€kvs — &k ll2 < Ky (k€{0,...,N —n})

Combining @ and ® and using the definition of e, then yields

Inehs — &nralls < Imien — &8 ll2 + 1055 — &6 N2

@’@ La(T—to)
S fZKhN+Kﬁ(ﬁ+l)e F OhN—f—ﬁKhN

- (2+(ﬁ+ 1)eLF<T*t0>) A K hy (k€ {0,...,N —a})

So we have the indices j = 71,..., N covered and are only missing j = 0,...,7 — 1. For
these cases one easily obtains by using @ that

N N
N N N N N Ny mo =% =% N N
;" =& lla < llmj —mo lla+ 1€ =& 2 2 "l — 20l + 1€ — 20l

@ . . J<n __ - La(T—t)\ = . =
< jKhy +jKhy < 2nKhN§(2+(n+1)eF )nKhN Gelo,...,i—1})
Combining the results for j =n,...,N and j =0,...,72 — 1 we get

Iy = €7l < (24 (2 + 1) ") Ky (j €{0,...,N})

o swp ) =€l < (24 (1) T ) by
§=0,..,.N

From the notations section 5.4.1 we know that any element n" € Z2 (T, t,, {zp}) can be
identified with an element z" € X2 (T, to, {z}) by

ny = (tj,a)) (j=0,...,N)

Also any element ¢V e ZN(T,t5,{z}) can be identified with an element y" e
XN(T,t5,{z}) by

fjl'v:(tjayév) (.]2077N)
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This leads to the final statement:
For any z € XX (T, ty,{z}) there exists y" € X" (T, t,,{z}) such that

®
N N N N - LA(T— -
sup o —yNla < sup Y =V a < (24 (2 ) e T Ay
j=0,..,.N §=0,..,.N

Cs.=

B (Proof of Theorem 5.2.3)

Due to its length, the proof of Theorem 5.4.5 has been postponed to the end of this
section.

5.4.9 Proof of Theorem 5.4.5

The proof is heavily based on Carathéodorys Theorem 5.4.2. From this theorem we
obtain that
coA = U coAy,
{Ad}
Where {A,;} C A denotes a set with at most d 4+ 1 elements.
It is then sufficient to show that (d+1) coA; = d coA;+ Ay, because with that result and
the representation of coA from above we get:

(d+1) coA = U (d+1) coAy = U (dcoAg+ Ay) =d U coAg + U Ag=dcoA+ A
{Aq} {Aq} {Aq} {Aq}

Where (d +1) coA = Ugs,,(d + 1) coA,; has to do with the fact that o cod + 8 coA =
(a + B) coA, which has been proven in 5.4.2. From this point on the proof is pretty
straightforward, but quite technical and lengthy.

So let us consider an arbitrary set Ay = {z;,...,24,1} C A consisting of d + 1 elements.
It then holds:

i=1,...,d+1 : axl _ S
FOI“ (Ai7j)j:17..-,d+1 Wlth Z AZ,] =1 (Z = 1, .. ,d-‘— 1)
i=1
and Ai,j 20(1,]21,,d+1)

there exists
T \i=1,..d I s .
(d+1) codg =d coAy+ Ay <= | (Nij)j=i g1 with Zl Aig=1(i=1,...,d)
~ j:

such that

d+1 [d+1 d [d+1 .

ol X Az =2 2 NiE | e
i=1 \j=1 i=1 \ j=1
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Remarks:

e Without loss of generality the index d + 1 is chosen in such a way that
d+1

@ Z)‘i,d-'rl >1
i1

otherwise reorder the elements of A;. This is only possible because at least
d+1 elements are summed up. This is the reason, why this theorem just
holds for (d + 1) coA or the same with any higher scalar than d + 1. The
fact that such an index exists can be easily shown:

Suppose such an index does not exist, i.e.:

d+1
DAy <1(@G=1,....d+1)
=1

This leads to
d+1 /d+1
3 (ZAM) <d+1
j=1 \i=1

which is obviously a contradiction to

d+1 d+1d+1
Jj=1 =1 j=1

The case that A, consists of & < d + 1 elements does not have to be considered
separately, because it is represented by setting \;,; = 0 (i = 1,...,d+1; j =
k+1,...,d+1).

A more optically appealing way of the new represenation introduced above is:

AL Ald Ald+1

+ + +

+ |Aat Tt + |t + Za41 =
Ad,1 Ad,d Ad,d+1

+ + +
Ad+1,1 Adt1,d Ad41,d+1
AL Ald AMds1

+ + +

21t + | |zt : Za+1 T Zat1

+ + +
Ad1 Ad,d Ad,d+1
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From this we can directly derive the central equations that have to be fulfilled with (5\2-7]-)
by comparing both sides for each vector z; (j =1,...,d +1):

d+1 d

® )\71,3‘:25\1,]' (j=1,...,d)
1 i=1

+

K2

and for the index d + 1, which should be handled separately

d+1

d
©) Z Nid1 = Z ;\i,d+1 +1
i=1 i=1

All that is left to do now is to change the weights ();;), while keeping balance, i.e.
fulfilling the equaitons in @ and ®.

Let’s start with ® first. The idea is to look at a slightly different form of ®, i.e.:

d

d
Z Aia1 = Z)‘i,d+1 + (1= Ady1.ds1)
i=1 i=1

Then “transfer” the weights from the left to the right side:

Start with \; 4, and look if it is smaller or equal than 1 —X; ;1 4.1. If so, set 5\17d+1 = 0.
Then take a look at Ay 4. If it is smaller or equal than 1—X;. 1 441 —A1 a41 5€t Ay 411 := 0.
For the next one, one has to compare to 1 — A1 441 — Zle Aia+1- This procedure shall
be carried on till the index ¢ is reached at which Noapr > 1= Aaviae — ZE: Nidi1-
At that point set X%,d-‘,—l = Ngy1 — (1 At — Som) )\i,dﬂ). That is all that was to
“transfer”. From i + 1 on leave Aia+1 @s is, which means j‘i,d 41 = Ajay1- The whole
process is described via the following definition:

i1
@ Aid+1 "= Ajg41 — Min ()\i,d+1v 1= Agy1d+1 + Zuk,d+1) (t=1,...,d)
=1
Where
Bij = Nij—Nij (4,j=1,...,d+1)

What is left to do is choose S‘i,j (i, = 1,...,d) in such a way, that @ is fulfilled and
Zjﬁ 5\2-’]- =1 (i = 1,...,d) holds. That this is possible should be more clearly when
looking at the following coherence, which follows directly from the properties of the

weights:

d d @ d
E Aidi1 — E Nidr1 = 1= Aay1,441 = E Adi1,j
i=1 i=1 =1

This means that the difference of the weights, that occurred when achieving ®, can be
compensated by adding Az ; to A, ; (i = 1,...,d) for arbitrary but fixed j € {1,...,d}.
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That way the goal of fulfilling @ and Zji} 5\,-’]- =1(=1,...,d) can be achieved.

The idea is going through the whole system line by line (i = 1,...,d) starting each line
at j = 1. While going through the lines we add as much as we can to each weight,
obeying the following rules: In each line i, the total amount added to the weights has
to be smaller than \; ;.1 — S\i,dﬂ = —p; 441 and the total amount added in each row j
has to be smaller than A\, ;. These rules are applied successively to each of the weights
Aij (i, =1,...,d) which then gives the desired :\i)j (i,7 =1,...,d). As the procedure is
somehow similar to the one we already used for obtaining the weights for @, the result
looks a bit like @. But instead of subtracting, which has been done before, we this time
add to the weights. Doing so we get the following formula for successively obtaining
N (Gii=1,...,d):

]

-1 i1
@ Aij = Ay +min <Nz‘,d+1 - Z:ui,kv Ad41,j — ZMk,j) (i, =1,...,d)
=1 =1

With @ and ® we have definitions for Xi’j (i=1,...,d; j=1,...,d+1). But we have yet
to prove that these definitions indeed fulfill @, @ and that we are indeed dealing with
convex combinations. The latter one means that 5\147]4 >0(@=1,....d; j=1,....,d+1)
and Z?g ;\m— =1(i=1,...,d) have to be shown. This will be the starting point for the
quite lenghty, but always straightforward proof.

Assertion:
>0 (i=1,....d; j=1,...,d+1)

Proof :
From ® it directly follows that

7 @ 1—1 Jj—1 1—1
Z#k,j = Zﬂk,j + min (Ai,d-i-l - Zﬂi,lm Ad1,j — Zﬂk,j) < A1
=1 =1 =1 =1

@Adﬂ,j*ZMk,jZO (i,7=1,...,d)
k=1

and

J ® Jj—1 j—1 i—1
Zﬂi,k = Zﬂi,k + min <)‘i,d+1 - Z/J'i,kv Ad41,j — Zﬂk,j) < Aid+1
=1 =1

k=1 k=1

j
<:>)‘i,d+1_ZNi,k20 (i,j=1,...,d)
k=1

Combining those two results with ® then delivers:

j—1 i—1
Aij = Aij +min<)‘i,d+1 - Z,ui,kv Ad1,j — ZukJ) >X,; =20 (t,j=1,...,d)
k=1 k=1

>0 >0
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The desired result for j = d+ 1 can be easily obtained from @®:

i—1
Aid1 = Ajd41 — Min (Ai,dJrlv L= Ady1a41 + Zﬁ%dJrl) Z A1 — A =0 (i=1,....d)
k=1

Combining both results delivers the desired statement fori=1,...,dand j=1,...,d + 1.
B (Proof of Assertion)

As a byproduct of this proof we got that

i J
®| M- Zﬂk,j >0and A; 441 — Zﬂi,k >0 (4,7=1,...,d)
k=1 k=1

When proving properties of ® this will turn out to be quite useful.
As already mentioned the next step of the proof is to show that Zjﬂ S‘i,j =1(@ =
1,...,d). The idea is to show that

d+1 d+1
@ ZAZ;J‘:Z/\M:I (i=1,...,d)
j=1 j=1

This will be done using induction starting with ¢ = 1 as the initial step.

Assertion:
For i =1,...,d there exists j € {1,...,d} such that

j—1 i—1
Aid41 — E Bik < Agy1j— Zﬂk,j
k=1 k=1

which leads directly to @ being fulfilled with 5\1-71- (i=1,....d; j=1,...,d+1)
Proof :

The proof uses induction. So we start with the case i = 1.

Initial Step: The statement holds for i = 1.

Let’s suppose the opposite, i.e.

j—1

—H1,d+1 — Z/h,k > g1 (j=1,...,d)
k=1

Then we get from ® and @, that

d ® d @ d—1
Z,Uq,k: = Z/\d+1,k =1- )\d+1,d+1 > —p1d41 = —Hidi1 — Zm,k < Hiq
k=1 k=1 k=1

® also delivers:

® d—1
Hi,g = min | —py g4q — Z,ul,ka Adttd | < Aat1d
k=1
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Combining those results we get:

d—1

—H1de1 — Zm,k < Ndt1.d

k=1
So for j = d we get a contradiction to the assumption not being true, which means it
has to be true.
With ® being true for ¢ = 1 it is possible to prove that @ holds for i = 1:
Let’s choose j as in ® for i = 1. Combining ® and ® for i = 1 then delivers

j—1 j—1 j
9 S e > s
M = M0 | =y gy1 — M1k Aqe1j | = —Hid+1 — M1k < —H1,d+1 = Mk
k=1 k=1 k=1

If j = d, this is @ for i = 1, so we are done. For j < d one gets ty ;71 = 0 and so forth by
successively applying ®. This leads to

d
—H1,d+1 = E M1k
k=1

So overall we get that 5\17j (j=1,...,d+1) fulfills ® for i = 1.
B(i = 1, initial step)

Next comes the induction step:

Induction Step: Let @ be fulfilled for \; ; (i = 1,...,i—1; j=1,...,d+1). Then the
statement holds for i.

The way to go is almost the same as for the case ¢ = 1, it just involves the inductive
assumption:

Let’s suppose that the inductive assumption is true, but the statement does not hold
for i =1, i.e.

j—1 i—1
THide1 T ZM€,k > Nay1j — Zuk,j (j=1,...,d)
k=1 k=1

It then follows directly from ® that

i—1
i = Ns1g — D Hiy (G=1,....d)
k=1

The inductive assumption can be written as

d
Z“%,j:—ﬂi,dﬂ (i=1,...,0—1)
j=1

These two results and @ deliver

d ® d i—1 d d i—1
inductive
E M5 = E Ad41,j — E E k. j = E Ady1,j + E Hi,d+1 =
N ) assumption £
j=1 j=1 Jj=1 k=1

k=1j=1
i—1 d—1
L= Aarrdet — D ka1 = —Higpyr = —Hiaps — O Hij < lig
k=1 j=1
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® delivers:
® d—1 i—1 i—1
[5,q = min | Aj 5 q — Zﬂz,ka Adt1,d — Zuk,d < Adg1d— Zuk,d
k=1 k=1 k=1
Combining those results we get:
d—1 i—1
—H g1 — Z Pia < Adr1,d — Z Mk.d
i=1 k=1

So for j = d we get a contradiction to the statement not being true for i = 7, supposed
that the inductive assumption holds. This means it has to be true. So if the inductive
assumption holds we get ® for i = i.

With ® for i =i it is possible to prove that @ holds for i = i:
Let’s choose j as in ® for i = 7. Combining ® and ® with j = j then delivers

® j—1 i—1 j—1 j
iz =min | =g 00— Y g Aap1i— D i | = —Miasr — D Mk S Mg = D M
k=1 k=1 k=1 k=1

If j = d, this is @ for i =i, so we are done. For j < d one gets 1541 = 0 and so forth by
successively applying ®. This leads to

d
—Hid+1 T E :Ni,k
k=1

So overall we get that :\;J (j=1,...,d+1) fulfills @.
B(; — 1 to i, induction step)

The initial step together with the induction step deliver the assertion.
B (Proof of the Assertion)

As a byproduct of the above assertion we have proven, that @ indeed holds with the
definitions of S‘i,j (t=1,....d; j=1,...,d+1). Of course @ is the result we wanted to
prove, but ® is the central idea for reaching that goal.

After having shown that ;\Z-,j >0(=1,....,d; j=1,...,d+1) and E?Zi ;\i,j =10 =
1,...,d) the “only” thing left to show is that @ and ® hold for :\i,j (i=1,....d; j =
1,...,d+1). Let’s start with ®, which can be shown by taking a look at column d + 1.
The reason for starting with @ instead of @ is that on the right-hand side of definition @
5‘1',1‘ does not appear. In ® this is not the case. And indeed we need the following result

to go on with proving @.
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Assertion
3 € {1,...,d} such that

@ i—1

1= Aasvat + ) Hkart < g

k=1

Proof :
Let’s suppose the opposite, i.e.

i1

1= Agp1,d41 + Zﬂk,d+1 > Aidt1 (t=1,...,d)

k=1
Then we get from ® and @, that
d—1 d—1 @ d—1
Z/ffk,d—i-l = - Z Aedarr < =1+ Agprar1 +Aaarr = 1 — Agpr a1 + Zluk,d-&-l < Addr1
k=1 k=1 k=1

So for i = d we get a contradiction to the assumption not being true, which means
it has to be true. B (proof of ©@)

Choosing i like in ® and combining @ with @ delivers:

i—1 i—1

@® . ©)
Hiayr = —min | A giq, T—=Agyq 41 + Z Prdrr | = =1+ Aay1der — Z [k d41
k=1 k=1

S Adr1,dr1 — Z Pr,d+1 = 1
k=1
If i = d this is @. For i < d we get [i41,4+1 = 0 and so forth, so again we get

d

Ad41,d+1 — Zﬂk,d+1 =1
=1

So Xigy1 (i=1,...,d) fulfills ®.

We are now ready to prove that @ is fulfilled. The central idea is the same as for proving
@, but this time we look at the definitions column by column (j fixed) instead of line
by line (i fixed).

Assertion:

For j € {1,...,d} there exists 7 € {1,...,d} such that

@ i—1 j-1
Ady1j — Z“k,j S —Hige1 — Zﬂi,k
k=1 k=1
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Proof :
Assume that the assertion does not hold, i.e.

1—1 J—1
Adt1,j — Zﬂk,j > =i d41 — ZH;’Jg (i=1,...,d)
k=1 k=1

From this inequality one directly obtains with ®

Jj—1 Jj—1

® .
Hij = —Hidy1 — Z Mk = —Hidy1 = fij + Zﬂi,k (i=1,...,d)
k=1 k=1

Let’s choose i as in @. From the equation above and @ we then get

j—1 i—1 j—1
@ . ®
— Higy1 — Z Mg = min | A7 g, 1= Agprae1 + Z Hi,d+1 | — Z Hi g =
k=1 k=1 k=1
i—1 j—1 i—1 i—1j—1 j—1
L= Ai1,ae1 + Zﬂk,d+1 - Z,%k =1—=Agr1,a11 — Zﬂk,j - Z Z,uk,l - Z“ik =
k=1 k=1 k=1 k=11=1 k=1
d i—1 j—1 3 i—1 j—1 j—1 3 ®
D Adirk = D Mg = DD a2 A = D Mg D Adpak = D> Mg >
k=1 k=1 =1 k=1 k=1 k=1 1=1 k=1

i—1 j—1 j—1 i—1
Ad41,j — § % E Adt1k — E Ad41,0 = A1, — E Mg
k=1 k=1 =1 k=1
So overall we have
i—1 j—1
N1 = D kg S ~Hiapr — D Hig
k=1 k=1

So the case i = ¢ delivers a contradiction to the assumption of the assertion not being
true. So it has to be true. B (proof of @)

® leads directly to @ being fulfilled with :\m» (i,7 = 1,...,d). The idea to show that
should be familiar by now:
Choose i as in @, then it follows from ® that

® j-1 i—1 ® i—1 i
WG = N =7 g Zﬂi,k» )‘d—&-l,j - Zﬂk,j = )‘d+1,j - Zﬂk,j A )‘d—i-l,j - Zﬂk,j =0
k=1 k=1 k=1 k=1

If i = d this is @. For i < d we get tti,1,; = 0 and so forth and finally obtain

d
As1j— D Mg =0
k=1

The fact that for any j € {1,...,d} there exists such an index i leads to :\m» (i,7=1,...,d)
fulfilling @ for j =1,...,d.
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So overall with @ and ® we found a solution to

dt1
A =1 (i=1,...,d)
j=1
Aij >0 (i=1,....d; j=1,....,d+1)
d+1 [d+1 d_fd+1
Z Z )\ZJ Zj = Z Z )\1,7‘7 Z] + Zd+1
=1 \j=1 i=1 \j=1

B (Proof of Theorem 5.4.5)
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6 Examples

6.1 Overview

In this section some examples are presented, which either substantiate the results from
chapter 3 or explore theoretically only partially covered cases of this article. This invol-
ves simple cases of multidimensional state constraints and some investigations on the
assumption (C2) from 5.3.

6.1.1 details on calculations and notations

Form of the optimization problem

All problems are presented in Bolza form (see 2.3.1). The discrete solution is obtained
using numerical algorithms to solve the Discrete Mayer-Problem 2.4.2. The error that
occurs when solving the Discrete Mayer-Problem via a certain optimization algorithm
is not taken into account, but is of course present. This should be kept in mind when
considering the following numerical results.

The software used solves exactly the Discrete Mayer-Problem described in this paper.
The ODE is also solved using the forward Euler Method, so despite some numerical
errors, the computed results should exactly represent the solution (2",4") from this
paper. Nevertheless there are some minor differences. First, because of Euler’s method,
it does not make sense to calculate the optimal control on the last point of the grid. So
all control vectors are missing the last m components. The second thing is that the form
of the constraints is a bit altered to compensate for the lack of the last component of
the control vectors. But these are just minor differences and should not have any real
impact on the final result.

The reader of this chapter should also be aware that " splits up into z" and 2" (see
Notations in 2.4.2), where & is the optimal discrete state function to the discrete Bolza-
Problem. The directly discretized Bolza-Problem has not been introduced in this thesis,
because it is almost the same as the Discrete Mayer-Problem presented in 2.4.2 and the
theoretical focus lies on the Mayer form of the optimization problem. The only thing
to do to obtain the Discrete Bolza-Problem from the Discrete Mayer-Problem is to wri-
te down what 2" exactly represents. That way one directly sees that usage of Euler’s
Method in the Discrete Mayer-Problem to obtain 2" directly transfers into a Riemann
sum for the integral term in the objective function, when considering the Discrete Bolza-
Problem.

All convergence results in chapter 3 are given for the extended state variable for the
Mayer-Problem. But as z(.) = (Z(.), 2(.)), convergence of the state of the Mayer-Problem
leads to convergence of the state of the Bolza-Problem. In addtion it deliveres conver-
gence of the objective function integral terms. This can be easily seen by looking at the
following inequality with appropriate norm |.|| and constants C,p € R:

N Y (50 .
127 — pn (@) = | N | AN 0 | < Chy

= 7" — pn(E())I < ChY and 2% — pn(2()] < ChE

8o

N>
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The convergence of the integral term of the objective function follows from the fact that
the difference of the integral terms of the discrete and the continuous case corresponds
to |28 — 2(T)|.

obtaining the exact solution

It is in general preferable to obtain the exact solution analytically, so that an exact
comparison can be done. The alternative would be to “trust” the numerical results and
take the solution obtained for the maximum number of steps used in the calculation
process as the exact solution. To obtain the solution analytically the so called maximum
principle is used. This is usually not possible for complex problems. There is a lot of
literature on that basic topic in infinite dimensional optimization. This article refers
to [1].

norms used

For the convergence analysis done it is essential which norm to use. In most cases this
will be the discrete L. -norm for the state and the discrete Ly-norm or L_,-norm for the
control. Calculation of these norms is straightforward.

In some special cases the continuous L,-norm or the continuous L.,-norm will be used.
In that case the discrete solution is interpolated using a linear spline. The linear spline
for the discrete optimal state data shall be called #"(.), the one for the discrete optimal
control data @' (). For calculating the L,-norm numerical integration is used to integrate
the difference between the optimal function of the continuous problem and the spline
created from the discrete data. This process, of course, involves some numerical errors.
The L, is calculated using numerical maximization routines.

Taking a look at [|z" (.) — #(.)||o, When actually trying to gather information about the
convergence rate of || — py(2(.))|lo makes sense because of the following cosiderations:
From Theorem 2.6.4 we know that 2™ (.) is Lipschitz-continuous with Lipschitz constant
L. Like in the proof of Theorem 3.2.7 we get that " (.)—Z(.) is Lipschitz-continuous with
Lipschitz constant L + L with respect to the supremum norm. From the Compatibility
Property 3.2.6 we then get that

13 = oy (F( Do = 17V () = F()lloo| < (L + L)hy

= " = oy (E( ) oo < (L + Dby + 27 () = ()]l
So if we get an estimation for the convergence rate p of [|#"(.) — Z(.)||«, i.6 We suppose
that |27 (.) — Z(.)[| < CRE, the above inequality delivers:

- hy<1

1EY — py (@)oo < (L+ L)hy +ChE < (L + L+ C)hp™™ P

So we get an estimation of the convergence rate p of ||z — pxn(Z(.))]| by setting p =
min (1, 7).

verifying sufficient optimality conditions

For verifying sufficient optimality conditions it might be advantageous to stick with
the Bolza-Problem and show that the sufficient conditions hold. If the integrand of the
objective function f(.,.,.) is Lipschitz-continuous in all of its arguments on the feasible
set the desired inverse stability property for the extended state can be obtained from the
inverse stability property delivered by analyzing the Bolza-Problem. Note that that the
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Lipschitz-continuity of f(.,.,.) follows directly from the Lipschitz-continuity of (., .,.),
which is needed for Theorem 3.2.4 anyway. So needing the Lipschitz-continuity of f(.,.,.)

is no additional restriction.

As an example, which shows the idea on how to transfer inverse stability properties
for the Bolza-Problem to inverse stability properties for the Mayer-Problem, once again
second order sufficient optimality condtions and the resulting inverse stability property

will be used.

Let’s suppose that second order sufficient optimality condtitions hold for the Bolza-
Problem. From optimization theorey we then get that the following inverse stability

property holds:

€y Y@, u()) = @), a1z < J@C),ul) = J@E(),a(.))

We start with estimating the left side of the above inequality.

® (@ () u()) = @), a3 = llz() = 213 + lul) = a3 = ‘
= [|2() = 25+ l12() = 2C) 113 + lu() — a3

So we have “extracted” |z(.) — 2(.)||5, which we will now estimate using the Lipschitz-

continuity of f:

T t 2
l2() =203 = / / f<T,:z<r>7u<T>>—f<né<r>,a<f>>dr) dt
0T Ot 2
< / / fmm,um)—f<7,az<7>,a<7>>|dT) dt
f Lipschit e ’
3 < / / ||<f<r>,u<r>>—@(r),a(r»oodr> dt
T /T 2
< / / ||<:z<r>,u<f>>—<a~c<r>,a<r>>zdf) dt
. / (T = t) 1E(), u() — (B(), a()|I3 dt
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Combining @ and @ delivers

I@()u()) = @A < IE,u() = GO al)IB + (T —10)? 1E0),u() = () a3
= (14 (T = 1)) 1GE0),u()) = GO a3

This leads directly to

@ ﬁll(z(-), ul-) = @), a3 < 1@, u() = EC) a3
-0

estimation of the convergence rate

Estimation of the convergence rate is done using logarithmic analysis of the data in
conjunction with calculation of the corresponding regression line. Let’s consider the
convergence analysis for the optimal state in a certain norm |.| as an example. It is
assumed that the following inequality holds with the constants C' and p:

2% = pn (@)l < C kY

With the data calculated for certain numbers of steps Ny,..., N, we know the left-hand
side for those number of steps. The goal is to obtain C' and above all the convergence
rate p. Therefore we set

13" = pn (&) = C b
Applying the natural logarithm then yields
n||&" — py ()] = In (C k) =InC +p Inhy

The line that fulfills the above equation best is the regression line corresponding to the
points (Inhy,,In[|#" — py. (#(.))]) (i = 1,...,k). The slope of that line is then considered
to be an approximation to p.

To obtain an estimation for C the regression line should be moved up till all the points
(Inhy,, In |3 — py. (2())]]) (i = 1,...,k) lie below it. Evaluating the moved line at 0 then
should give a rough approximation of In C'. There are also some other tweaks that could
be applied to the line to obtain supposedly better results for C' and p. But these are all
heuristics that are not needed in this article. Unless otherwise noted, only unmodified
regression lines are used for the convergence analysis.

explanation of the plots

The plots were done using mathematica. In the state and control plots the blue line
represents the exact solution. The read dots depict the discrete solution, which is inter-
polated by a linear spline, which in turn is represented by green lines. An orange line
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marks the maximum distance from the discrete to the exact solution. In the logarithmic
plots the blue line represents the regression line and the red dots represent the distance
values, which depend on the norm used. The values shown at the axes in the double
logarithmic plot do not have the logarithm applied, the logarithmic plotting just affects
the scaling.

6.1.2 optimization routines

The author of this thesis has done quite some research on different optimizers and quite
a number adjustments in terms of optimizer settings have been made to get good results.
The most significant impacts come from the optimizers accuracy settings and the way
derivatives of the objective function are calculated. The preferred way of course is to pass
exact derivatives to the optimizer. The software used for computation has been extended
by the author to work with exact derivatives. There are lots of details to care about,
when programming the software to deal with optimization problems. Those are not part
of this article, because it would be kind of off-topic. The main optimizer for solving finite
dimensional problems used in this thesis is from Bjérn Sachsenberger from the University
of Bayreuth and is called NLPIP. It essentially combines Interior Point mechanics with
an SQP method. For literature on that Optimizer see [10]. Another optimizer used is from
Klaus Schittkowski, also from the University of Bayreuth, and is called NLPQLP. For
further information see [11]. The software package, that encapsulates these optimizers
has been developed by Jiirgen Pannek. It has been adjusted by the author to work
with Optimal Control Problems, whereas its native domain is Model Predictive Control.
This whole package serves as a framework in C++ and provides classes for defining
the optimization problem itself (in the continuous form), solving the ODE, calculating
approximated and exact derivatives, discretizing the continuous problem and wrapping
the optimizers (which have been written in Fortran). Literature on and the software
package itself can be found taking a look at [12].

6.2 Simple OCP without state constraints

This example is based on Example 8.2 in [?]. It is an example that involves box
constraints for the control, but no state constraints. The optimal solution will be
obtained analytically using the maximum principle (see 5.1.2 in [1]). Having the exact
solution makes a precise error analysis possible. It is also pretty simple to verify that
all necessary assumptions for the convergence proposition in chapter 3 are fulfilled. The
example looks like this:

105



Problem

Minimize : J(E(),u) = — / 2% (t) — 3u(t) — u(t)dt
0

with respect to :

with #(.) € AC([0,2]) and u(.) € L.([0,2])

Note: As this is the Bolza form of the OCP, the state has been named % to be consistent
with the notations of chapter 2.

6.2.1 obtaining the solution analytically

The initial condition can be written as r(£(0),#(2)) := (z(0) — 5) = 0.
From Theorem 5.1.2 from [1], i.e. the global maximum principle, it then follows with
the notations from [1] that:

@ H,@ia0),pt)(at) —u) >0 (for all u € [0,2] and almost all ¢ € [0,2])

2
p(t) = / p(r) + 2 dr = () = —p(t) — 2 & plt) = 2 + Ce™*




With H,(t,z,4(t),p(t)) = p(t) — 3 — 2a(t) we get by analyzing @:

H,(t, &, a(t),p(t)) > 0 Q a(t) =2 = p(t) =3 —2a(t) = -9 +2" "> 0=t <2—In(d)
H,(t, &, a(t),p(t)) <0 Q a(t) =0=p(t) —3—2a(t) = —5+2° " <0=t>2—1n(3)
H,(t,2,a(t), p(t)) = 0 = p(t) — 3 — 2a(t) = 2 = a(t) = %(p(t) —3)
w002 o %(262* —5)<2=2-In(2)<t<2-In(3)
So overall we got for a(t):
2 0<t<2-In(2)
€) at)=<e* " -3 2-In(d) <t<2-In(3)
0 2-In(3) <t<2

From the ODE #(t) = #(t) + a(t) we are now able to obtain the optimal state (.)
with @. Obtaining one specific solution for 0 <t < 2 —In(3) and 2 - In(3) <t < 2is
pretty easy, because 4(.) is constant there. So setting Z(¢t) = —a(t) solves the ODE on
0,2—1n(2))U(2—1n(3),2]. For 2—1n(3) <t <2—1In(3) we set #(t) = Ce’ " + 5. Inserting
the expression in the ODE delivers —Ce® ™" = Ce* ™" + ¢*~*, which leads to C = —3. So

the specific solution we were looking for is Z(t) = 7%624 + 2. So overall we have for z():
Che' —2 0<t<2-In(9)
@ B(t) =S Che’ =17+ 2 2 () <t <2-1n(3)
Cye’ 2-In(3) <t<2

The constants C;, Cy, and C; are determined by the initial value z(0) = 5 and the fact
that #(.) is continuous. From @ and #(0) = 5 we get

5201—2<:>01:7

From i(.) being continuous and @ it then follows that

A 14
F2-(2) =72 o= 2 9
14 2 1 oy 5 9 2 81 _
= 562—22662(}2—56] (2)+§@—12(02—7)662@02:—§€ 2+7
S 81 _ _In(3 1 5 5 14 81 5 14 14 14
= F(2—1 5 —(7-22 2 21n(2)_71n(2) 7:72_7 7:72_7:7 2_1
22-IG) == ge e 20 Tt T it s T s Y
2
= 7(62 — 1) =C 6271n(g) 56203 = 03 = 7(1 — 672)
So overall we have the following result for the optimal state:
7et —2 0<t<2-In(9)
)= (T— e e —Le¥ 5 2-I(d) <t <2-In(d)
7(1—e?)e 2-In(3)<t<2
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L optimal state i(.) U optimal control 4(.)
2.0
40
15
30
1.0
20
10 0.5
t t
0.5 1.0 15 20 0.5 1.0 15 20

Figure 1: optimal state and control (Example 6.2)

Knowing # and 4(.) delivers the minimal objective function value:

JGO), () = _/22§(t) — 3a(t) — a3 (t)dt = i (236 — 56¢* — 25log (g) —56log @))
’ ~ —69.1775356

6.2.2 applying the convergence theorem

For this example it is pretty easy to check if the premises of the Convergence Theorem
3.2.8 are fulfilled. As there are no pure state constraints present, the assumptions
(C1) and (C2) from chapter 5 do not have to be considered. Showing that (Al),
(A2) and (A3) apply implies considering the set-valued form of the corresponding
Mayer-Problem, i.e.
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Problem (set-valued Mayer form)

Minimize : J(x(0),2(2)) = 2(2)

with respect to :

#(t) € F(t,a(1)) = {(_%{;gq;;+ ) | ue0,2]}

with z(.) € AC([0,2])? and u(.) € L ([0,2])

We can now examine F from above:

e The following shows that (A1) is fulfilled.

T+u
F(t =
|F(t, )], = max (_2j+3u+43> 2

< max] <|i+u\+|f2:i+3u+u2|>

u€[0,2] u€[0,2
< max (|5c| ¥ lul + |28 + |3u + u2|) <3| +12 < 12(j@| + 1) < 12(|lz]ls + 1)
ue|0,

e (A2) is also fulfilled, which follows from the following considerations:
It should be obvious, that the images of F' are not empty. The mapping

T+ u

Glu) = (—Qi‘ + 3u + u2>

is continuous. As [0,2] is compact it follows that F(¢,z) = G([0,2]) is compact.

e (A3) follows from:

y+u
—27 + 3 + @
g representing the first component of y. We have to prove now that there exists
w € F(t,z) and Ly independent of ¢, £, z, y and @ such that

Let v € F(t,y). Then there exists @ € [0,2] such that v = with

lw=vlls < Lp(t =8 +llz —yll)  (tLE€T, z,y €R")

—2% + 3u +u?

ho—olla= || .05 o),
-2+ 3u+u 29+ 3u+u

i3
~2(7 — )
gl<lle—y

o o N ll2 -
<z —g[+2)z —g| =3[z — g < 3=t +lz -yl

As w = ( Ttu ) with u € [0,2] it holds:

2 2
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The other way round, i.e. finding v € F(¢,y) for given w € F(t,z) such that a similar
result to the one above holds, involves exactly the same calculation as done above
and delivers the same result. So overall it has been shown that (A3) holds with
LF = 3

The next thing is to show that J(.,.) is Lipschitz-continuous in both arguments. This is
very easy due to the simple form of J: Let z,y,a,b € R* with

o (1) (1) ()0 ()

|J(2,y) = J(a,0)] = ly2 — ba| < lly = blloc <l(2,9) — (a,0) ]l

Then

Which means that J(.,.) is Lipschitz-continuous with Lipschitz constant L; = 1
with respect to the supremum norm. With (Al), (A2) and (A3) being fulfilled the
Approximation Property 3.2.1 holds. Together with J being Lipschitz-continuous
the premises of the Value Convergence Theorem 3.2.2 are met. This means that the
objective function values converge with at least rate one.

¥(.,.,.) is Lipschitz-continuous in all arguments on the feasible set. Indeed, the
Lipschitz-continuity is only needed there (for details see 3.2.4). The Lipschitz-continuity
can be shown the following way: First, ¢(.,.,.) does not explicitly depend on the time ¢.
Second, ¥(.,.,.) is linear with respect to x. Finally u is bounded.

The last thing needed to apply the Convergence Theorem 3.2.8 is some sort of inverse
stability property. We will make use of second order sufficient optimality conditions
here, which have to be verified. This is consistent with the Inverse Stability Property
3.2.3. Another way would be to go for first order sufficient optimality conditions,
which would deliver the better convergence rate of 1 instead of 1/2 in the Convergence
Theorem 3.2.8.

We have to show that L”(z(.),a())(v(.),w()(w(.),w(.)) > ~l@(),w())|5 for all
(v(.),w(.)) € L(Z,(&(.),a(.))), where L” is the second Fréchet derivative of of the
Lagrange function and L(X,(2(.),4(.))) is the linearizing cone of the feasible set ¥ in
(z(.),a(.)). For details, see [1]. For this example we won’t need the restriction to the
linearizing cone, because of the simple structure of the problem. As all constraints are
linear, the second derivative of the Lagrange function is the second derivative of the
objective function:

€y L"((@(), () (v(), wO)) (v (), w(.)) = /2w2(t) dt = 2|lw(.)|3
0

Because of the linear structure of the ODE it is easy to estimate |[v(.)|s = [|#(.) — Z(.)|2
by [|lw()|ls = ||lu(.) — @(.)||o- The general solution to the ODE is:

t
i(t)=5e" +et/e*7u(7) dr
0
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So we have

2

1Z(.) = Z()ll2 < V2)12() = ()| < V2¢? /{;IIU(T) — (7)o dr

0 <1

2
<VES [ u(r) — ()l dr 2 26 ful) - ()
0

Combining this result with @ yields

L (@ (), () (0(), w()) (w(), w() = 2[w()3 > [lw()]3 + ie_4||v(~)||§

> 27 (IO + 100)]1) = i\/ ), w13

vi=

So overall we have shown, that the Value Convergence Theorem holds, which leads
to convergence of the objective function values with at least rate one. Furthermore
the Convergence Theorem 3.2.8 can be applied with convergence rate 1/2. So from
the numerical results at least convergence rate 1 for the objective function values and
convergence rate 1/2 for the optimal state with respect to the discrete L..-norm can be
expected.

As a note it shall be mentioned, that for this simple example there exist results, that
deliver at least convergence rate 1 for the optimal discrete state and convergence rate
1 for the optimal discrete controls, both with respect to the discrete supremum norm.
For details, see [13]. But the assumptions needed to obtain those results are way more
restrictive, than the ones presented in this article. Furthermore the concept shown here
is far more flexible, which can be seen by taking a look at chapter 4.

6.2.3 convergence analysis

The last section about applying the convergence theorem delivers that we can at
least expect convergence rate one for the optimal state and the optimal control. The
results for this section have all been calculated using the NLPIP optimizer and exact
derivatives, which provided the best results out of several scenarios. The term best in
this case means that the calculated discrete solutions were closest to the exact optimal
solutions derived in 6.2.1. As computing power does not really matter for this example
it is convenient to use a power function for increasing the number of steps. For this
example powers of 2 were used. That way the stepsizes are equidistant in a logarithmic
plot.

state convergence

As this thesis is for the most part about convergence of the discrete optimal
state, we take a look at some plots containing the optimal state of the conti-
nuous problem (blue) and the optimal state of the directly discretized problem
(red points). The discrete solution is presented by red points and interpolated
using a linear spline, which is shown in green color. The orange line shows whe-
re the maximum distance of the discrete solution to the exact solution appears.
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So for the state the length of the orange bar corresponds to [V — py(Z())]ls-

T xT

20

10

05 10 15 20t 05 10 15 20 ¢ 05 10 15 20t
Figure 2: discrete optimal state i (Example 6.2)

For N > 256 there is not really an optical difference between the two curves left.

Applying the logarithmic analysis explained in the overview section 6.1 yields the
following LogLogPlot (logarithmic logarithmic plot). Note that the values shown on the
axis, which correspond to the calculated points, have no logarithm applied. They just

represent the distance [|# — py(2(.))||l« for a given steplength hy = 1/N.
[N CIO)] [

17.934 ()
10.862

6.0703
3.2294
1.6677
0.84793
0.42776
0.21479
0.10762
0.053870
0.026950
0.013478

1 1 1 1 1 1 h

- < 3 1 1 1 1 1 1 1 1
4096 2048 1024 512 256 128 64 32 16 8 2

1
4

Figure 3: double logarithmic plot of ||z~ — px(Z(.))|le for N =2" (k=2,...,13)
(Example 6.2)
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The regressionline r(.) (blue) is defined by the following expression:

r(t) = 3.83364607 4+ 0.958591079 ¢

This means that the estimation of the convergence rate is 0.958591079. This is pretty
close to the expected convergence rate, i.e. 1.

control convergence
For the controls results look pretty much as good as for the state, but due to the slightly
more complex appearance of the control the result for N = 4 is way worse. In that
case the optimizer generated a warning, that the line search could not be terminated
successfully after the maximum number of iterations. This has to be expected for such
a small number of steps N. As already mentioned in the overview of this chapter the
calculated discrete control vector lacks the vector corresponding to the optimal control
at the last grid point, which in this case is ty = 2.

u
20

15

10

0.5

N =4

20 t 05 170 15 20 ¢

Figure 4: discrete optimal control 4" (Example 6.2)

05

As for the state for N > 256 there is hardly any viewable difference between the two

curves left.
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Applying the logarithmic analysis explained in the overview section 6.1 yields the fol-
lowing LogLogPlot (logarithmic logarithmic plot). Note that the values shown on the
axis, which correspond to the calculated points, have no logarithm applied. They just
represent the distance [|@" — py(a(.))||s for a given steplength hy = 1/N.

4" —pn (@)oo

1.9817 °
1.4299

0.82845
0.44927
0.23445
0.11983
0.060584
0.030613
0.015351
0.0076874
0.0038483
0.0019295

1 1 1 1 1 1 hn

- @ i 1 1 1 1 1 1 1 1
4096 2048 1024 512 256 128 64 32 16 8 2

i
1
Figure 5: double logarithmic plot of ||i" — py (a(.))||e for N =2% (k=2,...,13)
(Example 6.2)

The regressionline r(.) appearing in this plot (blue) is defined by the following expression:

r(t) = 1.80085114 + 0.93810558 ¢

This means that the estimation of the convergence rate for the controls is 0.93810558.
This is not quite as good as the estimation for the state convergence rate, but still pretty
close to the expected convergence rate, i.e. 1.

objective function value convergence
The objective funciton values are also expected to be converging with at least rate 1.
The corresponding double logarithmic plot for this example is
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Figure 6: double logarithmic plot of | J (&) ,2N) — J(2(t), #(T))| for N =2 (k=2,...,13)
(Example 6.2)

The regressionline r(.) appearing in this plot (blue) is:
4.33944057 4 0.950699286 ¢

This means that the estimation of the convergence rate for the controls is 0.950699286.
Again, this is pretty close to the expected convergence rate, i.e. 1.

Summary

Although the estimations of the convergence values are all slightly below one, this is
a really good result. Using the regression line approach just delivers a guess for the
convergence rate. Also a very good sign is, that all the double logarithmic plots show
nearly straight lines. Overall these are the computed values:

stepsize | [|a" —px(@())lz | 187 —pn(@(Dlloo | 13V —pn(@(Dlloe | 17(E0 88) =T (#(t0),2(T))]
1/2 1.618698 1.981689 17.934330 28.169723
1/4 0.941112 1.429931 10.862134 17.796303
1/8 0.502039 0.828453 6.070301 10.177303
1/16 0.260061 0.449271 3.229420 5.472450
1/32 0.132335 0.234455 1.667662 2.842170
1/64 0.066804 0.119832 0.847926 1.448962
1/128 0.033577 0.060584 0.427759 0.731635
1/256 0.016860 0.030613 0.214792 0.367630
1/512 0.008439 0.015351 0.107624 0.184271
1/1024 0.004222 0.007687 0.053870 0.092250
1/2048 0.002112 0.003848 0.026950 0.046154
1/4096 0.001056 0.001930 0.013478 0.023084
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6.3 Simple multidimensional state constraints

This example is based on Problem 6.4.7 in [14]. It’s about the flow of water involving
two water boxes, but this shall not be the concern here. The minimization problem is
the following:

Problem
10
Minimize : J(@(),u(.) = - /(10 —t)uy(t) +tug(t)dt
0
with respect to :
i< T ae
- <ul<t> —u2<t>> “
- 4
o-(3)
s1(LE() = —, () <0
52(1, (1)) = —a(t) <0
u(t) € [0,1)? a.e.

with #(.) = <i18> e AC([0,10))* and u(.) = (”1(')> e L..([0,10])*

2\ gy ()

Note: As this is the Bolza form of the OCP, the state has been named % to be consistent
with the notations of chapter 2.

6.3.1 obtaining the solution analytically

The initial conditions can be written as r(z(0),Z(10)) := (24(0) — 4, 22(0) —4) = Og>. From
Theorem 5.1.2 from [1], i.e. the global maximum principle, it then follows with the
notations from [1] that:

) H,(t,z,a(t), pt))(a(t) —u) > 0 (for all u € [0,1)* and almost all ¢ € [0,10])
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and

are the optimal state respectively control variables.
From the fact that
- —uy(t)
t,x(t),u(t)) =
01,30, u(0)) <u1<t> " w))

we get that H(¢,Z(¢), u(t), p(t)) does not depend on &, so we get H,(t,Z(t),u(t),p(t)) = 0.
In addition we get from the definition of s(.,.,.) that

s (1,7(1)) = (‘}) _(j)

Using those results and the equation for p(t) we get:

10
- B . ‘usl(lo) - ,usl (t)
® p(t) = t/dMS(T) - Ms(lo) - 'U’S(t) - <:u’€2(10) - Msz (ﬂ)

Analyzing ® further and using

-1 0
1 -1

Du(t, 7, u(t)) = ( ) and f,(t, %, u(t)) = —(10 — t,1)

yields

H, (4, ,(2), p(6)(a(t) — 0) = <p*<t> (‘ o +<1o—t,t>> (a(t) — w) =

@

(Pa(t) — py () + 10 — £, —po(t) + 1) (a(t) —u) > 0 (for all u € [0,1)> and almost all ¢ € [0, 10))

From this we can conclude the following:
Set uy = ty(t). Then @ is

(pa(t) — p1 () + 10 — t) (4, (t) —uqy) >0 (for all u; € [0,1] and almost all ¢ € [0,10])
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So we get that for py(t) —p, (¢) +10—t > 0 it holds 4, (¢) = 1 and for py(t) —p, (t) +10—¢ < 0
it holds 4, (t) = 0. So we have

fi t) — t 10 —¢
© iy (t) = 0 for po(t) —pi(t) +10 -t <0 e,

Arguing the same way for i, delivers

3 ) {0 for —py(t)+t<0
Ug = a.e.

1 for —py(t)+t>0

Considering i,

s, (i = 1,2) is monotonously increasing and the starting point may be chosen ar-
bitrarily. So we set p; = 0p>. From the complementary slackness condition, i. e.
0 —2%(t) du,(t) = 0 it follows that for #; > 0 on [ry, 7] it holds u, = const. on [ry, 7]

(i=1,2). So it holds [T —a*(t) dp,(t) = 0 for all z(.) € AC([0,10])*.

So let’s suppose that Z;(t) > 0 for all ¢ € [0,10]. Then p, (t) = 0 on [0,10]. From @ we
then get py(t) = p,, (10) — p,, (t) = 0 on [0,10]. Thus it holds:

mon.
:u‘52

Pa(t) = pr(t) = pat) = ey (10) — iy (£) > 0> ¢—10 (t € [0,10))

increasing

So with @ we have i, (t) = 1 for almost all ¢ € [0,10). Using the connection of 4,(.) and
#1(.) via the ODE we get

t

:zl(t):4—/a1(7) dr <0 (t € [4,10])
0

which is a contradiction to the assumption that 2, (¢) > 0 for all ¢ € [0,10]. So considering
that ,(0) = 4 > 0 we have that there exists ¢ € [0,10] with Z;(¢) = 0.

Let’s set

t := min{t € [0, 10]

I, (t) = 0}
Because of #,(0) = 4 > 0 and #(.) being continuous it holds by the definition of  that
&,(t) > 0 for t € [0,7). So we have y, (t) =0 on [0,7), but this time pg (10) must not be
0. Using @ this leads to py(t) — p1(t) = s, (10) — pg, () — ps, (10), which is monotonously
decreasing. Because of ¢ — 10 being strictly monotonously increasing there is at most one
point ¢, € [0,%) with py(t;) — p1(t;) = t; — 10. If this point exists it then holds

>t—10 forte[0,¢)

pa(t) = pi(t) .

<t—10 forte (t,1)

So we have 4, (t) = 1 almost everywhere on [0,¢;). Using the ODE then leads to
ty
i’l(tl) = 4 — \/'&1(7’) dT = 0

0
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With ¢, < t this is a contradiction to the definition of .

As py(t) — pi(t) < t —10 for all ¢ € [0,10] would lead to #,(¢t) = 4 > 0 on [0,10], this
cannot be the case. So with the monotonicity considerations made before we know that
po(t) — pi(t) >t — 10 on [0,%). So we have i, (t) = 1 for almost all ¢t € [0,#). This leads
directly to £ = 4 via applying the ODE. Furthermore we get

0< &, (t) :4—/4111(7) dT—/tﬁl(T) dr = —/tal(r) dr (t € [4,10))

Together with the fact that u,(¢) > 0 we have 4, (¢) = 0 for almost all ¢ € [t,10]. So overall
the optimal control 4, (.) is:

. 1 forte[0,4)
t) = e.
@ ) {0 for t € [4,10] “

The fact that u(t) > 0 for all ¢ € [0,10], #,(¢) = 0 and that #(t) > 0 on [0, 10] together
with the ODE then delivers that #,(¢) = 0 on [t,10] and 44 (t) = 0 for almost all ¢ € [¢,10].

Considering i,

Pretty much the same considerations that were made for obtaining ,(.) will be used
to obtain 1,(.). From what we already know from @ this should be easier than for ,(.)
because only py(.) will be involved. Although the second component of the ODE looks
a bit more complicated at first sight this is not the case because we already know i, (.),
hence it has been deduced before analyzing dy(.).

p2(t) = s, (10) — p, (t) is monotonously decreasing. t is strictly monotonously increasing.
So there exists at most one point £ € [0,10] with py(f) = . Because p,(10) = 0 there is
exactly one such point. From p,(t) > t for t € [0,) and p,(t) < t for ¢ € (,10] we get from
® that

. 0 fortel0,f)
t) = .e.
® Ba(f) {1 for ¢ € (i, 10] e

All that is left to do now is find ¢.
Combining the ODE with @ delivers

® Bo(t) =4+

/tﬂl(T) _ay(r) dr @ {4 +t :Afot fy(T)dr  for t € [0,4)
/ 8 — [y ta(T)dr for ¢ € [4,10]

Let’s suppose that &,(¢t) > 0 for all ¢ € [0,10]. Then from the complementary slackness
condition it follows that p,(t) = 0 on [0, 10]. This means that £ = 0. With ® it then holds
that 4, (t) = 1 for almost all ¢ € [0,10]. ® then delivers that Z,(¢) < 0 for ¢ € (8,10], which
violates the state constraints. So Z,(¢) > 0 for all ¢ € [0,10] cannot hold, which means
that there exists ¢; € [0,10] such that ,(¢) = 0.

From ® we know that ¢; € [8,10]. Let’s suppose that ¢; € (8,10). Due to i,(¢) > 0 for all
t € 0,10] it then holds that i, (¢) = 0 for almost all ¢ € (¢;,10]. This is a contradiction to
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®. So t; = 10 which means 2,(10) = 0.
Combining #,(10) = 0, ® and ® delivers

10
O:£2(10)®£©8—/1(7)d7-:—2+f<:>f:
i

So from ® we get

. 0 forte0,2)
Uy (t) = a.e
@ 1 fort e (2,10]
The corresponding optimal state can be easily obtained from the ODE by using @ and
@. So overall we have
. 1 forte[0,4)
G (t) = a.e.
0 fort e [4,10]
. 0 fortel0,2)
Uy (t) = a.e
1 for t e (2,10]
. 4—t¢ fortel0,4)
T(t) =
0 for ¢ € [4,10]
4+t fortel0,2)
To(t) = for t € [2,4)
10—t fort e [4,10]
u iy (.) w iy ()
1.0 1.0
0.8 0.8
0.6 0.6
0.4 04
0.2 0.2
2 7 5 T 10° 7 4 6 g 10!

Figure 7: optimal control (Example 6.3)
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Figure 8: optimal state (Example 6.3)

Knowing 4(.) delivers the minimal objective function value:

10

J(z(),0) = J(a()) = — /(10 — 1) 1y (t) + t iy (t)dt = —80
0

6.3.2 applying the convergence theorem

Checking if the premises of the Convergence Theorem 3.2.8 are fulfilled has been done
in detail for example 6.2 in section 6.2.2. The major difference to that example is, that
this time there are simple state constraints present. Although these constraints are
simple they are not fully covered by the theory of this thesis. This is because (C1) and
(C2) from 5.3 only allow a single scalar state constraint. So this section will argue with
(C1E) and (C2E). which are the assumptions for the case including multidimensional
state constraints (see 5.3.4).

For investigations we need the Mayer form of the problem, which is:
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Problem (set-valued Mayer form)

Minimize : J(z(0),2(10)) = z(10)

with respect to :

—uy
z(t) € F(t,x(t)) = { Uy — Usg ’ U= <Zl> € [0, 1]2} a.e
—(10 — t) uy — tug 2
s1(t,Z(t)) = —z1(t) <0
so(t, T(t)) = —xo(t) <0
4
z(0) =] 4
0
u(t) € [0,1]? a.e.

with z(.) € AC([0,10])* and u(.) € L. ([0,10])

Showing that (A1), (A2) and (A3) apply is pretty easy: First, F(t,x) does not depend
on z here. Second, ¢ € [0,10] and u(¢) € [0,1]%, which means they are bounded. Those
two facts directly lead to the desired result.

Showing that J(.,.) is Lipschitz-continuous is also straightforward and works exactly
the same way as in 6.2.2. It should also be clear that (., .,.) is Lipschitz-continuous in
all of it’s arguments on I x S x U (see Theorem 3.2.4) because the controls are bounded.

It is left to show that (C1E) and (C2E) are fulfilled. For details and notations see 5.3
and 5.3.4. Obviously s(.,.) € C*%([0,1] x R*)? and z € 90,(t) < s;(t,z) = 0 (i = 1,2).
So (C1E) holds. We will now show, that (C2E) holds for s,(.), but not for s;(.). So
overall (C2E) won’t be fulfilled for this example. Nevertheless taking a look at the
exact optimal solution for the state reveals, why violating (C2E) still leads to pleasant
convergence results. Those results are presented in detail in the next section.

Let z = (2). As s;(,,.) (i = 1,2) does not depend on z, the last component of
Vs;(t,z) (i = 1,2) equals 0. As s;(.) just depends on z; and s,(.) just depends on z, we
have:

0 0 0 0

9
Vsl(t,x) = 1 0 = 0 and VSQ(t7x) - %Sg(t,(ﬂ) - —1
0 0 0 0

With the first and the second component of F (¢, z) not depending on (¢, z) we know that

r}l%n )(Vsi(t,x), (1)) (i =1,2) is independent of (t,x). Both expressions just depend on
veEF(t,x

u e [0,1)°.

122



So for the first constraint (i =1) we have for all (¢,z) € [0,1] x R®:

A ST
This violates (C2E).
For the second constraint (i =2) we have for all (¢,z) € [0,1] x R®:

min (Vsy(t, x), 11) = min —3Sy(t,z)(u; —Up) = min ug —u; = —1<0
i (T2t (1)) = min salta) =) = min s =

So the second constraint does not pose any problems for the “inward steering” process,
used in the proof of Theorem 5.3.2.

The following plots show the problematic region (red) and the one that does not pose any
difficulties (green). The gray arrows symbolize the gradients of s,(.) and s,(.). The blue
curve is the exact solution and the red dots (interpolated with a green linear spline) show
the optimal discrete state. Although (C2E) is clearly violated and the optimal solution
stays in the critical (red) zone for about half the time, this does not seem to affect the
optimal discrete solution negatively. This probably has to do with the simple structure
of the problem, which leads to the fact, that the ODE solver does not have to do any
redirection of the solution towards the feasible set ©() = {z € R® | z; > 0, =, > 0}.

x optimal state (.) x i for N = 16
6
-
5
-~ q
: :
-]
3 3
B —— [
2 3
-
1 1
] [
. l T 2 l 3 l 7 | T2 3 4 !
_1l Y -1

Figure 9: left: red shows the problematic area for (C2E), green the one where no
problems occur; right: the optimal discrete solution shows no negative influence
(Example 6.3)

The last thing to do is obtain an inverse stability property. Second order sufficient
optimality conditions do not hold, because all second Fréchet derivatives vanish. Also
first order optimality conditions do not hold. So we are leaving this as an unsolved issue.
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6.3.3 convergence analysis

The results for this section have all been calculated using the NLPQLP optimizer (see
[11]) and exact derivatives, which provided the best results out of several scenarios. The
term best in this case means that the calculated discrete solutions were closest to the
exact optimal solutions derived in 6.2.1.

6.3.3.1 first approach

As computations for this example are more memory and calculation power consuming
than for example 6.2, the first approach to get an estimation for the convergence rage
may be to use multiples of 20 for the number of steps. The following double logarithmic
plot of the state distances shows that this is not such a good idea.

13N — o (E()) oo

1074

10718

10~ 22

10~ 26

10~ 30

1 1 1 1
10 8 6 4

B[=
&=
5l
N
Rl=

Figure 10: double logarithmic plot of ||z — py(2(.))||e for N =20k (k =1,...,10)
(Example 6.3)

To shed some light on that result we take a look at the discrete state for N =5, i.e. a
really small stepsize. Again, the blue line represents the exact optimal solution whereas
the red dots depict the discrete solution. The green line is the interpolation of the discrete
solution with a linear spline.
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2 2 ™! > x 6 8 ¢

Figure 11: discrete optimal state for N = 5 (Example 6.3)

So even for such a small number of steps the discrete solution points lie pretty much
exactly on the curve of the optimal state #(.). This has to do with two things. First,
the optimal solution is progressively linear. Second, the switching points of the optimal
control 4(.) are ¢t = 4 for 4, (.) and ¢t = 2 for 4,(.). So if the number of steps IV is a multiple
of 5, these switching points lie on the grid. This leads to Euler’s Method being able to
deliver an exact solution to the ODE. If the optimizer is now supposed to deliver an exact
solution to the directly discretized problem (see 2.4.2), the numerical solution is exact
for N =5k (k € N). Of course the numerical errors are not avoidable and the accuracy
of the optimizer has been set to 10~%. This should explain Figure 13. The consequence
of this behavior is to use no multiple of 5 for the number of steps.

6.3.3.2 second approach

One way to avoid multiples of 5 for N, that will be used here, is to set N = 2* (k € N)
like in example 6.2. This time we will just investigate N = 2% (k=2,...,9).

state convergence
For N = 8 the discrete optimal state looks the following way:
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2 4 6 8
Figure 12: discrete optimal state for N = 8 (Example 6.3)

As one can see the discrete points pretty much lie on the exact curve again. This can be
observed for the other cases (N = ok (k=2,... ,9)), too. Again, this is a really good result,
but is not that great for convergence analysis, because the results are kind of too good.
Nevertheless, the double logarithmic plot of the state distances (calculated with respect
to the discrete supremum norm) shows a better result now than for the first approach.

13Y —pn (E()) oo

1x 1071 °

5% 10716

1x 10716

5x 107

1x 107V

5x 10718

1x10°18

5 5 hn

=N = 3 3 3 5 5
256 128 64 32 16 8 4 2

Figure 13: double logarithmic plot of ||z — py(2(.))|| for N =2% (k=2,...,9)
(Example 6.3)
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The regressionline r(.) (blue) is defined by the following expression:
r(t) = —36.4071456 + 1.3674625 ¢

Principally this is a perfect result. But as the distance values are that small and relatively
seen wide spread this result can’t be taken too serious.

To get a more convincing result, considering figure 12 leads to the idea of comparing
the linear spline (green curve) to the exact curve using the L-norm. The linear spline,
connecting the discrete solution points, shall be named ¥ (.). The L. -norm is calculated
by max(||Z" (2) — 2(2) ||, |2~ (4) — #(4) || o). The fact that ¢t = 2 and ¢ = 4 are the switching
points for the control means they are the buckling points for the state. As already
shown, numerical analysis delivers that ||Z" — px(Z(.))|| is almost zero. This means, that
the discrete solution points pretty much lie on the exact curve. So the maximum distance
has to occur at t =2 or t = 4.

Taking a look at [|z" (.) — #(.)||o, When actually trying to gather information about the
convergence rate of ||V — py(2(.))|| makes sense because the Compatibility Property
3.2.6 delivers:

13 = N (E())loo < Chy + 1177 () = 2()lloo

This is explained in more detail in 6.1.1 in the discussion about norms. And in fact, the
double logarithmic plot associated with ||V (.) — Z(.)|| for N = 2% (k =2,...,9) shows a
way more convincing result.

13 () =2 ()loo

1.000

0.500

0.100

0.050

0.010
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5 5 5 hn

=N = 5 3 3 3 5 S
256 128 64 32 16 8 4 2

Figure 14: double logarithmic plot of |z (.) — Z(.)|| for N =2 (k=2,...,9)
(Example 6.3)

The corresponding regressionline 7(.) (blue) is defined by the following expression:

r(t) = —1.42711636 + 1.00000000 ¢
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This really is a perfect result. So according to the norms discussion in 6.1.1, the estima-
tion for the regression rate p would be p = min(1, 1.00000000) = 1.

Overall the following values have been obtained for the state distances:

steps | stepsize | (12" —pn(@()llee | 12V ()=2( )]0
4| 5/2 |8.881784-10'° 0.600000

8| 5/4 |1.942890-10"'° 0.300000

16| 5/8 | 1.387779-10""7 0.150000

32| 5/16 | 1.387779-10" "7 0.075000

64 | 5/32 |9.992007-10'° 0.037500
128 | 5/64 |8.673617-10 " 0.018750
256 | 5/128 | 8.673617-10" " 0.009375
512 | 5/256 | 8.673617-10" " 0.004688

control convergence

As the optimal control jumps at t = 2 and ¢t = 4, it is very likely that the discrete
controls won’t converge in the discrete supremum. This is a fact well known in
optimal control theory. The following plots of the control substantiate that forecast.

u () u ()

1.C—s———o—omum 1.0

f
0.8 0.8 ]
0.6 0.6
0.4 Q 0.4
0.2 0.2

t t
2 4 6 8 10 2 4 6 8 10

Figure 15: discrete optimal control for N = 8 (Example 6.3)

The single discrete point sitting near the switching point of the control does not vanish
when using greater number of steps.
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Figure 16: discrete optimal control for N = 64 (Example 6.3)

The double logarithmic plot of the discrete supremum norm shows that the distances
are not decreasing. Instead they have somewhat random values in [0,1], which is
expected from the control plots above.

13N —pn (2()) oo

[ ] [ ] [ ] [ ]
0.70
[ ] [ ]
0.50
[ [ ]
0.30
5 5 5 5 5 5 5 5
256 128 64 32 16 8 4 2

Figure 17: double logarithmic plot of ||a™ — py(a(.))||s for N =2 (k=2,...,9)
(Example 6.3)
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The discrete Lo-norm should deliver different results. This is because each point is weigh-
ted by the steplength. So the one point, that ruined it all in the case of applying the
supremum norm, plays more and more less of a role when the stepsize decreases. This
leads to the following result:

16N —pn (@())lla
1.00|

0.70

0.50

=N S 3 5 5 5 s
256 128 32 16 8 4 2

Rlon

Figure 18: double logarithmic plot of ||i™ — py(a(.))|ls for N = 2% (k=2,...,9)
(Example 6.3)

The regressionline r(.) appearing in this plot (blue) is:
—0.531431733 + 0.458216964 ¢

This suggests a convergence rate for the controls with respect to the discrete Ly-norm
with rate p = 0.458216964 ~ 1/2.

As the plots in Figure 15 and 16 suggest, comparing the exact curve 4(.) and the green
linear spline @ (.) using the Ly-norm should deliver good results for the convergence
analysis. In deed, comparing the calculated values delivers

[ = oy (@)l < 135 0) — )l (N=2"(k=2...,9)

So estimating the convergence rate of ||a" (.) — a(.)||, should deliver a good guess for the
convergence rate of [|a” — px (a(.))]ls-
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The double logarithmic plot is even more convincing:

e~ () —a()lla
1.50 [

1.00
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32 16 8 4 2
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= S
256 128

Figure 19: double logarithmic plot of ||a™ (.) — a(.)||, for N = 2" (k=2,...,9)
(Example 6.3)

The regressionline r(.) appearing in this plot (blue) is:
0.0529738111 4 0.484072793 ¢

So the estimation of the convergence rate p = 0.484072793 ~ 1/2 is pretty much identical
to the estimation we got from the regression line of the control distances with respect
to the discrete L,-norm.

Overall the following values have been obtained for the control distances:

steps | stepsize | 4" —pn(a()llo | 13" —pn @D | 12~ ()=a()ll2
41 5/2 0.400000 0.632456 1.505680

8| 5/4 0.800000 0.894427 1.236931

16| 5/8 0.800000 0.632456 0.891628

32| 5/16 0.600000 0.335410 0.606218

64| 5/32 0.400000 0.158114 0.419821
128 | 5/64 0.800000 0.223607 0.309233
256 | 5/128 0.800000 0.158114 0.222907
512 | 5/256 0.600000 0.083853 0.151554
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objective function value convergence
For comparison of the objective funciton values only the absolute value comes into play.
No other norms need to be considered.

|J (@0 @N)—J (& (te),&(T))]

5.00

1.00

0.50

0.10

0.05

hn

5

S 5 5 5 5 5
256 128 64 32 16 8
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Figure 20: double logarithmic plot of |J(2{,#N) — J(2(ty), #(T))| for N =2" (k=2,...,9)
(Example 6.3)

The regressionline r(.) appearing in this plot (blue) is:
0.810248484 + 1.03935746 ¢

So the estimated convergence rate of the objective function values is p = 1.03935746 ~ 1.

Summary

The convergence rate for the state has been estimated to be p = 1. For the control we
got p = 0.484072793 ~ 1/2 and for the objective function values p = 1.03935746 ~ 1. Even
though (C2E) is violated and sufficient order optimality conditions do not hold, we get
pretty good convergence results.

The decisive values for obtaining these results are:

steps | stepsize | [|a" ()—a()ls | 127 ()=3()lle | [7(2038)—T (@ (to),&(T))|
4 5/2 1.505680 0.600000 6.250000

8 5/4 1.236931 0.300000 2.812500
16 5/8 0.891628 0.150000 1.328125
32 5/16 0.606218 0.075000 0.644531
64 5/32 0.419821 0.037500 0.317383
128 5/64 0.309233 0.018750 0.157471
256 5/128 0.222907 0.009375 0.078430
512 5/256 0.151554 0.004688 0.039139
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6.4 High peak with multidimensional state constraints

This example has been constructed by the author to present another example
with multidimensional state constraints, which is all about two pretty steep
curves, that built a huge peek. This example is not very easy to handle for
the optimizers and shows some interesting, yet unmentioned, results. Presen-
tation of this example will be devided into two parts. Those parts use slight-
ly different parameters for the following parametrized optimization problem.

Problem
1
Minimize : J@0),ul)) = —/:E(t)dt
0
with respect to :
Z(t) = u*(t) a.e
z(0) =1/2
10d 10t
- - +T7e " —8
514, 3() = #(t) — 57— <0
e -1
10d(t—1) 10d
_ o TemaT 4l
sa(t, (1)) = £(t) -~ <0
e -1
U(t) € [uminvumax] a.e.
with #(.) = € AC(]0,1]) and u(.) € Lo.([0,1])

As can be seen the free parameters are d, u,,;, and u,,,.. d determines the timepoint
the peak appears, but more on that in the next section.

6.4.1 notes on constructing the example

constructing the state constraints Let’'s take a look at the constraints
first, which make up the main part of constructing the problem. The idea is
to construct 5;(.) and $,(.) with z(¢¥) < 5,(¢t) and =z(t) < 5,(¢) for ¢t € [0,1].
For d = 1/2 the relevant part of the plot of the constraints looks the follo-
wing way (note the scaling of the axis, the curves are actually much steeper):
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Figure 21: state constraints (gray) and feasible set (light gray) for d = 1/2
(Example 6.4)

Despite the fact of having two dimensional constraints it is desired to fulfill (C1), so
s(.,.) € CV*([0,1] x R?) should hold. Therefore 3,(.) and §,(.) should be in C**(I). The
approach taken here is using exponential functions for $;(.) and §,(.). Starting point is
setting

gl(t) = blealt + C1

gQ(t) = b26a2(_t+1) + Co

with free parameters b;,b,, a1, a9, c; and c,.
Those functions should also fulfill the following conditions:

3

h
51(d) = 5,(d) = h,

So d is the timepoint at which the two curves intersect at h.. The other new parameter
is h,. Setting ¢; = ¢, =: ¢ leads to by = by, =: b and a, = %dal. Let’s set a := a,. Further
calculation then leads to

d
he=hy o he™ =
ad ad
e 1 e —1

b:

The final state constraint is then represented by

_3 1) —be®t —
sttty = (2EHON _ (e =80) [ #O=pe 7
so(t, x(t)) x(t) — 55(t) x(t) —bet-2 —c
Setting the starting height h, = 1, the crossing height h, = 8 and the steepness control
a = 10 leaves only d as a free parameter. This is the form used for this example.
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objective function and ODE

The objective function has been chosen in such a way, that the state will try to reach the
highest values possible obeying the constraints. The slope of the state z(.) is represented
pretty much directly by the control u(.), which can be seen by taking a look at the ODE.
The exponent 3 for the control has just been chosen instead of an exponent 1 to make the
discretized example nonlinear. As we will see later on this simple nonlinearity is enough
to let the approach of using approximated derivatives in the computation process fail.
Because of the simple structure of the ODE, w,,;, and u,,,, directly determine if the
state will be able to reach the peak of the mountain (i.e. the point h, = 8 for ¢t = d) or

not. If gu .. < m{g};} $1(t) or if ., < H[liri] $5(t), this will not be possible. In Problem
telo, teld,

6.4.2 the state will reach the peak, in Problem 6.4.3 it will not. Instead of reaching the
top, the state will detach from $,(.) and connect to 3,(.) some time later on.

6.4.2 Problem 1: tracing the state constraint curves

In this subexample the free parameters are set to d = 1/v/3, Upmin = —5 and Uyax = 5.
So the state constraints are:

7e' — 8 4 el0/V3

s1(t) = x(t) — 5, (t) = =(t) — 0, <0
e —
10V3(t—1) 10/\/§
- Te v3-3 —8+e
sp(t) = x(t) — 53(t) = =(t) — TG <0
e —

d = 1/v/3 has been chosen, so that no point on the grid will ever coincide with the
position of the peak. That way a better convergence analysis is possible.

6.4.2.1 deriving the optimal state and control

This time there is no detailed calculation needed to obtain the optimal solution for the
control and the state. As already mentioned the objective function favors high values
for the state #(.). So the optimal state will be the one getting as high as possible while
obeying the constraints. It starts at z(0) = 1/2, because that is the starting value for the
ODE. It will then try to rise up as fast as possible (this means @ = uy,,,) till it reaches
the first state constraint 5,(.) at the time ¢. To obtain # we have to solve the following
equation:

7l _ 8 4 610/\/5

e10/V3 _

1 ) 1
— FUpax t = 51(t) & = +125¢ =
2 2

The exact solution to this equation is pretty complicated. The approximated value is
t ~ 0.004. All calculations in analyzing the data have been done using the exact value.
From  on the exact optimal solution for the state follows 3(.) till it reaches the peak
at t = d. Reaching the peak is possible because the maximum of the derivative of 5,(.)
is smaller than «’,. = 125 and the minimum of the derivative of 3,(.) is bigger than
uls, = —125. The ladder condition is important for not violating s,(t,z(t)) < 0 after

having arrived at the peak. As the derivatives of §,(.) and 5,(.) are strictly monotonously
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increasing it holds:

. : 70103
ax 5 (t) = §(d) = ————— ~ 70.2182981 < 125
max 51(t) = 51(d) 0
70610/V3

. P t :L d _
tg[lcllg]SQ() Sa

~ —95.919979 > —125
V3 (1= 1/v3) (1= 1)

So overall we know that the optimal state z(.) rises up with maximum derivative
3

Upax = 125 on [0,7], then traces 3 (.) on [,d] and finally traces 3,(.) on [d,1]. So the
optimal state is:

1 +125¢ forte|0,1)

(1) =4 5(t) for t € [t,d)
54(t) for t € [d, 1]
with
7et% 8+ 610/\/5 =

~ 7o AT g l0/V3
51(t) =

Q10/V3

610/\/5 B 1 and §Q(t) =

As z(t) = 4°(t) a.e. the optimal control can be directly deduced from the optimal state

5 for t € [0,7)
a(t) =< {/5,(t) fort e [t,d)

{/55(t) for t € [d,1]

with
10(1—1)
. 70e'”" . 70e V3(=1/3)
Sl(t) = —m and Sz(t) =
— €

V3 (1-35) (1-¢7)

Knowing #(.) delivers the minimal objective function value:

J(z(),a()) = J(@(.) = —/:%(t) dt ~ —2.18960398
0

The exact solution to the integral is too long to present it here.
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Figure 22: optimal state and control (blue) with constraints (gray) (Example 6.4.2)

6.4.2.2 applying the convergence theorem

Checking if the premises of the Convergence Theorem 3.2.8 are fulfilled has been done
in detail for example 6.2 in section 6.2.2. The major difference to that example is,
that this time there are multidimensional state constraints present. As in example 6.3
those are not completely covered by the theorey of chapter 5 about the Approximation
Property. So again we are using the “experimental” theory for the multidimensional
case. This means we need to verify (C1E) and (C2E). Verification of (C2E) depends on
the values chosen for the free parameters of the problem. For this problem (Problem 1)
we will see, that (C1E) and (C2E) hold. But let’s take a look at the other assumptions
needed to apply theorem 3.2.8 first.
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For investigations we need the Mayer form of the problem, which is:

Problem (set-valued Mayer form)

Minimize : J(x(0),2(1)) = z(1)

with respect to :

ISD
—~
=

m

|
=

8
—~
=

I

u3
{<—53(t)> | u € [uminvumax]} a.e

10d 10¢

~ ~ e " +T7e " —8

si(t,2(t) = x(t) — Td <0
10d(t—1) 10d

% . Te T +e -8

521, 8(0) = #(1) — g <0
e —1
U(t) € [uminaumax] a.e.

with z(.) € AC([0,1])* and u(.) € L.([0,1])

Taking a look at F should make clear, that (A1), (A2) and (A3) hold. As the objective
function of the Bolza-Problem just consists of the integral term it is once again obvious,
that J is Lipschitz-continuous as needed for the Value Convergence Theorem 3.2.2.
It should also be clear that w(.,.,.) is Lipschitz-continuous in all of it’s arguments on
I xS xU (see Theorem 3.2.4) because the controls and the states are bounded.

It is left to show that (C1E) and (C2E) are fulfilled. For details and notations see 5.3
and 5.3.4. Obviously s(.,.) € C"*([0,1] x R*)? and z € 90,(t) < s;(t,z) =0 (i = 1,2). So
(C1E) holds. Let (t,2) € [0,1] xR*. AS 0 € [tnin, Umax] We know that & = (1) € F(t,z). Let
z=(2). As s,(.,.) (i =1,2) does not depend on z, the last component of Vs, (t,z) (i = 1,2)
equals 0.

So for the first constraint (i =1) we have for all (¢,z) € [0,1] x R*:

. . . d . 70e'"" 70
min <V51(tvx)a(v)>S<V51(t»$)7(73)>:gsl(tax):—sl(t): 0B < T <0
—e —e

veEF (t,x)
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For the second constraint things are a bit more complicated, because setting o = ( Uoz) €
F(t,z) won’t do the trick any more. Instead we will use the smallest value for « availa-
ble and use v = (_,}225) for the estimation process. This time it is essential to do
the estimation only for (¢,z) € B,(graph004(.)) N B,,(graph 00(.)) N ([0,1] x R?), where
p > 0 is yet to be determined. So for the second constraint (i =2) we have for all
(t,x) € B, (graph90,(.)) N B,,(graph 00(.)) N ([0, 1] x R?):

i 0 0 .
Uefgzgx)<vk92(tax)» (2)) <A(Vsalt,2), (3)) = &32(@ ) + %Sg(t,x)(_].QE)) = —5(t) — 125
10(1—1) 10(1—(d—p))
V3(1-1/V3) V3(1-1/V3)
- 70e 125 < — 70e ~125

V(135 (1) V(1= 35) (1)
The last inequality holds because —5,(.) is monotonously decreasing and
min {¢ | (t,) € B, (graph 905,(.)) N B, (graph 96(.)) 1 ([0,1] x B*) } = d — p
So u has to be chosen such that

10(1—1)
70e V30 -1/V3)

) ot

pi=

d>d,u>min{t’ )125§0}@0<,u<dﬂ

Calculating 8 yields:
—10v/3 — 31og(2) + V31log(2) + 61og(5) — 2v/3log(5) — 31log(7) + v/3log(7)
ﬂ = —
10v/3
3log (V3 —1) = v3log (V3 —1) +3log (5 — 1) ~ V3log (¥ — 1)
- 10v/3

As d = 1/+v/3 > j selecting an appropriate y is possible. The smaller 4 is chosen the bigger
v > 0 can be chosen such that for all (t,2) € B, (graph d0,(.))NB,,(graph 00(.))N([0, 1] xR?)
the following inequality holds:

~ (0.557965604

i \% ta ) . < -
Uerg%gx)< so(t,x), (3)) < —v

Finally setting o = min (171%, 7) shows that (C2E) holds.

As (A1), (A2), (A3), (C1E) and (C2E) hold, the Approximation Property 3.2.1 fulfilled.
As we additionaly have the Lipschitz-continuity of J(.,.) we know that the Value Con-
vergence Theorem 3.2.2 holds. This means that the objective function values converge
with at least rate one.

The thing still missing is the Inverse Stability Property. It is the author’s believe, that
second order sufficient optimality conditions hold for this example. But this won’t be
discussed here. For an example on obtaining second order sufficient optimality condi-
tions, see 6.2.2. However in this example, verifying second order optimality conditions
involves dealing with the multiplicator p(.), which corresponds to the ODE. This makes
things more difficult.
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6.4.2.3 convergence analysis

Numerical computations have been done using the NLPIP optimizer with exact deriva-
tives. In this pretty demanding example for the optimizer using exact derivatives has
proven to be essential for obtaining useful results. Of course the liability of the optimizer
for errors in the derivatives plays a great role here. The authors investigation so far and
the experience of the developer of the NLPIP optimizer Bjérn Sachsenberger show, that
the NLPIP optimizer has quite some weaknesses on that area and is outperformed by
the NLPQLP optimizer, when using approximated derivatives. But NLPIP was able to
handle the calculations for this example pretty well when using exact derivatives, while
NLPQLP was not.

Like in the examples before the solutions for the number of steps N = 2% (k =2,...,9)
have been computed.

state convergence

To get an impression of what is going on some plots of the discrete state will be presented
first. As already mentioned, no gridpoint can conincide with d = 1//3, so the discrete
solution will never fully reach the peak. Again, the blue line represents the exact soluti-
on, the gray lines the state constraints, the green curve the linear interpolating spline,
the red points the computed data and the orange line the maximum distance. Note the
scaling of the axes.

. N=38 . N =16 . N =32
] | ] | ] |

6 6 6

4 4 4

V]

2 2
[ 2 L2
L ]
L L
0.0 0.2 0.4 0.6 0.8 1.0 ¢ 0.0 0.2 0.4 0.6 0.8 1.0

t 60 0z 04 06 08 10t
Figure 23: discrete optimal state (Example 6.4.2)

As one can see the discrete points pretty much lie on the exact curve. This can be ob-
served for the other cases (N = *k=2,..., 9)), too. Again, this is a really good result,
but is not that great for convergence analysis, because the results are kind of too good.
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Nevertheless, the double logarithmic plot of the state distances (calculated with re-
spect to the discrete supremum norm) shows a result, that is not completely useless.
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Figure 24: double logarithmic plot of ||z — py(2(.))||le for N =2% (k=2,...,9)
(Example 6.4.2)

The regressionline r(.) (blue) is defined by the following expression:
—6.62680774 + 0.822327355 ¢

Principally this is a good result. But as the distance values are, relatively seen, wide
spread this result can’t be taken too serious.

To get a more convincing result, considering figure 23 leads to the idea of comparing
the linear spline (green curve) to the exact curve using the L.-norm. The linear spline,
connecting the discrete solution points, shall be named " (.). The L. -norm is calculated
using numerical maximization routines. Taking a look at [|z" (.) — #(.)||, When actually
trying to gather information about the convergence rate of ||z~ —py(Z(.))| . makes sense
because the Compatibility Property 3.2.6 delivers:

13 = pn (E()loo < Chy + 1177 () = ()|

This is explained in more detail in 6.1.1 in the discussion about norms.
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And in fact, the double logarithmic plot associated with [|z"(.) — Z(.)|. for N = 2" (k =
2,...,9) shows a way more convincing result.

13N () =2 ()lloo
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Figure 25: double logarithmic plot of |z (.) — Z(.)||. for N =2 (k=2,...,9)
(Example 6.4.2)

The corresponding regressionline 7(.) (blue) is defined by the following expression:
r(t) = 4.89486298 + 1.62442965 t

So according to the norms discussion in 6.1.1, the estimation for the regression rate p
would be p = min(1, 1.62442965) = 1.

Overall the following values have been obtained for the state distances:

steps | stepsize | " —pn (@)l | 127 ()=2()]
4] 1/4 3.218001 7.000000

8| 1/8 |8.000089-10"" 3.520517

16| 1/16 0.895439 1.537000

32| 1/32 0.353583 1.178255

64 | 1/64 |6.400049-10" " 0.118302
128 | 1/128 | 1.280009 1077 0.113911
256 | 1/256 0.000136 0.102034
512 | 1/512 0.013396 0.000504
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control convergence

As the optimal control jumps at t =t ~ 0.004 and ¢t = d = 1/+/3, it is very likely that the
discrete controls won’t converge in the discrete supremum. This is a fact well known
in optimal control theory. The following plots of the control substantiate that forecast.

u

PN

u

N =8

4

2

N =32

u

N =64

0.2

0.4 0.6

0.2

0.4

0.2 0.4 0.6 0.8 10 ¢
-2 -2 -2
—4 -4 -4

Figure 26: discrete optimal control (Example 6.4.2)

The discrete points sitting near the switching points and not lying on the exact curve
of the control do not vanish when using greater number of steps.

Y N =128 Y N =256
4 4
2 2
02 04 06 08 10t 02 04 06 08 10t
-2 -2
-4 4

Figure 27: discrete optimal control for higher number of steps (Example 6.4.2)
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The double logarithmic plot of the discrete supremum norm shows that the distances are

not decreasing. Instead they have somewhat random values in [0, 8], which is expected
from the control plots above.

1Y —pn (2()) oo
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Figure 28: double logarithmic plot of ||a™ — py(a(.))||s for N =2 (k=2,...,9)
(Example 6.3)

The discrete Lo-norm should deliver different results. This is because each point is weigh-
ted by the steplength. So the few points, that ruined it all in the case of applying the

supremum norm, play more and more less of a role when the stepsize decreases. This
leads to the following result:

15N —pn (2())ll2
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Figure 29: double logarithmic plot of ||i™ — py(a(.))|ls for N = 2% (k=2,...,9)
(Example 6.4.2)

144



The regressionline r(.) appearing in this plot (blue) is:
1.95010309 + 0.65576042 ¢

This suggests a convergence rate for the controls with respect to the discrete Ly-norm
with rate p = 0.65576042 ~ 1/2.

As the plots in Figure 15 and 16 suggest, comparing the exact curve 4(.) and the green
linear spline @ (.) using the Ly-norm should deliver good results for the convergence
analysis. So estimating the convergence rate of ||a"(.) — @(.)||s should deliver a good
guess for the convergence rate of ||a" — py(a(.))]s-

The double logarithmic plot is even more convincing:

4™ () —a()lls
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Figure 30: double logarithmic plot of |a™(.) — a(.)||, for N = 2% (k=2,...,9)
(Example 6.4.2)

The regressionline r(.) appearing in this plot (blue) is:
0.923803152 + 0.441718091 ¢

So the estimation of the convergence rate p = 0.441718091 ~ 1/2 is consistent with the
estimation we got from the regression line of the control distances with respect to the
discrete Ly-norm.
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Overall the following values have been obtained for the control distances:

steps | stepsize | @™ —px(a( Nl | 18V —pn @)l | 12~ ()=a()]2
41 1/4 3.740079 2.757310 1.232240

8| 1/8 3.357035 1.392250 0.866261

16 | 1/16 7.295549 2.181487 0.931825

32| 1/32 6.341561 1.341855 0.713832

64| 1/64 1.817403 0.236735 0.367844
128 | 1/128 0.995275 0.097895 0.261696
256 | 1/256 3.488371 0.223840 0.193459
512 | 1/512 3.117195 0.210850 0.172823

objective function value convergence

For comparison of the objective funciton values only the absolute value comes into play.

No other norms need to be considered.
|7 (50 a8)—J (& (t0),2(T))]|
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0.001;

Figure 31: double logarithmic plot of |J (&,
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(Example 6.4.2)

The regressionline r(.) appearing in this plot (blue) is:

So the estimated convergence rate of the objective function values is p = 1.60535163 ~ 3/2.

Summary

The convergence rate for the state has been estimated to be p = 1. For the control we

2.0025268 + 1.60535163 t

1 ;hN
8 4

)= J(&(to), #(T))| for N =2" (k=2,...

got p ~ 1/2 and for the objective function values p = 1.60535163 = 3/2.
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The decisive values for obtaining these results are:

steps | stepsize | [a"()—a()lz | 1Y () =2()lle | [J(E0 EN) =T (@(t0),&(T))|
4 1/4 1.232240 7.000000 1.314604

8 1/8 0.866261 3.520517 0.151577
16 1/16 0.931825 1.537000 0.118575
32 1/32 0.713832 1.178255 0.038016
64 1/64 0.367844 0.118302 0.004407
128 1/128 0.261696 0.113911 0.002195
256 1/256 0.193459 0.102034 0.001013
512 1/512 0.172823 0.000504 0.000562

6.4.3 Problem 2: detaching state

When choosing u,,,, small and w,,;, high enough the optimal state z(.) won’t be able to
reach the peak any more. Instead, the optimal state will detach from the curve §,(.) at
some point and reconnect some time later on to the curve 5,(.). This will be the major
difference to 6.4.2. For this problem we set #max = 2, Umin = 2 and for the sake of
simplicity d = 1/2. The reason for setting d = 1//3 in Problem 1 was to be able to do a
better convergence analysis. It is not intended to do a detailed analysis for this problem
again. With d = 1/2 the state constraints are:

710t gy o5
s1(t) = 2(t) = 51(1) = a(t) - = <0
oo
7e10-10t _ g | 5
salt) = alt) = 5(t) = a(t) - = <0
7o

6.4.3.1 deriving the optimal state and control

Obtaining the exact solution follows pretty much the way of 6.4.2.1. This time there is
also no detailed calculation needed to obtain the optimal solution for the control and
the state. The main difference to Problem 1 is, that the optimal solution detaches from
5:(.) at a certain time d — d and reconnects to 3,(.) at d+d, with some d € [0, d). Because
of d = 1/2 the functions §;(.) and 3,(.) are symmetrical with respect to the axis t = 1/2.

This leads to 5;(d — d) = —5,(d + d) and explains why we only needed to introduce one
new parameter d.
So let’s start at the beginning: As already mentioned the objective function favors high
values for the state Z(.). So the optimal state will be the one getting as high as possible
while obeying the constraints. It starts at z(0) = 1/2, because that is the starting value
for the ODE. It will then try to rise up as fast as possible (this means @ = u,,,,) till
it reaches the first state constraint 5,(.) at the time . To obtain ¢ we have to solve the
following equation:

10t 5

%+uf’naxt:§1(t) @%+125t: %

The exact solution to this equation is pretty complicated. The approximated value is
t ~ 0.0683179563. All calculations in analyzing the data have been done using the exact
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value.

From ¢ on the exact optimal solution for the state follows 5,(.) till it the reaches the
point ¢t = 1/2 — d, with d > 0. This means that reaching the peak is not possible because
the maximum of the derivative of 5 (.) is bigger than ul, = 8. As 5 (.) is strictly
monotonously increasing it follows that d may be obtained by the following equation,
which has exactly one solution:

) B 70 10(d—d) _ 1
51(d—d)= c —ul=8ed—d=— (2 log(2) — log(5) — log(7) + log (e5 - 1))

e’ —1 10
~ 0.282418555

The point of connecting to 3,(.) (the point where the constraints get active again) is

d+d=2d—(d—d)=1— Tlo (2 log(2) — log(5) — log(7) + log (65 - 1)) ~ 0.717581445
After connecting to 3,(.) the constraint stays active, i.e. z(.) traces 3,(.). The only thing
left to find out is how the optimal solution behaves on [d — d,d + d]. To do so we once
again make use of the maximum principle (for details and the notation of operators see
Theorem 5.1.2 in [1]) for this problem without state constraints, because we already
know, that they won’t turn active on [d — d,d + d):

For this problem the Hamiltonian H is

H(t,z(t), ult), p(t) = p(t) u’(t) + a(t)
The maximum principle then reads
H,(t,z(t),u(t),p(t)(u—a(t)) = Bpt)u*t)(u—a(t)) <0 ae. for all u € [~2,2]
Let’s suppose it exists [a,b] C [d—d,d+d] with a < b and 4(t) = 0 on [a, b]. Then obviously

2 fort € [a, %rb)
—2 for t € [¢£2,b]
is a better feasible solution on [a,b] than () = 0, so a(t) # 0 a.e. on [d — d, d + d).
So we have

o) :{ 2 for p(t) > 0
-2 for p(t) <0

Considering the boundary conditions z(d — d) = 5,(d —d) and z(d+d) = §,(d — d) and the
fact that H, (¢, z(t),u(t),p(t)) = 1 delivers that p(t) = —(Ig)s +b—t for t € (d —d,d +d]. So
there is at most one point ¢ € (d —d, d+d] with p(c) = 0. For (d—d) = z(d+d) = 5,(d — d)

being fulfilled it must hold ¢ = d. As p(.) is monotonously decreasing it follows that:

X 2 forte|d—dd)
a(t) ==
-2 forteld,d+d
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So overall we know that the optimal state z(.) rises up with maximum derivative u>,,, = 8
on [0,7], then traces 5,(.) on [f,d — d] then detaches with keeping maximum derivative 8
till ¢ = d. Afterwards it decreases with minimum derivative —8 till ¢ = d + d and finally
traces 3,(.) on [d + d,1]. So the optimal state is:

5 +8t for t € [0,%)
5,(1) for ¢ € [i,d — d)
Z(t) =< 5 (d—d)+8(t—(d—d)) forte[d—d,d)
51(d—d)+8d— 8t for t € [d,d + d)
5 (t) for t € [d + d, 1]
with
5 (t) = 761%5_78#» 5y(t) = 7’ u: —8 65, T~ 0.0683179563, d = 1,2
e’ —1 e —1
andd=~4 L (—21og(2) +log(5) + log(7) — log (ef’ - 1)) ~ 0.217581445
2 10

8 for t € [0,1)

¢/5.(t) fortelt,d—d)

Tt)={ 8 for t € [d — d, d)

-8 for t € [d,d + d)

¢/5,(t) forte|d+d 1]

with

' 10t ' 10(1—t)
)= -2 and g =

1—e 1—e

Knowing #(.) delivers the minimal objective function value:
1
J(z(),a() = J(@()) = —/fc(t) dt ~ —1.81298124
0

The exact solution to the integral is too long to present it here.
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Figure 32: optimal state and control (blue) with constraints (gray) (Example 6.4.3)

6.4.3.2 applying the convergence theorem

The situation here is pretty much the same as for 6.4.2. So most statements made in
6.4.2.2 are true for this problem, too. But the Verification of (C2E) depends on the
values chosen for the free parameters of the problem. For this problem (Problem 2) we
will see, that (C1E) is fulfilled, but contrary to Problem 1 (C2E) does not hold.

The fact that (Al), (A2) and (A3) hold, that J is Lipschitz-continuous as needed for
the Value Convergence Theorem 3.2.2 that (., .,.) is Lipschitz-continuous in all of it’s
arguments and that (C1E) is fulfilled has been shown in 6.4.2.2.

It is left to show that (C2E) holds. As already mentioned, this part differs from 6.4.2.2.
For details and notations see 5.3 and 5.3.4.

As AS 0 € [Unin, Umax] the first part of verifying (C2E) stays the same (except of the exact
values appearing in the estimation process): Let (¢,z) € [0,1] X R%. AS 0 € [tpin, tmax] We
know that o = () € F(t,z). Let = (Z). As s;(.,.) (i = 1,2) does not depend on z, the
last component of Vs;(¢,z) (i = 1,2) equals 0.

So for the first constraint (i =1) we have for all (¢,z) € [0,1] x R*:

70" 70

= < —=<0
1-¢€ 1—¢€°

anin (Vsi(t2), (1)) < (Tsi(t.2) (1)) = grsa(t.a) =~
For the second constraint things are more complicated, because setting v = (,;02 ) € F(t,z)
won’t do the trick any more. Instead we will use the smallest value for v available and
SO use v = (528) for the estimation process.

This time it is essential to do the estimation only for (t,z) € B,(graphd0,(.)) N
B, (graph 00(.)) N ([0,1] x R?), where 1 > 0 is yet to be determined. So for the second
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constraint (i =2) we have for all (t,z) € B, (graph 90,(.)) N B, (graph 90(.)) N ([0, 1] x R?):

3 1 _ 1 o 8 a _ L
velg%?z)<vs2(tvx)a (3)) = (Vsa(t, ), (L)) = asz(tvﬂﬁ) + %sz(t,x)(—& = —5,(t) -8

10(1—t) 70e10(1—=) 706
:—70675—82—675—8:— 65—8>0
1—e 1—e 1—e

So (C2E) does not hold for all (t,z) € B, (graph d0,(.))N B, (graph d0(.)) N ([0, 1] x R?). And
that is exactly why the detaching case is presented. As the optimal solution coincides
with the solution reaching maximum height while obeying the constraints it has to lie on
the boundary of the feasible set of all solutions Xg(1,0,{1/2}). Because of that, verifying
(C2E) will always fail, if the optimal solution does not reach the peak. This is because in
that case (C2E) does not hold for all (t,z) € B, (graph 00,(.))NB,,(graph 90(.))N([0, 1] xR?),
it just holds for (¢,z) € ([0,1] x R*) N [d — d, 1] x R>.

But as we know the feasible set X¢(1,0,{1/2}), we can weaken (C2E) to (C2EW):

(C2EW) The boundary of ©(.) fulfills the “strict inwardness condition”. This means that
there exist a,u > 0 such that for each i € {1,...,n,} it holds:
For all (t,x) € B, (graph90,(.)) N B,,(graph 90(.)) N B, (graph(Xe (T, ty, X;))) the fol-
lowing inequality applies:

i Vs, (t Yy < —
végg;ﬁ si(t,z), (1)) < —a

with graph(Xe (T, to, Xo)) := {(t,z) € graph(z(.)) ‘ z(.) € Xo(T, tg, Xo)}

For this example it would for example be sufficient, that (C2E) only holds on the violet
areas:

X 81(. and §2

00 02 04 06 o8 10!

Figure 33: Verification of (C2E): area for (C2E) to be fulfilled on (violet), exact
solution (blue), state constraints (gray), postulated area for (C2E) to hold (light gray)
(Example 6.4.3)
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But even though this way of proceeding may give an idea of why the computed solutions
for this problem actually converge (see next section), even (C2EW) is not fulfilled for this
problem. The problematic area is the environment of the reconnecting point ¢ = d + d.
Despite that checking a problem for (C2EW) is usually not possible in practice, because
usually the set Xg(T),ty, X,) is unknown.

Nevertheless the reader should be aware, that all the assumptions for the Approxima-
tion Property are sufficient, but in general not necessary. So (C2E) being violated for
this problem is no death sentence for any kind of convergence, which the next section
suggests.

The thing still missing is the Inverse Stability Property. It is the author’s believe, that
second order sufficient optimality conditions hold for this example. But this won’t be
discussed here. For an example on obtaining second order sufficient optimality condi-
tions, see 6.2.2. However in this example, verifying second order optimality conditions
involves dealing with the multiplicator p(.), which corresponds to the ODE. This makes
things more difficult.

6.4.3.3 convergence analysis

Numerical computations have been done using the NLPIP optimizer with exact
derivatives. In this pretty demanding example for the optimizer, using exact derivatives
has proven to be essential for obtaining useful results as well. Of course the liability
of the optimizer for errors in the derivatives plays a great role here. The authors
investigation so far and the experience of the developer of the NLPIP optimizer Bjorn
Sachsenberger show, that the NLPIP optimizer has quite some weaknesses on that area
and is outperformed by the NLPQLP optimizer, when using approximated derivatives.
But NLPIP was able to handle the calculations for this example pretty well when using
exact derivatives, while NLPQLP was not.

Like in the examples before the solutions for the number of steps N = 2* (k = 2,...,9)
have been computed. As already mentioned, the results are pretty similar to the ones
in the convergence analysis of Problem 1 in 6.4.2.3. The major difference is that for
simplicity reasons (symmetry), d = 1/2 has been set for Problem 2 instead of d = 1/v/3
like in Problem 1. When using powers of 2 for the number of steps, this leads to the
fact, that this time ¢ = d lies on the grid for every computation done. So there won’t
be no additional error from the peak this time. As the optimal solution is linear in the
“detached phase” and otherwise corresponds to the one from Problem 1, pretty small
error values and a pretty rough convergence analysis have to be expected. But all this
analysis should show here is, that despite the fact of (C2E) being violated the solutions
seem to converge. This may have to do with the tiny area on which (C2E) does not
hold, i.e. where no “inward steering” can take place.

state convergence

As the following plots show, the optimal solution to the discrete problem is pretty close
to the exact solution even for a small number of steps. One major reason for that is
the linear structure, when the constraints are not active (in the sense of the optimal
solution delivers s, (¢, Z(t)) = 0 or sy(t, #(t)) = 0). Again, the blue line represents the exact
solution, the gray lines the state constraints, the green curve the linear interpolating
spline, the red points the computed data and the orange line the maximum distance
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(which is hardly visible here, because it is pretty small). Note the scaling of the axes.

" N=38 = N =16 " N =32
\ \ \
8 I 8 XI 8 I
“H\ (‘“\ (‘“‘\
|\ [\ [\
6 [ 6 [ 8 [
[\ [\ [
[\ [\ [\
/ \ /" \\ \\
4 / \\
/ \
\
y \
2
7—»‘ T O—g—e
[ 4
t 00 02 04 06 08 10! 00 02 04 06 08 10°

Figure 34: discrete optimal state (Example 6.4.3)

As one can see the discrete points pretty much lie on the exact curve. This can
be observed for almost all other cases (N = 2* (k = 3,...,9)), too. The only excep-
tion is N = 4. Of course, for such a small number of steps a reasonable solution
can’t be expected. Instead the optimizer seems to deliver another local minimum:

T N =4

8

6

4

2

[ ] 9 @

h ¢
00 02 04 06 08 10

Figure 35: discrete optimal state (Example 6.4.3)

So the case N = 4 will be excluded from any further calculations. The results for
the state with respect to the discrete supremum and the L.-norm (see 6.1.1) are the
following.

steps | stepsize | |27 —py (@)l | 18" ()=2(0)llo
8| 1/8 0.037841 0.208640

16 | 1/16 0.041229 0.041229

32| 1/32 0.032544 0.032544

64| 1/64 0.000054 0.025606
128 | 1/128 0.062446 0.062424
256 | 1/256 0.031196 0.031196
512 | 1/512 0.000025 0.000038
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As one can see, there is no big difference between the discrete supremum and the
L-norm this time. This was expected, because the critical point d = 1/2 lies on the
gird for all number of steps used. The values show that there is small tendency, which
indicates convergence, present.

control convergence

As the optimal control jumps at t = ~ 0.0683179563 and t = d = 1/2, it is very likely that
the discrete controls won’t converge in the discrete supremum. This is a fact well known
in optimal control theory. Despite that, results are pretty close to the exact optimal con-
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Figure 36: discrete optimal control (Example 6.4.3)

The discrete points sitting near the switching points and not lying on the exact curve
of the control do in general not vanish when using greater number of steps.
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Figure 37: discrete optimal control for higher number of steps (Example 6.4.2)
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So there will be definitely no convergence of the controls with respect to the discrete
supremum norm. Nevertheless the distance values are included in the following chart. As
in the other examples treated so far it contains the discrete Ly-norm and the L,-norm
for the interpolated case (for details see the control convergence section of 6.3.3).

steps | stepsize | [a" —py(a( Dl | 87 —pn @)l | 12~ ()=a()]2
8 1/8 0.306036 0.211394 0.629175

16| 1/16 0.961777 0.320819 0.489191

32| 1/32 1.070153 0.230116 0.378115

64| 1/64 0.467540 0.063700 0.238663
128 | 1/128 2.005366 0.250524 0.208463
256 | 1/256 2.039708 0.187273 0.162490
512 | 1/512 0.012554 0.003240 0.084031

As one can see only the values for ||a" (.) — a(.)||, show a real tendency towards conver-
gence. The values for ||a" — py(a(.))||y just a very slight one.

objective function value convergence
For comparison of the objective funciton values only the absolute value comes into play.
No other norms need to be considered.

(20 @ N) =T ((to),&(T))|
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512 256 128 64 32 1

Figure 38: double logarithmic plot of |J(2{,#N) — J(2(ty), #(T))| for N =2" (k=3,...,9)
(Example 6.4.3)

The regressionline r(.) appearing in this plot (blue) is:

—3.31580587 + 0.669307853 ¢

So the estimated convergence rate of the objective function values is p = 0.669307853 ~
1/2. This value is not equal or higher as 1, which has to be expected from the value
convergence theorem. But nevertheless this might be an indicator, that the Approxima-
tion Property (see 3.2.1) and with it the Value Convergence Theorem 3.2.2 itself still do

apply.
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Summary

Despite the fact that (C2E) does not hold, we still got some indicators for properly
convergent solutions.

The decisive values for this statement are:

steps | stepsize | [V ()—a()lz | 187 ()=2()llee | [J(@0 EN) = (#(t0).&(T))]
8 1/8 0.629175 0.208640 0.014038
16 1/16 0.489191 0.041229 0.002012
32 1/32 0.378115 0.032544 0.008156
64 1/64 0.238663 0.025606 0.001462
128 1/128 0.208463 0.062424 0.001646
256 1/256 0.162490 0.031196 0.001092
512 1/512 0.084031 0.000038 0.000474
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