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Abstract

Lie groups and Lie algebras are important mathematical constructs
first developed by Sophus Lie in the late nineteenth century to unify
and extend known methods used to solve differential equations. The
problem considered in this thesis emphasizes one way Lie groups
and Lie algebras can be used in control theory.

Suppose an apparatus has mechanisms for moving in a limited num-
ber of ways with other movements generated by compositions of al-
lowed motions. The question is then how to get a targeted motion
using a minimal number of the allowed motions. Motions can often
be represented by Lie groups which have associated Lie algebras as
their building blocks. This research shows explicitly how one can
obtain elements of Lie groups as compositions of products of other
elements based on the structure of the associated Lie algebras. Here,
the structure of a Lie algebra refers to its commutators which are the
results that one gets by applying an operation known as the “com-
mutator” to each pair of elements of a Lie algebra.

Two concrete examples of this problem, in control theory, are: (1)
the restricted parallel parking problem where the commutator of
the Lie algebra element representing translations in y and that rep-
resenting rotations in the xy-plane yields translations in x. Here the
control problem involves a vehicle that can only perform a series
involving translations in y and rotations with the aim of efficiently
obtaining a pure translation in x; (2) involves an apparatus that can
only perform rotations about two axes and the aim is to perform
a pure rotation about a third axis. Both examples involve three-
dimensional Lie algebras.

In this thesis, the composition problem is solved for the nine three-
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and four-dimensional Lie algebras with non-trivial solutions. Three
different solution methods are presented. Two of these methods
depend on operator and matrix representations of a Lie algebra.
The other method is a differential equation method that depends
solely on the commutator properties of a Lie algebra. Remarkably,
for these distinguished Lie algebras the solutions involve arbitrary
functions and can be expressed in terms of elementary functions.
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Lay Summary

Lie groups can represent motion and have building blocks known as
Lie algebras. The objective is to explicitly show how one can com-
bine certain ”allowed” motions (Lie group elements) to obtain a dif-
ferent and desired type of motion (another Lie group element) in a
minimal number of steps. An example is parallel parking where one
aims to perform a pure translation in x using a minimal combina-
tion of translations in y and rotations. This problem was solved for
the nine relevant three- and four-dimensional Lie algebras.



Preface

The problem considered in this research is related to a problem that
arose in the 1967 thesis by George Bluman [4]. It consists of explic-
itly showing how one can combine “certain” allowed motions (Lie
group elements) to obtain a different and desired type of motion
(another Lie group element) in a minimal number of steps. Bluman
developed three methods to approach the problem which are the op-
erator method, matrix method, and differential equation method. Using
the differential equation method, Bluman worked with Deshin Fin-
lay to solve the problem for all three-dimensional Lie algebras other
than the Euler angles Lie algebra so(3,IR). Additionally, they laid
out some of the basic work needed to solve the problem using the
DE method for the four-dimensional Lie algebra S, ; . My work con-
sists of solving the composition problem for all relevant three- and
four-dimensional Lie algebras using the DE method as well as two
other methods which depend on the representation of Lie algebras
using operators or matrices. I also did research that enabled us to
find all matrix representations and some operator representations.

Once my research was completed, George Bluman, Deshin Finlay,
and I wrote a paper to publish the results: Composition of Lie group
elements from basis Lie algebra elements. JNMP.25, 528-557 (2018)
[2]. During the revision process we were made aware of reference
[12] which provided operator representations for low-dimensional
Lie algebras. This was particularly useful as we were unaware of
any operator representations for certain Lie algebras and hence one
of the referees helped us make our research more complete. Chap-
ters 3-6 of this thesis are significantly based on the paper.
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Chapter 1

Introduction

Lie groups and their representations play an important role in vari-
ous applications. Lie groups of transformations describe rigid body
motions (rotations and translations), scalings, as well as other trans-
formations. This thesis is concerned with showing explicitly how
one can obtain further elements of a low-dimensional Lie group as
compositions of other elements of a chosen basis. Problems of this
kind can arise naturally in control theory [5,10,11]. Here an appara-
tus has mechanisms for moving in a limited number of ways and the
aim is to generate efficiently other movements from compositions of
possible motions. Two concrete examples are:

(1) The restricted parallel parking problem where the commutator
of translations in y and rotations in the xy-plane yields translations
in x. Here the control problem involves a vehicle that only performs
translation in y and rotations in the xy-plane with the aim of effi-
ciently obtaining a pure translation in x;

(2) An apparatus that only performs rotations about two axes with
the aim of efficiently generating rotations about a third axis. Here
the commutator of rotations about two axes yields rotations about



the third axis.

Both examples involve three-dimensional Lie algebras with the prop-
erty that the commutator of two of its elements generates a third el-
ement. In terms of the notation used in [13], examples (1) and (2)
respectively include the Lie algebras S;; with its parameter set to
zero and so(3,R).

Three distinct methods are presented to solve the composition prob-
lem. The first method (operator method) depends on realizing a Lie
group as a Lie group of transformations. Such realizations can be
found in [8] for some and in [12] for all three- and four-dimensional
Lie algebras.

The second method (matrix representation method) involves matrix
representations of finite-dimensional Lie algebras which are known
to exist from Ado’s theorem [1]. This theorem states that there exists
a faithful square matrix representation for every finite-dimensional
Lie algebra. There are many existing algorithms that generate such
matrices including one developed by Willem de Graaf [9]. While
the minimal dimension of a matrix representation is not known in
general, it is known for all three- and four-dimensional Lie algebras
(See [6] and [7]). This method is applied to a control theory problem
in [10].

The third method (DE method) was initially presented in [4] for
other purposes. This method only uses the commutator properties
of a Lie algebra. In particular, it does not require the use of a rep-
resentation of a Lie algebra. The DE method involves setting up
and solving an initial value problem for a nonlinear system of first
order ordinary differential equations. The DE method yields a nec-
essary condition for solutions—it turns out that for all three- and
four-dimensional cases, the DE method yields all solutions.

Remarkably, for all relevant n-dimensional Lie algebras, n = 3 or
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4, the considered composition has n + 1 Lie group elements and
the solution involves one arbitrary function and can be expressed in
terms of elementary functions.

In Chapter 2, the necessary background is presented. We start by
giving historical motivations for the study of Lie groups and Lie al-
gebras. First, we define one-parameter Lie groups of transforma-
tions and present Lie’s fundamental theorems needed for solving the
research problem with illustrative examples. Then we define mul-
tiparameter Lie groups of transformations and associated Lie alge-
bras. Here we present relevant fundamental theorems and illustrate
them through examples.

In Chapter 3, we give a precise mathematical statement of the re-
search problem. Then we describe fully the three different methods
used to solve it. As an illustrative example, we focus on the Lie al-
gebra sI(2,R). In Chapter 4, in two tables we summarize our results
for all relevant three- and four-dimensional Lie algebras. Follow-
ing this, we show the essential details that yield these solutions for
three- and four-dimensional Lie algebras in Chapters 5 and 6 re-
spectively. In Chapter 7 we consider the case where the composition
problems are stated with the order of the Lie group elements re-
versed. Finally in Chapter 8, we make further remarks and discuss
the advantages and disadvantages of the three presented methods.



Chapter 2

Background

The problem considered in this thesis consists of explicitly deter-
mining how one can obtain further elements of Lie groups as com-
positions of other Lie group elements for all relevant three- and
four-dimensional Lie algebras. However, before introducing the
specifics of the research problem and the methods used to solve it,
we begin by providing the reader with the necessary background on
Lie groups and Lie algebras. We provide definitions and examples of
Lie groups and Lie algebras (taken from [3]) as well as fundamental
theorems.

In the late 19'" century, Sophus Lie initially developed the concept
of Lie groups to unify the known techniques for solving ordinary
differential equations. Lie’s work resulted in a systematic approach
to solving ordinary differential equations and, in particular, unified
the topics of integrating factors, separable equation, homogeneous
equation, variation of parameter, reduction of order, Fourier and
Laplace transforms. Because of its systematic nature, Lie’s work and
its advancements led to the development of symbolic manipulation
software that can be used to solve differential equations [3].

The key element in Lie’s framework for solving differential equa-
tions is the use of symmetries, i.e. transformations that map solutions



of a differential equation into other solutions. These symmetries are
expressed in terms of continuous groups of transformations known
as Lie groups of transformations which are defined in the next sub-
section. It is worth noting that an essential part of Lie’s work is an
algorithm to find all Lie groups of transformations admitted by a
differential equation.

2.1 Lie Groups of Transformations

Here we introduce Lie groups of transformations acting on R" after
defining groups and groups of transformations.

2.1.1 Group
Definition.

A group G is a set of elements with a law of composition ¢ between
elements satisfying the following properties.

(i) Closure property. For any elements a and b in G, ¢(a,b) is an ele-
ment of G.

(ii) Associative property. For any elements a,b and cin G, ¢(a, ¢(b,c)) =

P(¢(a,b),c).

(iii) Identity element. There exist an identity element e in G such
that for every element a in G, ¢(a,e) = ¢(e,a) = a.

(iv) Inverse element. For every element a in G there is an inverse
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element a~! such that ¢(a,a™!) = (a

Definition.

A subset H of a group G that is a group under the same law of com-
position ¢ is a subgroup of G.

Examples of groups

(1) The set of all positive real numbers R*, with the law of composi-
tion ¢ given by multiplication ¢(a,b) = ab and the identity element
e = 1. Here the inverse of each element aisa™! = 1/a.

(2) The set of all complex numbers C, with the law of composition
¢ given by addition, ¢(a,b) = a+ b. Here the identity element is
e = 0 and the inverse of each element a is a! = —a.[The set of all real
numbers IR is a subgroup of C whereas the set of all integers Z is a

subgroup of both IR and C.]

(3) The set of all invertible n x n matrices, where the law of com-
position ¢ is given by matrix multiplication, the identity element is
the identity matrix I,,, and the inverse of each element is the inverse
of a matrix under multiplication.



2.1.2 One-parameter Lie group of transformations
Definition.

Let x = (x1,X,,...,X,) lie in a region D C IR” and let a parameter ¢ €
S C R. The set of transformations

x" = X(x;¢) (2.1.1)

defined for each x € D and ¢ € S with law of composition ¢(¢, o) de-
fined for all € and 6 in S, is a one-parameter group of transformations
iff the following properties hold.

(i) For each € in S the transformations are one-to-one onto D.
(ii) S with the law of composition ¢ is a group.
(iii) For the identity element e = ¢; and each x € D: x* =x, i.e.

x =X(x;69) =%

(iv) If x* = X(x, €) and x™ = X(x*, 0), then

x" =X(x;P(¢&,0)).

Definition.

A group of transformations is a one-parameter Lie group of transfor-
mations if in addition to properties (i) to (iv) it also satisfies:

(v) € is a continuous parameter, i.e. S is an interval in IR.
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(vi) X is infinitely differentiable with respect to x in D and an an-
alytic function of ¢ in S.

(vii) ¢(¢, ) is an analytic function of ¢ and o, for all ¢ and 6 in S.
Note that one can think of ¢ as a time parameter and x as a spatial

variable. Here x* = X(x, ¢) represents the evolution over time of a
point in the region D.

Examples of one-parameter Lie groups of transformations include:

(1) Group of x-translations in the plane

Here D = R?, S = R, and ¢(¢,8) = € + 6 and for any x = (x,y) € D
and €€ S,

x' =X(x;¢) = (x+¢,7p).

This group corresponds to translations parallel to the x-axis.
(2) A group of scalings in the plane

In this example D = R?, S = (0,00), ¢(¢,0) = €9, the identity ele-
ment is 1, and for any x = (x,y) e Dand a € S,

x' = X(x,a) = (ax,a’y).

In order to set the identity element to 0, one can reparameterize this
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group by setting ¢ = @ — 1. Hence S becomes (-1, c0) and the trans-
formation becomes

X =X(x;¢) =X(x1+¢) = (1 +e)x, (1 +€)°y)

with law of composition ¢(&,0) = €+ 0 + €0.

First Fundamental Theorem of Lie; infinitesimal generators

Definition. Consider a one-parameter Lie group of transformations

x" = X(x;¢) (2.1.2)

with the identity ¢ = 0 and law of composition ¢. From the Taylor
expansion of (2.1.2) about ¢ = 0, one gets

x" :x+£(aX§:€)) g:o+O(€2) (2.1.3)
Let
£(x) = axg;; N (2.1.4)

The transformation x+ e&£(x) is the infinitesimal transformation of the
Lie group of transformations (2.1.2). The components of £(x) are the
infinitesimals of (2.1.2).

Theorem 2.1. First Fundamental Theorem of Lie. There exists a
parameterization T(&) such that the Lie group of transformations (2.1.2)
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is equivalent to the solution of an initial value problem for a system of
first-order ODEs given by

I E(x") (2.1.5)
with
X' =x when t=0. (2.1.6)
In particular, ,
T(e) = j I'(e')de’, (2.1.7)
0
where
dp(a,b
I(e) qb;b )|(é_1 ) (2.1.8)
and
[(0)=1. (2.1.9)
Proof.
See Ref [3].

The First Fundamental Theorem of Lie shows that a one-parameter
Lie group of transformations can be determined from its infinitesi-
mals. Next, we look at some examples.

(1) Group of x-translations in the plane

Here D = R?, S = R, ¢(¢,6) = ¢ + 6 and for any x = (x,y) € D and
€S,

x =X(x;¢)=(x+¢,9). (2.1.10)
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Clearly, the infinitesimals are
&(x)=(1,0).

Using equation (2.1.8), one can easily check that

[(e)=1.

Hence equation (2.1.7) leads to

T(e) = €.

Thus the system of equations (2.1.5), (2.1.6) becomes

dx* dy”
(d_e’d_e) = (1,0);

and when ¢ =0

(x%9") = (x,9).

(2.1.11)

(2.1.12)

One can easily check that the solution to the initial value problem
(2.1.11), (2.1.12) generates the group of transformations (2.1.10).

(2) A group of scalings in the plane

In this example D = R?, S = (-1,00), ¢(&,0) = € + 6 + €5, and for
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any x = (x,y) € D and ¢ € S the transformation is given by

X' =X(x¢) = ((1+€)x,(1+¢)’p) (2.1.13)
It is easy to check that for each € € S, its inverse is given by

£ = : (2.1.14)

Clearly, the infinitesimals of this Lie group of transformations are
£(x) = (x,9).

Using equations (2.1.8) and (2.1.14), one can show that

1
I'(e) = :
(€) l+e¢
Hence equation (2.1.7) leads to
t(e) =1In(1 + ¢€). (2.1.15)

Thus the system of equations (2.1.5), (2.1.6) becomes

dx* dy” .
(EJE)—(XJ}) ) (2.1.16)
and when € =0,
(x5 97) = (x,9). (2.1.17)
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One can easily check, using equation (2.1.15), that the solution
to the IVP (2.1.16), (2.1.17) generates the group of transformations
(2.1.13).

2.1.3 Infinitesimal generator

As another consequence of the First Fundamental Theorem of Lie,
one sees that it is always possible to reparameterize a one-parameter
Lie group of transformations so that, without loss of generality, one
can assume that its law of composition is given by ¢(a,b) = a+ b
with identity element 0, and the inverse for each ¢ € S is given by

¢! = —¢. Hence the group of transformations in (2.1.2) becomes
(t=¢)
ax®
= ¥ 2.1.18
=) (2.1.18)
with
x"=x when €=0. (2.1.19)

The infinitesimal generator of a one-parameter Lie group of transfor-
mations is the operator given by

X = X(x) = £(x).V = Zéi(x)ai.’ (2.1.20)

where V is the gradient operator
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d d %
V= (axl, T 8%). (2.1.21)

For any differentiable function F(x) = F(xy, x,...,X,,) one has

XE() = £00.VE) = ) &070.

i=1

Note that Xx; = &;(x) for i = 1,...,n. It follows that the infinitesi-
mal generator determines the infinitesimal transformation of a Lie
group and, from the First Fundamental Theorem of Lie, the infinites-
imal generator can be used to determine the Lie group of transfor-
mations. Next, we show another important and explicit method for
determining a one-parameter Lie group of transformations from its
infinitesimal generator.

Theorem 2.1.1. The one-parameter Lie group of transformations (2.1.2)
is equivalent to

X' = eXx = x+ £Xx 4 - 3¢ :Z (2.1.22)
0

where the operator X = X(x) is defined by (2.1.20) and X*F(x) is the
function obtained by applymg the operator X k times with k = 1,2,....
Moreover, X°F(x) = F(x).
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Proof

. See Ref [3].

This theorem presents a computationally useful alternative to the
First Fundamental Theorem of Lie that can be used to generate a
one-parameter Lie group of transformations from its infinitesimal
transformation. The series shown in equation (2.1.22) is the Lie se-
ries of a one-parameter Lie group of transformations.

Theorem (2.1.1) leads to the following important corollary.

Corollary 2.1.1.1. If F(x) is infinitely differentiable, then for a one-
parameter Lie group of transformations (2.1.2) with infinitesimal gener-
ator (2.1.20), one has

F(x") = F(e*x) = e**F(x) (2.1.23)

Proof.

See Ref [3].

As an example consider the rotation group

X' =cosex+siney, (2.1.24)
y* = —sinex + cos ey. (2.1.25)

The infinitesimal for this group of transformations is

£(x) = (&%), &) = (9, -x)
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Hence the infinitesimal generator is given by

9 9
X=X(x)= £V =y5-- = (2.1.26)

One can use equation (2.1.26) to obtain the Lie series of this group
of transformations as follows: Xx =y, X 2x = —x. Thus

Yy — (-1 )ka if k is odd
(-1 )zy if k is even

Hence

O (1)kek O (—])kg2k+]
x*:eEXx:x(Z ) (Z 2K+ 1)1 )—cosex+sin€y.

k=0 =0

Similarly, one can show that

*

V" = —siné&x + cos €Y.

2.2 Multiparameter Lie group of transformations

In this section we present some key definitions and results related to
multiparameter Lie groups of transformations. We only consider Lie
groups of transformations with a finite number of parameters. Each
parameter of an r-parameter Lie group of transformations leads to
an infinitesimal generator which in turn leads to an r-dimensional
vector space that has an additional “commutator” operation. The
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vector space generated by the infinitesimals is a Lie algebra (r-dimensional
Lie algebra).

One can obtain a multiparameter Lie group of transformations
through the exponentiation of its associated Lie algebra elements,
as in the case of one-parameter Lie groups of transformations.

2.2.1 r-parameter Lie group of transformations

An r-parameter Lie group of transformation is defined in a way that is
analogous to the definition of a one-parameter Lie group of trans-
formations.

Definition

Let x = (x1,%,...,Xx,) € DCR"and € = (&4, €5,...,&,), 0=1(81,09,...,0,) €
S C IR". The transformation

x = X(x;¢) (2.2.1)

with law composition ¢(¢,0) is an r-parameter Lie group of transfor-
mation if it is a one-to-one transformation onto D such that

(i) S with law of composition ¢(¢,0) is a group with identity ele-
ment ¢ = 0 which correspondsto ¢; =¢,=... = ¢, =0.

(ii) ¢(¢,0) is analytic in € and 0.

(iii) For each x € D,
x =X(x;0)=x.
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(iv) If x* = X(x; €) and x™ = X(x"; 0), then

x" =X(x;P(¢g,0)).

Next, we present the First Fundamental Theorem of Lie for r-parameter
Lie groups of transformations after defining the infinitesimal matrix
of the r-parameter Lie group of transformations (2.2.1).

Definition.
The infinitesimal matrix is the r x n matrix Z(x) with entries

ox’

&ij(x) ;

_ 9N _ an(x,e)
B 851'

= ,1=1,2,...,r, 1=1,2,...,n. 2.2.2
» Je i r,j n. )

e=0

Theorem 2.3. The First Fundamental Theorem of Lie. Let O(¢) be
the r x r matrix with elements

d
oue) =22 ki=12.r (2.2.3)
Let its inverse matrix be given by

Y(e) =0 (e). (2.2.4)

In some neighborhood of € =0, the Lie group of transformations (2.2.1)
is equivalent to the solution of the initial value problem for the system of
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nr first-order PDEs given by

dx]  Ix; ax;,
881 881 e 961
o 04 o
8.52 8:52 T 9'62 - \Il(g)E',(x*), (2.2.5)
8x’i 8x3 o a;c;
de, de, 7 de,
with
x'=x at €=0. (2.2.6)
Proof.
See Ref [3].
Definition.

The infinitesimal generator X, corresponding to the parameter ¢, of
the r-parameter Lie group of transformations (2.2.1), is given by

- 0
X, = ;5aja—xj, a=1,..,r. (2.2.7)

One can show that the Lie group of transformations (2.2.1) is equiv-
alent to

.
X = | | ehaXax = el Xigh2Xe | or¥ry (2.2.8)

a=1
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where, py, py,..., p, are arbitrary real constants [3]. Note that the or-
der of the operations in (2.2.8) can be rearranged by renumbering
the infinitesimal generators. This corresponds to a different param-
eterization, i.e., W(¢) changes.

As an example, consider the two-parameter Lie group of transfor-
mations

X" =elx +¢&,,

) (2.2.9)
v =€ .

281
Here D = S = R? and the law of composition is

P(e,0) = ¢((61,62),(61,62)) = (81 + &y, 6,60 + 62); g0€8S. (2.2.10)

It is easy to check that the infinitesimal matrix is
Additionally,

with its inverse given by

(1 —&
\I](El,EZ)—(O 1 )
Thus the system of PDEs (2.2.5) with initial conditions (2.2.6) be-
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comes

a_},c* al x*_e 2})*
| veeEe = (T ) e
962 862
with
(x',°) = (x,9) when (e1,&5) = (0,0) (2.2.12)

One can easily check that the solution to the system (2.2.11), (2.2.12)
is given by (2.2.9). Next, we check that (2.2.9) can also be generated
using equation (2.2.8).

The infinitesimal generators for the two-parameter Lie group of trans-
formations (2.2.9) are given by

0 0
Xl = Xa + Zya—y,
)
X2 = %

It is useful to note that by analogy with equation (2.1.23), one has
for every differentiable function F(x,y)

eexlF(x,y) = P(egxlx, egxly) F(eex, ezey),
eeXZF(x,y) = P(eex%c, e€X2y) = F(x + e,y).

Hence equation (2.2.8) becomes
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el %16t (x, p) = 151 (x + iy, p) = (€] X + pp, *1y) = (x,97). (2.2.13)

2.3 Lie Algebras
Definition.

Consider an r-parameter Lie group of transformations (2.2.1) with
infinitesimal generators X,, « = 1,...,r defined by (2.2.7). The com-
mutator (Lie bracket) of X, and X; is a first-order operator given by

[Xan[j’] = XaX[S _XﬁXa

n 0 0 0 d
(@i(x)a—%)(ém(x)a—%)‘ (5&(")871-)(5‘“]’ (X)a_xj)]

33

i,j=1
- J

=) Kz,

j=1 J
(2.3.1)

where
n ag . aéa,

1j = Z(éai(X)Wﬁf - Eﬂi(x)ﬁ : (2.3.2)

i=1

From equation (2.3.2), it is clear that the commutator operation is
anti-symmetric, i.e,

[Xor Xp] = ~[Xp X, ). (2.3.3)
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By direct computation, one can show that for any three infinitesimal
generators X,, Xﬁ, Xy, one has the Jacobi identity

[XalXp X, 1]+ [X5]X,, X 1]+ [ X, [ Xq, X5]] = 0. (2.3.4)

Theorem 2.4. The Second Fundamental Theorem of Lie. The com-
mutator of any two infinitesimal generators of an r-parameter Lie group
of transformations is also an infinitesimal generator. In particular,

_ )4
[Xer X =) ClLX,, (2.3.5)
y=1

where the coefficients Czﬂ are real constants called the structure con-
stants, a, 8, ¥ =1, ..., 1.

Proof.

See ref [3].

Equations (2.3.5) are the commutation relations of the r-parameter
Lie group of transformations (2.2.1).

Theorem 2.5. The anti-symmetric property (2.3.3) of the infinitesimal
generators in (2.2.7) and Jacobi’s identity (2.3.4) lead to the following
relations satisfied by the structure constants.

CV

4
C /J)a’

V= (2.3.6)
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r

Z[Cgﬁcgy + C/gycga + Cgacg/s] =0. (2.3.7)
p=1

Definition.

A Lie algebra L is a vector space with a bilinear bracket operation
(the commutator) satisfying the properties (2.3.3), (2.3.4) and (2.3.5).
In particular, the set of infinitesimal generators {X,}, a =1,2,...,7,
of an r-parameter Lie group of transformations (2.2.1) forms an r-
dimensional Lie algebra over R.

It is important to note that in this thesis, we are interested in a
more abstract definition of a Lie algebra. In particular, we define
a Lie algebra solely based on its properties (2.3.3)-(2.3.5). Starting
from this abstract definition, we then seek natural representations of
a Lie algebra, e.g. an operator and matrix representations, in order
to solve the research problem. Most importantly, one can also obtain
a necessary condition to solving the research problem, without any
representation i.e., just using the algebraic properties (2.3.3)-(2.3.5)
(differential equation method).
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Chapter 3

Research problem

Consider a three-dimensional Lie algebra L with basis elements B,
B,, and Bj such that the commutator of B; and B, is a linear combi-
nation of the basis elements of L, i.e.,

3
[B1,B,] = BB, B,B, = ) Cf,B, (3.0.1)
k=1

in terms of real structure constants C{,, C%,, and C;,, with C7, # 0.
In other words, the Lie algebra element B; is generated by the other
two elements. All six three-dimensional Lie algebras presented in
[13] have at least one commutator that satisfies this non-zero prop-
erty. In particular, for the problem under consideration, it does not
matter what the other commutators of L are. The question of interest
is whether the Lie group element generated by B3 can be obtained
from the Lie group elements generated by B; and B, as illustrated
by the two examples mentioned in the Introduction. Motivated by
the commutator property (3.0.1) with C}, # 0, the aim is to find con-
tinuous functions a(e),b(¢),c(e), and d (¢) so that the equation

ea(e)Bl eb(E)BQeC(E)Bl ed(&')Bz — e€B3
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with
a(0) =b(0)=¢(0)=d(0)=0 (3.0.2)

holds for an arbitrary value of €. Next, to clarify how the research
problem given by (3.0.2) follows from (3.0.1) with C;, # 0, a con-
crete example is presented.

The parallel parking problem has commutators given by [R, Y] =
X, [RX]=-Y, [X,Y]=0, where
d d d 2,
X=-n) Y=o, Rey— —x—.
Ix oy " Yox oy
The first commutator indicates that X can be generated from R and
Y. This leads one to consider either equation

- )

pMER ()Y pe(e)R ,d(e)Y _ eX. (3.0.3)

or
pUO)Y (&R ye(e)Y pd(e)R _ peX (3.0.4)

In equation (3.0.3) R, Y, and X correspond to By, B,, and B3, respec-
tively. The solution to equation (3.3) will be presented in Chapter
4. Note that when the commutator of a Lie algebra used in equation
(3.0.2) does not satisfy the assumptions stated above, one would ex-
pect only trivial solutions. For example, since in the parking prob-
lem the commutators of X and Y do not generate R, the equation

a(s)Xeb(s)Y c(e)Xed(e)Y _ ,€R

(5 e =e

only has the trivial solution.

When the DE method is used, an additional assumption about
these functions is needed. In particular, here a(e),b(¢),c(¢), and
d (¢) are differentiable everywhere except at ¢ = 0. This assumption
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is needed since the DE method relies on finding a system of differ-
ential equations that the four functions must satisfy.

In general, it turns out that the problem as stated always has a de-
gree of freedom in its solution. Moreover, a minimum number of
four terms are needed on the left hand side of equation (3.0.2). This
follows from the origin of the commutator equation (3.0.1). In par-
ticular, from the form of equation (3.0.2), one would expect, as will
be seen later in this thesis, that there are solutions for which a(¢),
b(e),c(e), and d (¢) are of order /e as € — 0 to generate a commuta-
tor element of order ¢ on the right-hand side of equation (3.0.2).

Now consider a four-dimensional Lie algebra L with basis elements
B,, B,, B3, and B, such that the elements B;, B,, and B; do not form
a subalgebra. For the research problem we require that the commu-
tator of B; and B, satisfies

4
[B1,By] = BB, — BB, = ZCEB"’ (3.0.5)
k=1

with real structure constants Cj,,...,C}, where Cj,# 0and C{, = 0.

Here the Lie algebra element B; can be generated from the ele-
ments B, and B,. The problem of interest is whether the Lie group
element generated by Bj; can be obtained from the Lie group ele-
ments generated by B; and B,. In particular, in view of the com-
mutator property (3.0.5), we are interested in finding continuous
functions a(¢),b(e),c(e),d(€), f (¢), and g(¢) so that the equation

e&)B1 pb(€)Ba pe(e)B1 od(€)Bs o f(£)B1 o8 (€)Ba _ peBs (3.0.6)
with a(0) = b(0) = ¢(0) =d(0) = f(0)) = g(0) = 0 holds for an arbitrary
value of ¢.

It is important to note that it is essential that the left hand side
of (3.0.6) is composed of the product of six Lie group elements: in
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all considered cases there exist solutions where one of a(¢) or g(¢) is
zero, but this is not obvious a priori.

One should also note that one can also state the problems in (3.0.2)
and (3.0.6) with the roles of B; and B, interchanged when the num-
ber of terms to the left of these equations is even. This does not
change the nature of the problem and, in fact, it leads to isomorphic
solutions as will be shown in Chapter 7.

In this thesis, for all relevant three- and four-dimensional Lie alge-
bras, we present three different methods that can yield the general
solution for their respective equations (3.0.2) and (3.0.6). In what
follows, we will describe the different methods used to solve (3.0.2)
and (3.0.6). As a simple example, in this Chapter we solve the com-
position problem for the three-dimensional Lie algebra s/(2, R) to il-
lustrate how these different methods work. The solution of the com-
position problem for the other relevant three- and four-dimensional
Lie algebras will be presented in Chapter 4.

We first note that s/ (2,IR) has the commutators

(X,Y]=2Z, [Z,X]=2X, [Y,Z] =2Y. (3.0.7)

3.1 Operator method

The operator method requires a representation of a Lie algebra in
terms of differential operators. The operator representation is not
necessarily unique. This lack of uniqueness is illustrated by the ex-
ample of s/(2,R).

3.1.1 Description of the operator method

Let {Ay,...,A,} be a differential operator representation of a Lie al-
gebra L which respectively has basis elements {By,..., B,}, where
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Ai:y;(x)aiﬁq’ i=1,...,r,and x =(xy,...,%,).

Then equations (3.0.2) and (3.0.6) become respectively the equa-
tions

ea(s)Aleb(e)Azec(s)Aled(s)Azx — e€A3x’ (311)

and
pEAT Gh(E)A pe(e)Ar (€102 o f (DA ple)Aay — ooy (3.1.2)
where e?lix = %A?x = (xi)* for i = 1,...,7; This corresponds to

n=0
generating the Lie algebra elements using Theorem 2.1.2.

(x') = ( (x:) ..., (xml)*) is the image of x with respect to the ith
basis element of the Lie group of transformations connected with
the differential operator A;, withi=1,...,r.

From the First Fundamental Theorem of Lie 2.1, one can also ob-

tain (x')" by solving the system of differential equations

— =y (x), j=1,...,m, with initial condition (x;')"(0) = x;.

3.1.2 Example sl(2,R)

Operator representations for sl/(2,RR) include

0 d J .
A] :X:—ng, AQZY:a—x, A3:Z:2xa—x, mn IR, (313)
d d d d
Al=X=-y— A=Y =-x=—, Ay=Z=yp——-x—, inIR*. (3.1.4
1 yax 2 x&y 3 yay xax m ( )
For the operator representation (3.1.3) for s/ (2,IR), one obtains
eX X ey ez 2¢e
= B = y = . 1
e (x) Tep € (x)= x+¢&, e“(x)=ex (3.1.5)
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There are two well-known methods to obtain (3.1.5).

Method I. From the First Fundamental Theorem of Lie (Theorem

2.1), the operator representation (3.1.3) leads to solving separately
the three IVPs

dx* 5

=—x",x"(0)=x; 3.1.6
=727 (0) = x (3.1.6)
dx*

=1, x*(0) =x; 1.7
1o 1, x*(0)=x (3.1.7)
dx*

= 2%, x*(0) = x. 1.
Te 2x%,x(0) =x (3.1.8)

It is easy to show that the three one-parameter Lie groups of trans-
formations (3.1.5) respectively solve the IVPs (3.1.6)-(3.1.8).

Method II. Using induction, it is easy to show that

X"x = (=1)"n!x™!, n>0.

Hence e™*x = Zo EX"x = nzoen(—l)”x”“ =2 Since Yx =1,Y"x =
n= =

0, n> 2, it follows that e*Yx = x + €. It is easy to show that Z"x =

2"x, n > 0. Hence et%x = e*x.

To proceed, it is convenient to rewrite expression (3.1.1) in the
form

PO (&)X (&)Y | _ pma(e)X yeZ (3.1.9)

Then from (3.1.5), one obtains

DO pe(€)X pd(e)Y 5 _ b)Y pele)X (x+d) = eb(g)Y(d N X ):
1+cx
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x+b X
d+ ,e—a(e)XeeZ x) = e—a(s)X eZex — eZe .
1+c(x+D) ) ( ) 1 —ax

x+b 2e X

D) = ¢ T Hence for all

Then expression (3.1.9) becomes d +
x, one has

—(a(dc+1)+ce®)x?+(-a(d+b+bdc)+dc+1-e* (1+bc))x+b+d

+bdc = 0.
This yields the set of equations
b+d+bdc=0, dc+1=e*(1+bc), —a(dc+1)=ce*. (3.1.10)
The solution to the system of equations (3.1.10) is given by

66_625 . B ef—1
a(e) = TN b(e)=—-e*d(e), c(e)—m,

(3.1.11)

where d (¢) is any continuous function chosen so that a(¢) and c(¢)
are continuous functions, and satisfying d (¢) = 0 for any ¢ = 0 with

a(0) = b(0) = ¢(0) = d(0) = 0.

3.2 Matrix representation method

The matrix representation method involves a matrix representation of
a Lie algebra L. In particular, in this thesis we seek an appropri-
ate matrix for each basis element of L using the Lie algebra pack-
age of the computer software GAP (Group, Algorithms, Program-
ming) [9]. A difficulty arose in the case of the four-dimensional Lie
algebra S, ; (in terms of the nomenclature used in the classification
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of Lie algebras in [11]). Here the matrix representation obtained
from the software package [9] could not be used since the obtained
representation is not isomorphic to S, ;. For this Lie algebra, we
used a matrix representation given in [6].

3.2.1 Description of the procedure used for the matrix represen-
tation method

Let L be a k-dimensional Lie algebra with basis elements B; with M;

denoting a matrix representation of B;, i = 1,...,k.

Step 1. Find matrices {M;} that represent L using computer soft-
ware or relevant literature ([6], [9]).

Step 2. Attempt to find a closed form representation for each ele-
ment ¢“%i of the Lie group associated with L from the Taylor

expansion eMi = ) £M! where M,° =1 for i = 1,...,k. (In all
n=0
three- and four-dimensional cases, this step was successful in lead-

ing to such a closed form representation.)

Step 3. Compute []7%> e““% where { ; : ; ;2 I: S\Cfledn '

Step 4. Solve equations (3.0.2) and (3.0.6).

3.2.2 Example sl(2,R)

Although sI(2,R) is a three-dimensional Lie algebra, a matrix repre-

sentation is given by the 2 x 2 matrices X = ( 8 (1) ), Y = ( (1) 8 )’
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1 0 ) 00 " 00
= . = . = > .
Z (0 _1)ThenX (0 O) Hence X (0 0),n_2 Thus

eX =T+eX = ( (1) i ) Similarly, one can show that e’ = ( (1€ (1) )

1 0 e 0
; n_ eZ _
One can easily show that Z"= ( 0 (1)’ ) Hence e = ( 0 et )

Consequently,

_ Lale)X ,b(e)Y ,c(e)X ,d(e)Y _ abcd +ab+ad+cd+1 a+c+abc
M=elmemmer e ( b+d+bed bet1

After setting M = etZ one obtains the equations
bc+1=¢% b+d+bcd=0, a+c+abc=0, abcd+ab+ad+cd+1 = ¢,

whose solution is given by (3.1.11).

3.3 DE method

The DE method requires differentiation of the unknown functions in
equations (3.0.2) and (3.0.6). It involves setting up a nonlinear sys-
tem of first order ordinary differential equations that must be sat-
isfied by all differentiable solutions of equations (3.0.2) and (3.0.6).
Here the solutions respectively satisfy initial conditions

a(0)=b(0)=c(0)=d(0)=0, (3.3.1)

a(0)=b(0)=c(0)=d(0)=f(0)=g(0)=0, (3.3.2)

in the three- and four-dimensional cases. Note that when ¢ = 0, the
unknown functions will be continuous but not differentiable. The
DE method yields a necessary condition for solutions. Sufficiency is
shown from the solutions obtained by the other two methods.
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3.3.1 Description of the DE method

After differentiating equations (3.0.2) and (3.0.6) with respect to ¢,
one obtains respectively,

+ QZL(E)I_[eaiBiB2€a4B2 — B3€€B3,
i=1
(3.3.3)

6 6 5
a; (€) By ]_[ e’Pi + )y (e)e"P1B, ]_[ Pt +al(e) l_[ eiPi B, e%P2
i=1 i=2 i=1
— B3€£B3,

(3.3.4)

B, if i is odd

and a, =a, a,=b, ax=c, a, =d, a- =
B, if i is even =% memn i =0 =5 oS

where B, :{
fras=g.

From equations (3.3.3) and (3.3.4), one sees that a formula is needed
for pulling the products of the exponentials appropriately to the
right of each B, in order to get back [T, e%(€Bi = ¢Bs 5 = 4, 6,
respectively.

In general, one proceeds as follows.

Step 1. Find {f;} so that
k
ePB, =) fBeP (3.3.5)
=1

34



where i =1, 2, p=1,...,k, and k is the dimension of the Lie algebra
L. Since Ado’s theorem [?] guarantees the existence of a matrix rep-
resentation for every finite-dimensional Lie algebra, one can treat
the operations in L as matrix elements so that, without loss of gen-
erality, L is associative.

Step 2. Differentiate equations (3.0.2) and (3.0.6) with respect to
¢ to obtain equations (3.3.3) and (3.3.4), respectively. Then appro-
priately and recursively substitute equation (3.3.5) into equations
(3.3.3) and (3.3.4). Thus in each case one obtains an equation of the

form
Z ¢) B; ]_[ Bi = ByeBs (3.3.6)

j=
for specific functions a; (¢).

Step 3. Assume that expressions (3.0.2) and (3.0.6) hold. Con-

sequently, this yields necessary conditions that {a;(¢)} must satisfy,
namely the nonlinear system of first order ODEs

. (3.3.7)

Step 4. Check that the solution of the ODE system (3.3.7) solves
respectively expressions (3.0.2) or (3.0.6) using either the matrix or
operator method.
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3.3.2 Example sl(2,R)
Theorem 3.3.1. For sl(2,R) the following identities hold for any «.

e XY = (Y+ezZ- e2X)etX, eX7Z =(Z - 2€X)e’5X,

3.3.8
e X =(X—eZ-e?Y)e, e Z = (Z +2eY)e”. ( )

Proof. From the commutator relations (3.0.7), one directly obtains

XY=YX+Z,
XZ=7X-2X,
YZ=7Y+12Y.

Hence X?Y = YX?+2ZX -2X. Then it is easy to show that
X"Y =YX"+nZX" ' —n(n-1)X""1, nelN.

Similarly, one can show that the following relations hold.
X"Z =zZX"-2nX",

Y'X =XY"-nZY" ' —n(n-1)Y",
Y'"Z =ZY"+2nY",

Consequently,

XY = YetX +€ZZ
n=1

n—1 0 n-2
€ n-1 .2 € n-2 _
i ¢ X; TR

(n—-2

(Y +eZ — 2 X)e .

Similarly, one obtains the remaining relations in (3.3.8), complet-
ing the proof. O
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Now to proceed further, we differentiate equation (3.0.6) with re-
spect to €. This yields

()Xeéz+b() Ye() ()Xed(e)Y+Cf() ()Xb YXe Xd()
+d’(g)eEX Y o)Xy pd(OY — 762
(3.3.9)

Using the relations in Theorem (3.3.1), one finds that equation
(3.3.9) becomes

[a,(e) X +a,(e) Y + az(e) Z]e? = Zet? with

a,(e)=a - a2(b’ +d +b (—bc’ +bc2d’ +2cd’ )) +c

(3.3.10)

+2abc’ —2acd’ —c*d’ —2abc*d’ =0,

ay(e) =b'+d"+b(-bc’+bc’d’+2cd’) =0, (3.3.11)

az(e)=a(b'+d’ +b(- bc’+bc2d’+2cd’))—bc’+cd’+bc2d’:1.
(3.3.12)

After substituting equation (3.3.11) into equations (3.3.10) and
(3.3.12), one gets respectively

a +c —c*d’ —2a(-bc’ +cd’ +bc*d’ )=0, (3.3.13)
—bc’ +cd +bc*d =1. (3.3.14)

After substituting equation (3.3.14) into each of equations (3.3.13)
and (3.3.11), one obtains

a +c —c*d -2a=0, (3.3.15)
b" +d +bcd +b=0. (3.3.16)
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After subtracting ¢ times equation (3.3.16) from equation (3.3.14),
one finds that

(bc)” +bc=-1. Hence

R (3.3.17)

Substitution of equation (3.3.17) into equation (3.3.16) leads to d’
cet—c’ (e°-1)
c2

Consequently,

d(e) = . (3.3.18)

After substituting equation (3.3.18) into equation (3.3.15), one gets
2(a+efc)=(a+ec) . Hence a(e) = —c(&)et.

Thus the solution to the system of differential equations (3.28)-
(3.30) with initial condition (3.19) is given by (3.1.11).
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Chapter 4

Results

Using the procedures described in chapter three, the results for all
relevant three- and four-dimensional Lie algebras are presented in
Tables 1 and 2, respectively.
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Lie algebra; commutators Composition equation Solution
sl(2,R) X (Y ()X ()Y — peZ d(e) is an arbitrary function
X, Y]=Z satisfying d(e) # 0 when
[X,Z]=-2X =0
[Y,2]=2Y ale) = 5
b(e) = S=td(e)
cle)= %
Parallel parking problem, AR ()Y ()R pd ()Y  peX d(e) is an arbitrary function
S3,3 with constant r = 0 satisfying d(e) # km for every
[RY]=X keZ whene=0
{?{:)é]]ia a(e) = —arctan ﬁ
' lb(e)| = Va2 +e2
cle) = arctan(ﬁg))
Euler angles problem, X (Y ()X ()Y — peZ Any c(¢) satisfying c(¢e) = km
s0(3,R) for every k € Z when ¢ # 0
(X, Y]=2 and |—30£_| <1 with
[X Z] —_y sin c(¢)
! _ cos c(e)
[Y,Z]= a(e)——arccos( o5 & )
b(e) = —arcsin ( sin ¢ )
SlnC E
_ sin a (
d(e) = arccos ( sin c(c) )
a(e) = arccos (C(;ZSC(;) )
b(e) = m + arcsin (s?[llnc(z) )
d(e) = arccos (- 02|
n3,1 X PO ()X ()Y = peZ d(¢) is an arbitrary function
X, Y]=Z satisfying d (¢) # 0 when e = 0
[X,Z]=0
[Z,Y]=0 a(e) =~ 465
b(e)=-d(e)
cle)= d(i)
S31 eUEX D(E)Z (€)X pd(e)Z — oY d(e) is an arbitrary function
[Y,Z]=- satisfying d (¢) # 0 when e = 0
[Y,X]= b(e)=—d(e)
(Z,X]=rX+Y a(e) =
where 7 is a constant satis- 1*‘3(#1)5‘”{)
. c(e)=—a e
fying |r| < 1
S3,2 €)Y () Z ()Y (d(e)Z — peX d(¢) is an arbitrary function
[Z,X]=X satisfying d (¢) # 0when ¢ # 0
[Z,Y]=X+ b(€)=—d(d€()>
= 0 — €
v c(€) = =4
)= at
S3,3 general case eA(ER DY ()R, d(e)Y = peX d(e) is an arbitrary function
[RX]=rX-Y satisfying d(e) = k7 for every
[RY]=X+rY 40 k e Z when e =0
[X,Y]=0 a(e):—arctan(ﬁ

where r is a non-negative
constant.

2, rarctan(+5)

Ib(e)| = Va2 +e @

cle) = arctan((—)

Table 4.1: Results for three-dimensional Lie algebras




Lie algebra; | Composition equation Solution
commutators
S4,2 VW Gb(€)Z ()W pd(e)Z of ()W = peY f (€) is an arbitrary function sat-
(W, X]=X isfying f (¢) 2 0 when ¢ 2 0
(W, Y]|=X+Y a(e)=f(e)
W,Zl=Y+Z N— €& ,—f(e)
{x Y]]: - b(e)= 3775¢
' (e) = ~2f (¢)
[X,2]=0 d(e) = -t (@)
[Z,Y]=0 2f(e)
Sa,7 eAE)Z h(E)W pe(e)Z ()W pf (€)Z = peY f(e) is an arbitrary function
Y, z]=X satisfying f (¢) = k7 for every k
(W, Y]|=-Z € Zwhene=0
(W,z]=Y ale)= f(e)
— — &
(W, X]=0 b(e) = —arctan( 2f(e))
[X,Y]=0 N VeX+Af(e)?
[X.2]=0 o e
d(e) = arctan(m)
Sa,9 AE)W ()2 o)W pd(e)Z of ()W — (e Y f (¢) is an arbitrary function sat-
[Y,Zz]=X isfying f (¢) # km for every k € Z
(W, Y]|=rY-Z when € #0
(W,Z]=Y+rZ a(e) = f(e)
[W,X]=2rX b(e) = —arctan(s4—)
[X,Y]=0 2f(e)
’ - Ve2+4 2
[X,2]=0 cle) = e Vg he
d(e)= arctan(—zf‘(g))
S410 U EVW Gb(E)Z ()W () Z o ()W o8 ()2 = oY a(e) and c(e) are arbi-
Y, Zz]=X trary  functions  satisfying
W, Y]=Y a(e)c(e) = 0, a(e) +c(e) = 0,
(W,Z]=Y+Z and c(¢)? +a(e)c(e)>0
[W,X] =2 f(e)=—(a(e) +c(e))
[X, Y] = 0 b E) =
[X,Z]=0

s -

d(e) = —g(e)e(ale)cle)
b(e)e <€)

and in the limiting case when
a(e)=0,

f(e) = —cle)

d(e)= Ei(z(;)
ble)=g(e)=—55

Table 4.2: Results for four-dimensional Lie algebras
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The sketch of the proofs of the results, exhibited in Tables 1 and 2,
follow in Chapters 5 and 6, respectively.
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Chapter 5

Three-dimensional Lie algebras

In this chapter, we present the proofs of the results presented in
Table 1.

5.1 Parallel parking problem (Lie algebra S;; with
constant r = 0)

5.1.1 Model example

To illustrate parallel parking, as an example, consider a unicycle
that performs forward and backward translations as well as rota-
tions. The unicycle is represented by a straight line with centre lo-
cated at (x,y) and initial orientation parallel to the y-axis with its
centre located at (0,0) in Figure 5.1. The aim is to move the unicycle
so that its centre finishes at (¢, 0) with the vehicle parallel to its ini-
tial orientation by a succession of rotations and translations in the
same direction as the straight line. As will be illustrated in Figure
5.1, the minimum number of steps that start with a non-zero trans-
lation is four. Let d(¢) and b(¢) be the translations in the first and
third steps, respectively and let c(¢) and a(e) be the angles of rota-
tion in the second and last steps, respectively. Since the direction the
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vehicle is facing at the end must be the same as at the start, one must
have a(e) = —c(¢). From Figure 5.1, one sees that d(¢)+b(¢)cosc(e) =0
and b(¢)sinc(e) = €. Hence the solution to this problem is given by

a(e) = —c(e), ble) = ———, d(e) = —ecotc(e), (5.1.1)

sin c(¢)
where c(¢) is any continuous function chosen so that b(¢) and d(¢)
are continuous functions, and satisfying c(¢) # km for every k € Z
and ¢ # 0 with a(0) = b(0) = ¢(0) = d(0) = 0.

Alternatively, one could treat d(¢) as an arbitrary function. Here
the solution as reflected by Figure 5.1 is given by

a(e) = —c(e), cle) = —arctan(g), |b(e)| = Vd? + €2,
where d (¢) is any continuous function chosen so that c(¢) is a contin-
uous function, and satisfying d(¢) # 0 and —% <d(e) < % for every
e # 0 with a(0) = b(0) = ¢(0) =d(0) = 0.

Note that, as a special case, one obtains the trivial solutiond =0, ¢ =

TC T
— b=¢ a=——.
2 2

Next, the solution to the parallel parking problem is presented us-
ing the methods described in Chapter 3 which can be applied to any
Lie algebra.

5.1.2 Solution using the operator method

An operator representation for this Lie algebra is given by

0 % d %
X=-= Y_g—y, R=y——x—.



(2) 6%

4
(1) &8

(5)

Figure 5.1: Illustration of solution of parallel parking problem. (1) represents initial
configuration of vehicle with successive configurations represented by (2) to (5).

Consequently,

M = ea(s)Reb(e)Yec(s)Red(e)Y (X, y) — ea(s)Reb(e)Yec(s)R (X, v+ d)

a(e)Reb(s)Y (

=e xcos ¢ +ysin c,d+ycos c —xsin c)

=R (b sin ¢ +x cos ¢ +psin c,d+bcosc+p cos ¢ —xsin c )
=(bsin ¢ +xcos (a+c) +y sin (a+c),d+b cos ¢ —x sin (a+c)
+7y cos (a+c)).

Then M = e** (x,7) = (x — &,p) iff
sin (a+¢)=0, cos (a+c) =1,d+bcosc =0,-bsin c =¢. (5.1.2)
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The solution to the system of equations (5.1.2) is given by (5.1.1).

5.1.3 Solution using the matrix representation method

A matrix representation of S;3; with constant r =0 is given by

0 01 00 O 0 -1 0
X=1000}, Y=100-1{ R=f1 0 O
00O 00 O 0 0 O
Hence X"=Y"=0, n>2.
1 0 O 1 0 ¢
Thus eY =T+eY=| 0 1 —¢ |,andeX=|l 0 1 0
00 1 0 01
For all k > 0, one has
0 -1 0
1 0 0 [ifk=1(mod 4)
0 0 O
-1 0 O
0 -1 o\ 0 -1 0 |ifk=2(mod 4)
0O 0 O
1 0 0] =4
0 0 0 0 10
-1 0 0 |if k=3 (mod 4)
0 00
1 00
0 1 0 |if k=4 (mod 4)
00O
Consequently,
cos e —sine 0
eR=| sine cose 0
0 0 1

46



Hence

M = ea(s)Reb(e)Yec(e)Red(e)Y _

cos (a+c) —sin(a+c) dsin(a+c) +bsin a
sin (a+c) cos(a+c) —dcos(a+c)—bcosa
0 0 1

Then M = X is satisfied iff
cos (a+c) =1, sin(a+c) =0, bsina =¢, d+bcos a =0. (5.1.3)

The solution to the system of equations (5.1.3) is given by (5.1.1).

5.1.4 Solution using the DE method

For all n > 0, one can show that

X"Y = YX", X"R=RX"-nYX" !,

Z:O 1 =

i even i odd (5.1.4)
ny — - — % h n—i - _ % n n—i
RYYZ(l)(i)R +XZ(1) ;IR

i=0 i=

i even i odd

Using these results, one can easily obtain the identities
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e X = XeY, eYR=(R-eX)e, eRX =(cos € X — sin ¢ Y)e %,
eRY = (cos € Y + sin ¢ X)e™X.
(5.1.5)

Now to proceed, we differentiate with respect to ¢ the equation

ea(e)Reb(e)YeC(E)Red(g)Y — X (516)

Thus

a/Rea(s)Reb(s)Yec(s)Red(s)Y + b/eu(s)RYeb(s)Yec(e)Red(s)Y+ ( )
5.1.7

C/ea(E)Reb(e)YRec(e)Red(s)Y n d/ea(€)Reb(s)Yec(e)RYed(e)Y _ XeEX.

Using the identities in (5.1.5), one can show that equation (5.1.7)
leads to the ODE system

a'+c' =0, cosab +bsinac + cos(a+c)d =0,
o . , (5.1.8)
sinab’'—bcosac + sin (a+c)d =1.

It is easy to show that the solution to the ODE system (5.1.8) is
given by (5.1.1).

5.2 Euler angles problem (Lie algebra so (3,IR))

5.2.1 Solution using the operator method

An operator representation for this Lie algebra is given by

P o 9 P
X=X Vo YRV Ty LT oy
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Here setting e?()X gb(e)Y gele)Xpd(€)Y — €2 eads to the system of nine
equations
sincsinb =—sin €, cosc —cosa cos € =0, sin ¢ cos b+

sin a cos € =0,

cosd sinc + sina =0, cos b cosc cosd— sinb sind = cos a,
sin b cosc cosd + cosb sind =0, sin b cos d +

cos b cos ¢ sind = sin a sin €,

sincsind — cosa sinée =0, cos b cos d

—sin b cos ¢ sin d = cos ¢,

(5.2.1)
whose solutions are given by
a(e) = —arccos cos cle) , b(e) =—arcsin —.sm © ,
cos € sin c(¢)
n o (5.2.2)
d(e) = arccos —M ;
sin c(¢)
a(e) = arccos cos cle) , b(e) =m+arcsin & ,
cos € sin c(¢)
n a(e) (5.2.3)
sin a(e
d(e) = arccos (_sm—c(e)) :

In both solutions, for any € # 0, c(¢) is any continuous function

chosen so that a(¢) and d(¢) are continuous, and satisfying |Siflincf€) <

1 with c(¢) # km for every k inZ and such that a(0) = b(0) = ¢(0) =
d(0) = 0.
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5.2.2 Solution using the matrix representation method

A matrix representation of so(3,RR) is given by

00 O 0 01 0 -1 0
X=100-1}, Y= 0 00}, Z=|1 0 O
01 O -1 00 0 0 O

Analogous to the way of obtaining the rotation matrix e® in the
parking problem, one finds that

1 0 0 cose 0 sin €
eX =10 cose —sine |, e = 0 1 0 ,
0 sine& cos ¢ —sin e 0 cos €

cos e —sine 0
e?=| sine cose 0
0 0 1
Consequently, one can show that the entries {al- ]-} of the matrix M =

ea(e)Xeb(e)Yec(s)Xed(s)Y are given by

a;;=cos b cosd —sinb cosc sind, a;,= sin b sin c,

aj3= cos b sind + sin b cos ¢ cos d,
d,; = sina sin b cos d + cos a sin ¢ sin d +
sin a cos b cos ¢ sin d,
dy,, = €COS @ cos ¢ — sin a cos b sin ¢,
dy,3= sin a sin b sin d — cos a sin ¢ cos d —
sin a cos b cos ¢ cos d,
A3 =—cos a sin b cos d + sin a sin ¢ sin d —
cos a cos b cos ¢ sin a,
a3, = sin a cos ¢ + sin ¢ cos a cos b,

a3 =—sin d cos a sin b — sin a sin ccos d +

cos a cos b cos ¢ cos d .
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From the matrix equation M = e, one obtains a system of equa-
tions that can be simplified to (5.2.1). Hence the solutions are given
by (5.2.2) and (5.2.3).

5.2.3 Solution using the DE method

One can show the following identities hold for all ¢.

XY =(cos € Y + sin € Z)eX, eXZ =(cos € Z - sin ¢ Y)e¥,
eYX =(cos € X — sin € Z)e’, eYZ =(cos € Z+ sin € X)e*".
(5.2.4)

After differentiating with respect to ¢ the equation
e EX hle)Y pele)X pd(€)Y — €2 and using the identities in (5.2.4), one ob-
tains the simplified ODE system

cosba' +c’=—sinb cosa,sinba + sincd’
= cos a cos b, b’ + cos cd’ (5.2.5)

= sin a.

The ODE system (5.2.5) admits (5.2.2) and (5.2.3) as solutions.

5.3 Lie algebra nj,

5.3.1 Solution using the operator method

From [12], an operator representation for 73 ;is given by
_d _ 0 _Jd

X—a, Y—XZ, Z_Z
Consequently, equation e*

to the equation

(E)Xeb(s)Yec(E)Xed(s)Y(x’ Z) — eeZ (X, Z) leads

(x+a+c,(b+d)(x+a)+dc+2z)=(x,z+¢). (5.3.1)
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It is easy to see that the solution to equation (5.3.1) is given by
b(e)=-d(e), cle)=—— (5.3.2)

where d (¢) is any continuous function chosen so that a(¢) and c(¢)
are continuous functions, and satisfying d (¢) # 0 for any ¢ # 0 with

a(0) = b(0) = ¢(0) = d(0) = 0.

5.3.2 Solution using the matrix representation method

From [9], a matrix representation of 3 ;is given by

010 000 0 01
X=1000)], Y={0O0T1| Z=100 0
00O 0 00 00O

Hence X? = Y? = Z? = 0. Then one can show that

1 €0 1 00 1 0 ¢
eX=l 010 e'=[01¢e] e4=]010
0 01 0 01 0 01
Accordingly, one can show that
1 a+c cd+ad+ab
M = ea(s)Xeb(s)Yec(e)Xed(e)Y -l o 1 b+d
0O O 1

Consequently M = ¢ yields the system of equations
a+c=0, b+d=0, cd+ad+ab=g¢,

whose solution is given by (5.3.2).

52



5.3.3 Solution using the DE method

One can readily obtain the following identities which hold for all e.

e XY = (X +eZ)eX, eXZ=ZeX, X =(Y-eZ)e, eV Z = ZetY.
(5.3.3)
After differentiating with respect to € the equation
X b)Y pele)X pd(€)2 — o2 and using the identities (5.3.3), one ob-
tains the ODE systema’+c¢'=0, b'+d’ =0, ab’—bc’+ (a+c)d' =1,
whose solution is given by (5.3.2).

5.4 Lie algebra S;;

5.4.1 Solution using the operator method

An operator representation [12] for S;; is given by

Jd d % % %
X=ootan, Y=(1or)o, Z= 2o —ry=".

Consequently, the equation e®€Xeb(6)Zece)Xed(Z (x 1)) = ¥ (x, 1)
leads to the equation

(e (x+a+ce’), e Ny +a+ce®))=((1-r)e+xy). (5.41)

It is easy to see that equation (5.4.1) is satisfied iff
b=-d, a+ce®=(1-r)e, a+ce ™ =0. (5.4.2)

The solution to the system of equations (5.4.2) is given by

e(l—r)

a(e) = T o) b(e)=-d(g), c(e)=-a erde) (5.4.3)

where d (¢) is any continuous function chosen so that a(¢) is a con-

tinuous function, and satisfying d (¢) # 0 for any € # 0 with a(0) =
b(0) =c(0)=d(0)=0.
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Note that in the limiting case where r — 1, equation (5.4.3) be-

comes a(¢) = 3, b(e) = ~d (¢), and ¢ (e) = —a ™).

5.4.2 Solution using the matrix representation method

A matrix representation of S5, is given by

0 -r 0 0 0 O r 00
X=(0 0 O, Y=[{0 0 0|, Z=10 00O
0 -1 0 0 -1 0 1 01
Hence for all n>2onehas X" =Y"=0and Z" =
r 00
0 0 0}
24 4r+1 01
Then one can easily show that
1 —re 0O 1 0 0 e’
eX=[0 1 0f e'={0 1 0] &= 0
0 —& 1 0 —¢ 1 e
Hence
or(b+d) —ra—crebr
M = ea(e)Xeb(e)Zec(s)Xed(s)Z — 0 1
ebrd_pr(b+d)  cr(el—ebr) _ - ce

1-r r—1
Then equation M = ¢ leads to the system of equations

b br
cr(e’ —e
a+ce’ =0, b+d =0, —(1 )+a+ceb:e,
—r

with solution given by (5.4.3).
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5.4.3 Solution using the DE method

One can show that the following identities hold for all «.

e XY = YeX, X7 = (Z—-reX — sY)eEX,

— et 5.4.5
n er Y)et?, e2Y = (Y +eY)eZ. ( )

After differentiating with respect to ¢ the equation
X b(e)Zpele)X pd(€)Z — otV and using the identities (5.4.5), one ob-
tains the ODE system

e&‘

e’ X = (e X +

eb N erb

(¢’ —red’)—ce’d’ =1,
(5.4.6)

a'—rab’+e"’c’—r(a+ce™®)d’ =0, b'+d =0, .
—r

whose solution is given by (5.4.3).

5.5 Liealgebra S;,

5.5.1 Solution using the operator method

From [12], an operator representation for Sj , is given by X = %, Y =
d _ J J

ya, Z = —Xm + R
Consequently, equation e

to equation

Veble)Zgele)Y pd(€)Z (x 1) = X (x,p) leads

(e_(b“’l)x + e (b+d) (a + ceb)y +bce™,p+b+ d) =(x+¢7yp). (5.5.1)
It is easy to see that equation (5.5.1) is satisfied iff
b=-d, a+ce® =0, bece™® =e. (5.5.2)
The solution to the system of equations (5.5.2) is given by

d(e)



where d (¢) is any continuous function chosen so that a(e) and c(¢)

are continuous functions, and satisfying d (¢) = 0 for any ¢ = 0 with
a(0) = b(0) =¢(0)=4d(0) = 0.

5.5.2 Solution using the matrix representation method

A matrix representation for Sj3, is given by

0 0 -1 0 0 -1 110
X=100 O |, Y=(0O0-11|, Z=1010
00 O 00 O 000
1 n O
Hence foralln >2onehas X"=Y"=0and Z"=|0 1 O}
00O
Then one can easily show that
1 0 —¢ 1 0 —¢ e €ef 0
eX=101 0| e¥=101 —¢|, =] 0 ¢ 0
0 0 1 00 1 0 0 1
Hence
elrd ebrd(hy+d) —ceb—a—bce®
M = ea(s)Yeb(e)Zec(e)Yed(e)Z — 0 eb+d —ceb —a
0 0 1

Consequently, the equation M = efX leads to the system of equa-
tions

ce’ +a=0, b+d=0, ce’ +a+bce’ =¢,

whose solution is given by (5.5.3).
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5.5.3 Solution using the DE method

One can show that the following identities hold for all €.
eV X = XetY, V7 = (Z —eX - eY)eEY, el X = (eEX)e‘SZ,
e2Y = (e°Y + eefX) e?

The differentiation with respect to ¢ of the equation

e )Y @) Z pce)Y pd()Z — oeX and the repeated use of the identities

(5.5.4) leads to the ODE system
a' —ab +e’c’ —(a+ce’)d’ =0, b'+d =0, —ab’ +be’c’—(a+cbe’)d =1,

(5.5.4)

whose solution is given by (5.5.3).

5.6 Liealgebra S;;

5.6.1 Solution using the operator method

From [8] and [12], an operator representation for S; 3 is given by

d d P 0
X = oy Y = _a_y’ R=(rx+yp)= 5 +(ry — x) =— ay
Consequently, equation e*¢)

to equation

X

Reb(e)Y gele)Rod(€)Y (x 1) = X (x,p) leads

—r(a+c) —rc

(cos(a+c)e x— sin (a+c¢) ey + b sin c e,

cos (a+c) e y 4 sin (a+c) e

(x—¢&9)

x—d-bcosce’ )=

(5.6.1)
It is easy to see that equation (5.6.1) is satisfied iff

—r(a+c)

sin (a+c)e =0, cos (a+c)e™™) =1, d+bcosc e’ =0,

bsinc e’ =—¢.

(5.6.2)
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The solution to the system of equations (5.6.2) is given by

re(e)
a=—cle), b=——" 4= ° (5.6.3)
sin c (&) tan c(¢)
where c(¢) is any continuous function chosen so that b(¢) and d(¢)
are continuous functions, and satisfying c(¢) # km for every k € Z

and for any ¢ # 0 with a(0) = b(0) = ¢(0) =d(0) = 0.

5.6.2 Solution using the matrix representation method

A matrix representation of Sj3; is given by

00 1 00 —r r -1 0
X=l00 -r|, Y=100-1|], R={1 r O
00 O 00 O 0 0 O
Hence one can show that
1 0 ¢ 1 0 —re
eX=101 —re], e¥={01 -¢ |,
00 1 00 1

cos ¢e’* —sin e 0
eR=| sinee™ cosee® 0
0 0 1
Consequently, the entries {aij} of the matrix M = e#€)Reb()Y gel€)R pd(e)Y
are given by

a+c) a+c)

a1= sy = cos (a+c)e™, a,, =—sin (a+c)e""™,

ay = sin (a+c)e’ "9,

13 =d(—r cos (a+c) + sin (a+c¢))e™ ™ +b(—r cos a + sin a)e™,
ay; = —d(cos (a+c) +rsin (a+c))e™ —b(cos a +rsin a)e’™,
a3 =asz =0, as3=1.
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Thus the relation M = X yields the equations

cos (a+c)e’*9 =1, sin (a+c) e =0,
d(—r cos (a+c) + sin (a+ c))er(“”) +b(-r cos a + sin a)e’ =g,

d(cos (a+c) +rsin (a+c¢))e™™ +b(cos a +rsin a)e™ =re,

whose solution is given by (5.6.3).

5.6.3 Solution using the DE method

One can show that the following identities hold for all e.
eV X =XeY, e R=(R—eX -reY)e,
eRX = e"(cos ¢ X— sin € Y)e K, (5.6.4)
eRY = e™(cos ¢ Y + sin ¢ X)e ™.

To proceed, one differentiates with respect to € the equation
eUER V(Y pcle)Rpd ()Y — 08X and then uses the identities (5.6.4) recur-
sively. This yields the ODE system

a+c =0,
e”’( cosab' +(bsina —rbcosa)c + cos (a+c)ed’ ) =0, (5.6.5)

e(sinab —(rbsina +bcos a)c’ + sin (a+c)e’“d" )=1.

It is easy to show that the solution to the ODE system (5.6.5) is
given by (5.6.3).
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Chapter 6

Four-dimensional Lie algebras

In this chapter, we present the proofs of the results presented in
Table 2.

6.1 Liealgebra$,,

6.1.1 Solution using the operator method

From [12], an operator representation for S, , is given by

Jd d % d % 0
W——x$+$+yz, X—a, Y—;l}%, Z—Za.

Consequently, equation

a(e)W ob(€)Z pe(e)W pd(€)Z of (€)W (x} v, Z) —etY (X, v, Z) leads to

e
((cd + ad +abe™)e Ty + ((d +be™°) e"f)z +e % 4 (acd + %czd)e"f,

yratc+f,(a+f+o)y+z+ia+f+e))=(x+ep,y,2).
(6.1.1)

It is easy to see that equation (6.1.1) is satisfied iff

a+f+c=0, d+be =0, cdef =¢, a+c=0. (6.1.2)
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The solution to the system of equations (6.1.2) is given by
1 e _1L
a(e)=f(e)=—-3c(e), ble)= ———29), d(e) = @e‘zc“)’ (6.1.3)

where c(¢) is any continuous function chosen so that b(¢) and d(¢)
are continuous functions, and satisfying c(¢) # 0 for any ¢ = 0 with

a(0) = b(0) = ¢(0) = d(0) = £(0) = 0.

6.1.2 Solution using the matrix representation method

A matrix representation for S, is given by

000 -1 000 -1 000 O
000 O 000 -1 000 -1
X_OOOO’Y_OOOO’Z_OOO—l'
000 O 000 O 000 O
1100
0110
W_OOIO
0000

(n-1)
1 n 2= 0
0 n . |01 =n 0
Hence foralln>2onehas Y"=272"=0and W" = )
00 0 o0
00 0 O
Thus one can show that
1 00 —¢ 1 00 O
egy: 01 0 —¢ esZ: 01 0 —¢
001 01/ 001 -/
000 1 000 1
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€ e 1.2
e eev S€
oW = 0 e «ce
0 O e’
0 O 0

Consequently, the entries {al j

_— o O O

} of the matrix

M = ea(e)Web(e)Zec(e)Wed(e)Zef(e)W are given by

a+c+f

A1 =dyy =4dzz =¢€

a13:(af+fc+ac+%

y A1y = dpz = (a+ C+f)ea+c+f,

(a2+f2+cz))e“+c+f,

a1y =—d (a +c+ac+3(a®+ cz))e‘”c - ba(l + %a)e”,

ayy=—d(l+c+a)e” “—b(1+a)e,

A3y = —dete

—be®, ayy =1, a;;=0forj<i.

After simplification, the relation M = ¢! leads to the system of

equations

a+c+f=0, d(a+c+ac+%(a2+c2))e“+c+ba(1+%a)e“:e,

d(l+a+c)e™ +b(l+a)e* = ¢, de*™ + be® = 0, whose solution is

given by (6.1.3).

6.1.3 Solution using the DE method

One can show that the following identities hold for all .

VX =efXet"W, VY = (efY + eegX)egw,

ez = (e‘SZ +eefY + %EZeEX)eEW,

el X = Xet, e2Y =Ye?, YW = (W—-¢Z —eY)e‘SZ.
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After differentiating with respect to ¢ the equation
eUEIW gb(e)Z pcl )W pd(€)Z of ()W — €Y and using the identities (6.1.4), one

obtains the system of differential equations

a+c+f =0,

a’e’b’ —ba(2 +a)e’c’ + (a+c)’e*d’ — (2ab + 2 (a + c)de‘ + ba?
+d(a+c)e)e’ f =0,

e’b’ —bec +e™°d — (be” +de™ ) f' =0,

ae’b’ —b(1 +a)e’c’ +(a+c)e™d —(b(1+a)+d(1+a+c)e)e’f =1.

(6.1.5)
The solution to the ODE system (6.1.5) is given by (6.1.3).

6.2 Liealgebra 5,
6.2.1 Solution using the operator method
From [12], an operator representation for S, ; is given by

1,, ,\ 0 d d 2, d Jd o

= — — —_——z7— -, ==, Y:—’Z: o e
;07 -2) 5 ‘9 Vo * T oy © T Vox T oz

One can show that for all ¢ the following relations hold.

e (x,,2) = (x,v+¢,2), eZ(x,1,2)=(x+¢ey,p,z+¢),
eV (x,9,2) = (L( sin (2¢)(p* — 2%) + 2 cos (2¢) zy) + x — 12y,

cos € P— sin €z, cos € z + sin € p).

After much calculation and the use of the relations above, one can
show that the equation
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eE)Z pbEIW oele)Z pd (W of()Z (x 3 7) = €Y (x,, 2) leads to the simplified
system of equations

f+c=0, dsin f +e=0, b+g+dcos f =0, gsin f —Jecos f =0.
(6.2.1)
The solution to the system of equations (6.2.1) is given by

a(e) = f(e) = -

_ e)=—
2tanb(e) sinb(¢)

d(e)=-ble),  (6.2.2)

where b(¢) is any continuous function chosen so that a(¢), f(¢) and
c(€) are continuous functions, and satisfying b(e) = 0 for every ¢ = 0

with a(0) = b(0) = c(0) =d(0) = f(0) = 0.
6.2.2 Solution using the matrix representation method

The following matrix representation for S, ; was found after correc-
tion of the matrix representation of S,; given in [8].

1 0 - O 1 €0 0
oY _ 01 0 -¢ o7 _ 010 0
00 1 0 001 -/

00 0 1 0001
1 0 0 0
oW = 0 cose sine 0
0 —sine cose O
0 0 0 1

Consequently the entrles {a } of the matrix

M = A2 W ocle)Z pd( W of(€)Z are found to be
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ajp=ag =1, aj,=f+ccosd +acos (b+d),
a;3=csind +asin (b+d),

ajgs=—fcsind —af sin(b+d) —acsin b, a,, =az3=cos (b+4d),
Ay3 = —azy =sin (b+d), ay=—f sin (b+d) —csin b,

azg=—f cos (b+d) —ccos b —b, a, =az; =ay =ag =au;=0.
Consequently, the relation M = ¢! yields the system of equations
b+d=0, fcsind +acsinb =0, csind =-¢,f+ccosd +a=0.

whose solution is given by (6.2.1).

6.2.3 Solution using the DE method

The following identities hold for all .

WY =(cos e Y—sin e Z)e", e Z =(cos € Z+ sin ¢ Y)eV,
e2Y = (Y —eX)et?, e“W =(W—-eY + %EZX)egz.
(6.2.3)

After differentiating with respect to € the equation
eE)Z b EIW oele)Z pd (W of()Z — p¢Y and repeatedly using the identities
(6.2.3), one obtains the ODE system

b'+d =0, a’+ cosbc’+csinbd + cos (b+d) f' =0,
—ab’+ sin bc’—(a+ccos b)d'+ sin (b+d) f' =1,

6.2.4
1a*b’' - a sin bc’+(ac cos b+%(a2+cz))d' ( )
—(csin d +asin (b+d)) f'=0.

The solution to the ODE system (6.2.4) is given by (6.2.1).
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6.3 Liealgebra S,

6.3.1 Solution using the operator method

From [12], an operator representation for S, ¢ is given by

W:%(;}2—zz—élrac)%—(ry+z)i+(y—rz)i X—i, Y:i,

Yy 0z = ox Jy
Jd d
/= })g + z

One can show that for all ¢ the following relations hold.

eV (x,9,2) = (x, v +¢,2), e4(x,v,2) = (x+ep,v,2+¢),

eeW ( er

x,9,2) = (§(sin (2¢)(y* — 2*) + 2 cos (2¢) zy) + x — 2zy)e 7,

e “"(cos e y— sin € z),e “"( cos € z+ sin € p)).

These relations allow one to show that the equation
eE)Z b EIW oele)Z pd(OW of(Z (x 1) 7) = e¢¥ (x, 7, 2) leads to the equations

f+c=0, dsin f + ee/"=0, b+g+dcos f e/ =0,

: (6.3.1)
2gsin f —ecos f =0.

The solution to the system of equations (6.3.1) is given by

£ ce "l

f(e)=—m, c(e) = bl d(e)=-b(e), (6.3.2)

a(e) =

where b(¢) is any continuous function chosen so that a(¢), f(¢) and

c(€) are continuous functions, and satisfying b(¢) # 0 for any € = 0
with a(0) = b(0) = c(0) =d(0) = f(0) = 0.
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6.3.2 Solution using the matrix representation method

A matrix representation for S, 4 is given by

000 —2r 001 0 0 -1 0 O
000 O 000 —r 0 0 0 -1
X_OOOO'Y_OOOI’Z_OOO—T”
000 O 000 O 0O 0 0 O
2r 0 0 O

O r 10
W_O—er
0O 0 0O
0001
; ; ) , |00 00
Hence foralln >3 onehas Y"=Z7 :OandY:Z:OOOO.
0000

Thus the corresponding matrix representation of the associated Lie
group is given by

1 0 ¢ %82 1 - 0 %62

oY 01 0 —-re o7 _ 0 1 0 -¢
001 ¢ [ 0 0 1 —rel
0 00 1 0O 0 0 1

Analogous to the way of obtaining the rotation matrix e® in the
parking problem, one finds that

e?’¢ 0 0 0

ew_ | 0 cosee sinee 0
| 0 —sinee® cosee® 0

0 0 0 1
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Consequently the entrles {al ]} of the matrix
M = M2 be)W oel€)Zpd (€)W of()Z are given by

a,, = e¥(t+d)

a1, =—fe? ) _c cos d e+ — g cos (b +d)e" P,
a3 = —c sin de"®**® _gsin (b+d) e,

2r(b+d)
f2

r(2b+d) r(2b+d)

A1 =5 +cfcosde '+ rcf sin d "0y
af cos (b+d)e"™™ traf sin (b+d)e b+d)+1cze2rb+accos bel+

rac sin b e’ +—a,

r(b+d) b+d)

Ay, =azz3=cos (b+d)e""™, a,3=—az, =sin (b+d)e"
ays =—f cos (b+d)e'™™ —rfsin (b+d)e'™ —ccosb e
—rcsin be—a,

azy = f sin (b+d) (o) _rf cos (b+d)e""™ +csin be™
—rccos b e’ —rb,

ags =1, ay =az =ay =ag =ay3=0.

The relation M = ¢! yields, after simplification, the system of
equations

b+d=0, csinbe?=c¢, f+ccosderb+a:0

1f2+(@a+f)ccos bel+r(a—f)csin be’ +af +ic +3a® =1,
(6.3.3)
The solution to the system of equations (6.3.3) is given by (6.3.1).
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6.3.3 Solution using the DE method

The following identities hold for all .

VY = (cosee Y —sine e Z)e", eV Z = (cose €' Z +sinee’ Y)e",

VX =¥ XetW, 7Y = (Y —eX)et?,

1
W= (W-reZ—eY + Eer)eEZ,eer = XetZ.
(6.3.4)
After differentiating with respect to € the equation

elE)Z b EIW oele)Z pd (W of()Z = ¢¢¥and using the identities (6.3.4) one
obtains the ODE system

b'+d =0,

@'+ cos be’c’+(—rccos bel +csin be) d +e U f =0,

—ab’+ sin bec’+ (-rcsin be —ccos be't) d' =1,

rb

—asin betc + (rac sinbe? +accos b e+ %cze”b )d’

—csinde? f'=0.

(6.3.5)
The solution to the ODE system (6.3.4) is given by (6.3.1).
6.4 Liealgebra 5,
6.4.1 Solution using the operator method
From [12], an operator representation for S, is given by
Jd Jd d d d d d
=Xyt ) X =, Y =) Z =y + 2.
W=-ox dx 7 dy Tz dx dy Yox T Z&y
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Consequently, the equation
W pb(e)Z pele)W pd(E)Z pf(OW o8 ()W (x 1) 7) = ¢Y (x, 7, 2) leads to the sim-
plified system of equations

a+c+f=0, g+de® +be" =0, cde/ +cg+fg=e¢,

d2ce ) + 2gdce™ —ag? =0, (6.41)
whose solutions are given by
e(@ Je(@? +ate)cte)
Fe)=—(ae)+c(e), ble) = ee o |
gle)=-- +ab((§))+c Cg();a(é), d () = —g () e @D _p (g) <1,
(6.4.2)

where a(¢) and ¢ (&) are any continuous function chosen so that
b(e),d(e) and g(¢) are continuous functions, and satisfying a(e)c(e) #
0, a(e)+c(e) 20, and c(e)* +a(e)c(e) > 0 for any & = 0 with a(0) =

b(0) = ¢(0) = d(0) = f(0) = g(0) = 0.

In the limiting case when a(e) =0,
fle)=—c(e), d(e) =", b(e) = g(e) = —55, with c(e) any con-
tinuous function chosen so that b(¢), g(¢) and d(e) are continuous
functions, and c(¢) # 0 when ¢ = 0.
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6.4.2 Solution using the matrix representation method

A matrix representation of S, is given by

o O O O
S —H —H O
S — O O
N O O O

—\ O O O
o O O O
oS O O O
oS O O O

Y"Oandzz[

Hence for all n > 2 one has X"

J.

—\ O O O

0

T —~ O
S — O O

=
N © © o

=0and W" =

For all n >3 73

One can show that

N ——————

[l

>~

W

(V)
—_——
8}
N O O —
I
S O — O
S — O O
- O O O
N —————————

[l

>

W

V



Then the matrix M = e W b(€)Z o)W pd(€)Z of (€)W o8(e)Z hag entries
{ai]-} given by

2(a+c+f) 2a+c+f

aj; =e , a1, =—(ge +de +b)e
a3 =—(fde + fb+bc)e> ™/,

dig = (%gzer +g(1+f)de*+gb(1+f)+ bcg)62“+c+f+

(%dzezc +bd(1+c)e + %bz)e%,

a+c+f a+c+f
)

arp = dz3 =¢€ y ﬂ23:(a+c+f)e
ayu=—g(l+a+c+f)e”™ ™/ —(d(1+a+c)e+b(1+a))e’,

3y = _(gea+c+f

+ dea+c + bea), Agq = 1, Cli]' =0 for ] <1.
Consequently, after simplification, the relation M = e‘Yleads to

the system of equations (6.4.1) whose solutions are given by (6.4.2).

6.4.3 Solution using the DE method

One can show that the following identities hold for all .

VX = (*X)eV, VY = (Y)W, eV Z = (e°Z + eefY)eV,
2 X = Xet2,e Y = (Y —eX)e?, e“W=(W-eZ—-eY + %EZX)egz.
(6.4.3)

After differentiating with respect to € the equation
W pb(e)Z pele)W pd(€)Z pf ()W 8()Z — p€Y and using the identities in
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(6.4.3), one obtains the ODE system
a+c+f =0,
e“(ab’=b(1+a)c’+(a+c)ed —(ab+ade‘+b+d(1+c)ef) f') =1,
e’b’ —bec’ +e"°d’ — (b+e‘d )e'f +¢' =0,
1p2e™ ¢’ — bee*™d’ + (36 +d%e™) + bd(1 +c)e) ™ f'—
((bf + bC) ef+c+2a + dfef+26+2a)g/ —0.
(6.4.4)

The solution to ODE system (6.4.3) is given by (6.4.2).
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Chapter 7

Inverse Problem

Here we show that reversing the order of elements in the LHS of
both equation (3.2) and equation (3.6) leads to an isomorphic solu-
tion if the number of elements that are not identically zero is even.
Additionally, we present the isomorphism relating the inverse prob-
lem to the original problem. Then we present a table that shows the
results for the inverse problems for all three-dimensional Lie alge-
bras. Finally, we will examine the relation between the solution to
the parking problem and the solution to its inverse problem.

The original problem is given by

e €)B1 pb(€)By pe(€)By pd(€)By pf (¢)B1 p8(€)By — ,eB3. (7.0.1)

To obtain the solution of the inverse problem from equation ( 7.0.1),
we first multiply equation ( 7.0.1) by

e~ 8(6)B2p=f(e)B1 p=d(€)B2 p=c(¢)B1 p=b(e)B2 p=a(e)B1  Thyis yields

1 = ¢=8(€)B2 p=f(¢)By p=d(e)B; p—c(€)By p=b(¢)B; p—a(e)By peBs
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Next, we multiply both sides by e~¢83. This leads to

¢~ 8(€)By ,=f(€)By p=d(€)By p=c(€)By ,=b(€)By ,-ale)By _ ,~€Bs3 (7.0.2)

Thus the inverse problem given by

o(€)B2 ,b(e)By ,E(e)B2 ,d()By ,f ()B2 p(e)B1 _ ,eBs. (7.0.3)

has a solution isomorphic to that of equation (7.0.1) and the isomor-
phism is given by

a(e) = —g(=¢),
b(e) = ~f(~e),
ole) = ~d(-e), (7.0.4)
d(e) = —c(—¢),
fle)=-b(=e),
g(e) = —a(-¢).

The solution to the inverse problem is presented in the following
table for all relevant Lie algebras
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Lie algebra; com- | Composition equation Solution
mutators
sl(2,R) )Y (b(e)X pe(e)Y pd(e)X — peZ d(¢) is an arbitrary function
X, Y]=Z satisfying d (¢) # 0when ¢ # 0
[X,Z]=-2X
[v,2]= ale) = U
b(e)= )
c(e)=-Fhd(e)
Parallel parking | eX¢)Y eD(e)Rpc(e)Y pd(e)R _ peX d(e) is an arbitrary function
problem, satisfying d(e) # kmn for every
S3,3 with keZ whene#0
constant r =0 a(e) = ecotd(e)
[RY]=X b(e)=-d(e)
[RX]=- c(e) =—ecscd(e)
(X, Y]=
Euler angles | e2(€)Y bO)Xc(e)Y (€)X — peZ Any b (¢) satisfying b (e) = kmnt
problem, for every k € Z when ¢ # 0
s0(3,R) and |80 €| <1 with
X,Y]=2Z sin b(e) | = .
(X,Z]=- a(e) = —arccos( :?1 28 )
[Y’Z] =X . : sin &
c(e) = arcsin ( Sin be) )
d(e) = arccos( C(éisb(:) ) ;
a(e) = —arccos (:E {28 )
c(&) = —arcsin (Sislllr;ﬂ(t) )
d(e) = —arccos ( Cg(s)shi e) )
13,1 (€)Y ()X (€)Y (d(e)X = peZ d(e) is an arbitrary function
X, Y]=Z satisfying d (¢) # 0 when e = 0
[X,Z]=0
[Z,Y]=0 a(e) = ﬁg)
b(e)=—d )
c(e) —%
S31 eME)Z b(E)X () Z ()X = e a(e) is an arbitrary function
Y, z]= satisfying a(e) # 0 when e 2 0
[Y,X]= d(e) = e(1-r)
[Z,X]:rX+Y 1!l "(’)
where r is a con- b(e) =d(e) e7™
stant  satisfying c(e)=-ale)
[rl<1
S3,2 eUE)Z Gb(e)Y oe(e)Z pd(e)Y — peX d(¢) is an arbitrary function
[Z,X]=X satisfying d (e) = 0 when e = 0
(Z,Y]=X+Y a(s):—ﬁ;)
(X, Y]=0 b(e) = —d(e)e )
cfe)= 75
S3,3 general case ea(E)Y pD(e)R (€)Y pd(e)R — peX d(e) is an arbitrary function

[RX]=rX-Y
[RY]=X+rY
[X,Y]=0

where r is a non-
negative constant.
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satisfying d(¢) = km for every
keZwhene=0

a(e) =ecotd(e)

b(e)=—d(e)

c(e) = —ecscd(e)e(€)

Table 7.1: Results for the Inverse Problem




7.1 The inverse parking problem

As mentioned in Chapter 5 the parking problem models a vehicle
that aims to perform a parallel translation in x by ¢ through trans-
lations in y and rotations starting with a translation. This was illus-
trated in Figure (5.1) and the solution was given by equation (5.1.1).
By applying the isomorphism given in equation (7.1.1), one can see
that the solution to the inverse problem, i.e, parking which starts
with a rotation, is given by

a, () =—¢ecotb;(e), cy(e)=ecschy(e), d,(e)=-b(e), (7.1.1)

where b (¢) is an arbitrary function satisfying b, (¢) # k7 for every k
€ Z when ¢ = 0.

In the diagram below we represent both solutions to the parking
problem. In red is the solution that starts with an arbitrary trans-
lation while in blue is the inverse solution that begins with an arbi-
trary rotation. As one can see, such solutions are reflections of each

. . € . . .
other with respect to the line x = > In practice, one solution might

be more desirable than the other depending on other constraints
that one might have. The solution in red would be most useful in
a situation where one has to park between two vehicles with lim-
ited space between the vehicles. The inverse solution in blue, on the
other hand, is practical when there is a lot of parking space avail-
able. The red solution requires a more skilled driver since it requires
a precise rotation after the arbitrary translation.
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Figure 7.1: Illustration of the solutions of the parallel parking problem and its inverse.
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Chapter 8

Discussion and conclusions

In this thesis, for all relevant three- and four-dimensional Lie alge-
bras, we have shown explicitly how one can obtain elements of the
associated Lie groups as compositions of products of other elements
from the commutator properties of their Lie algebras. Three meth-
ods have been presented to accomplish this: an operator method, a
matrix representation method, and a DE method. It turns out that
in all cases solutions contain an arbitrary function of a parameter ¢.
In the parallel parking problem, the parameter ¢ is a translation in x
arising from translations in y and rotations in the xy-plane and the
arbitrary continuous function can be the angle of rotation or the ini-
tial translation. Interestingly, in all cases solutions can be expressed
in terms of elementary functions involving an arbitrary continuous
function. In practical applications, other constraints could be satis-
fied by appropriately restricting associated arbitrary functions.

There is an “initial condition” that constrains the arbitrary func-
tion. In particular as ¢ — 0, if the arbitrary function is O(¢eP) then
it is easy to check that 0 < p < 1 and that all other functions in the
compositions are either O(e?) or O(e! ™).

As noted earlier in the thesis, one can also state the problems in
(3.0.2) and (3.0.6) with the roles of B; and B, interchanged. It was
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shown that doing so, when the number of terms to the left of equa-
tions (3.0.2) and (3.0.6) is even, leads to isomorphic solutions. How-
ever, if the number of terms to the left of (3.0.2) and (3.0.6) is odd,
then interchanging the roles of B; and B, may lead to a problem
with no solutions. For instance, considering the S,; problem with
the alternative order of Z and W leads to no solutions.

Each of the three methods, used to solve equations (3.0.2) and
(3.0.6), have different strengths and challenges. When a useful op-
erator representation exists, the operator method offers a computa-
tionally very simple and complete approach to solving (3.0.2) and
(3.0.6). However, an appropriate operator representation of a Lie
algebra is only known for three- and four-dimensional Lie algebras
[12]. But one would expect an operator representation to exist for
Lie algebras that arise in practical problems.

The matrix representation method requires a matrix representa-
tion of a Lie algebra. Such a representation may not always be read-
ily available. In the case of S,,, for example, the matrix represen-
tation found using the software [9] was not isomorphic to S, ;, and
thus could not be used. Instead, our correction of the adjoint ma-
trix representation found in [6] was used. Another issue with the
matrix representation method is that the software GAP [9] cannot
handle Lie algebras with algebraic values or non-integers in their
structure constants. Accordingly, we had to make adjustments for
the matrix representations for the Lie algebras S5, S35, and, Syy.
Moreover, without carrying out all calculations, the number of in-
dependent equations one obtains from the matrix representation
method and whether a solution exists cannot be determined a pri-
ori. The main strength of the matrix representation method is that
in all cases it resulted in algebraic systems of equations that we were
able to solve. Most importantly, the matrix representation method
is complete since it leads to necessary and sufficient conditions for
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solutions.

Unlike the matrix and operator representation methods, the dif-
ferential equation method (DE method) requires no Lie algebra rep-
resentation. Moreover, it can handle all forms of structure con-
stants. Furthermore, in the DE method, unlike the other two meth-
ods, one can see that the solution should depend on an arbitrary
function before calculations are performed since the resulting sys-
tem of ODEs has more unknowns than the number of ODEs in the
system. However, the resulting first order system of nonlinear ODEs
often presents a more significant challenge to solve than the system
of equations obtained through the other two methods. For instance,
we were unable to solve directly the ODE system associated with
the Euler angles problem but obtained its solution using the opera-
tor and matrix representation methods. The most crucial issue with
the DE method remains that it only yields a necessary condition.
But for all cases considered, it turns out that the obtained solutions
satisfied both necessary and sufficient conditions. Related to this, it
is an open problem to prove the existence and uniqueness theorem
for the nonlinear systems of first order ODEs that result from the
DE method for any relevant n-dimensional Lie algebra without use
of solutions arising from matrix or operator representations.

One should note that it is possible to extend the solutions pre-
sented in this thesis by not requiring the initial conditions (3.3.1)
or (3.3.2) to be satisfied. For example, the parallel parking problem
also has the solution

de)=¢, cle) = —a(e) =2, ble) = V2e.

It is of interest to note that the operator and matrix representation
methods are algebraic ways of solving nonlinear ODE systems aris-
ing from the DE method!
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