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ABSTRACT

The main objective of this thesis is to derive the Hamiltonian equations for left-invariant
problems on Lie groups. Our motivation is as follows. The motion of a 3D rigid body
can be formulated as an optimal control problem in R3. The Pontryagin's Maximum
Principle (PMP) can be applied to solve such a problem. However, the motion of a rigid
body can also be viewed as a problem on the Lie group SE(3). This problem belongs to
the class of left-invariant problems. To further simplify the problem, we assume a left-
invariant Hamiltonian function. The usual approach in studying such problems involves
first defining the Lagrangian function, then obtaining the Hamiltonian function, and
finally formulating the Hamiltonian equations. However, we take a different approach.
We derive the Hamiltonian equations for a general Lie group and a general left-invariant
Hamiltonian, and then explore the types of problems that can be described by choosing
specific Lie groups and Hamiltonian functions. The theoretical results obtained are then
applied in the development of simulation scripts for both rigid body motion and soft
body motion which utilizes CGA as its computational core. We have opted for CGA
due to its remarkable computational capabilities in this context. By utilizing CGA, we
naturally obtain dimension independence without any additional effort.

KEYWORDS

Lie group, Lie algebra, left-invariant systems, left-invariant Hamiltonian, control theory
on Lie groups, rigid body motion, soft body motion, conformal geometric algebra, CGA

ABSTRAKT

Cilem této prace je odvodit rovnice levo-invariantnich Hamiltonovskych systémi na Lie-
ovych grupach. Nase motivace je nasledujici. Pohyb tuhého télesa v 3D prostoru Ize
formulovat jako Glohu optimalniho Fizeni na R3. Pro takto formulovanou tlohu Ize vyu-
zit PontryaginGv princip maxima (PMP). Nicméné pohyb tuhého télesa Ize také chapat
jako dlohu na Lieové grupé SE(3). Tato dloha pat¥i do skupiny tzv. levo-invariantnich
uloh. Jako dalsi zjednoduseni volime také levo-invariantni Hamiltoniany. Bézny postup
pri studiu takovych dloh je, Ze formulujeme Lagrangian této Glohy, odvodime Hamil-
tonian a nasledné formulujeme Hamiltonovy rovnice. N&s postup je opacny. Odvodime
Hamiltonovy rovnice pro obecnou Lieovu grupu a obecny levo-invariantni Hamiltonian
a nasledné zkoumame, jaké typy uloh mizeme popsat volbou konkrétni Lieovy grupy
a konkrétniho Hamiltonianu. Teoretické vysledky poté vyuzijeme k vytvoreni simulac-
niho skriptu pohybu tuhého a pruzného télesa, ktery vyuZije konformni geometrickou
algebru (CGA) jako své vypocetni jadro. CGA je totiz nesmirné silny nastroj pro popis
této problematiky, jelikoz vyuzitim CGA lze vyvinout kéd, ktery je nezavisly na dimenzi
uvazovaného prostoru bez vétsi namabhy.

KLICOVA SLOVA

Lieova grupa, Lieova algebra, levo-invariantni systémy, levo-invariantni Hamiltonian, te-
orie fizeni na Lieovych grupach, pohyb tuhého télesa, pohyb pruzného télesa, konformni
geometricka algebra, CGA






ROZSIRENY ABSTRAKT

Cilem této prace je odvodit rovnice levo-invariantnich Hamiltonovskych systému na
Lieovych grupach. Nase motivace je nasledujici. Pohyb tuhého télesa v 3D prostoru
Ize formulovat jako tilohu optimélnfho ¥{zeni na R3. Pro takto formulovanou tlohu
lze vyuzit Pontryaginiv princip maxima (PMP). Nicméné pohyb tuhého télesa lze
také chapat jako tlohu na Lieové grupé SE(3). Tato tloha patii do skupiny tzv.
levo-invariantnich iloh. Jako dalsi zjednoduseni volime také levo-invariantni Hamil-
toniany. Bézny postup pri studiu takovych tloh je, ze formulujeme Lagrangian
této tlohy, odvodime Hamiltonidn a nasledné formulujeme Hamiltonovy rovnice.
Nas postup je opacny. Odvodime Hamiltonovy rovnice pro obecnou Lieovu grupu
a obecny levo-invariantni Hamiltonidn a nasledné zkoumame, jaké typy tloh mizeme
popsat volbou konkrétni Lieovy grupy a konkrétniho Hamiltonianu. Teoretické
vysledky poté vyuzijeme k vytvoreni simulac¢niho skriptu pohybu tuhého a pruzného
télesa, ktery vyuzije konformni geometrickou algebru (CGA) jako své vypocetni ja-
dro. CGA je totiz nesmirné silny nastroj pro popis této problematiky. Tento fakt
muzeme velmi jednoduse ilustrovat. Uvazujme grupy SE(2) a SE(3). Jejich prvky
jsou pochopitelné velmi rozdilné matice a vyvoj koédu, ktery by byl nezavisly na
tom, kterou z nich zvolime by byl velmi slozity. Ve velmi ostrém kontrastu pak
mame 2D CGA a 3D CGA. Baze vektoru v 3D CGA obsahuje oproti 2D CGA jeden
prvek navic. Ostatni blady (véetné bivektort, které jsou pro nas zvlast podstatné)
jsou generovany touto bazi. Ve vysledku je tedy popis vyuzivajici CGA naprosto
nezavisly na dimenzi a muzeme vyuzit stejné vypocetni jadro pro 2D CGA i 3D
CGA.

Jak vyplyva z predchoziho odstavce, tato prace vyuziva teorii z nékolika riznych
oblasti matematické teorie, které jsou v praci popsany. V prvni kapitole se vénu-
jeme zavedeni pojmu potfebnych algebraickych struktur a funkci na nich. Vychézime
z pojmu diferencidlni geometrie. Pripomene definici n-dimenziondlni hladké variety
M, jejiho tecného prostoru v bodé T, M a tecného bandlu T'M. Dale definujeme
hladka vektorova pole na hladké varieté, coz jsou hladka zobrazeni X : ¢ — T, M.
Definujeme tento pojem (a relevantni pojmy s nim spojené) také pro hladkou vari-
etu, protoze Teseni ulohy levo-invariantnich Hamiltonovskych systému na Lieovych
grupach je integralni kiivka v Lieové grupé. Zavedené pojmy nasledné demonstru-
jeme na 2-dimenziondlni sféfe S?. Nésleduje zavedeni Lieovy zdvorky vektorovych
poli. V této praci nevychazime z axiomatického zavedeni obecné Lieovy zavorky,
ale vyuzivame jeji vlastnosti na vektorovych polich a axiomy poté ukazujeme jako
Lieovych grup, proto jsme jej zvolili téz. Dalsim krokem je definice Poissonovy
zavorky, to je bilinedrni a antisymetricky operator na C'*°(7* M) — hladkych funkcich

na tzv. kotecném bandlu. Zacneme tedy s definici 7% M a poté uvadime definici Pois-



sonovy zavorky jako takové. Definice Poissonovy zavorky je pro nas dtlezita, pro-
toze ndam umoznuje zavést pojem Hamiltonovského vektorového pole pridruzeného
Hamiltonianu.

S vyuzitim téchto pojmt muzeme pristoupit k definici Lieovy grupy a Lieovy
algebry. Uvadime jednak presné definice a jednak priklady maticovych Lieovych
grup (obecnou linearni grupu GL(n), specidlni ortogonalni grupu SO(n) a Euk-
lidovskou grupu SE(n)) a jejich pfislusnych Lieovych algeber (gl(n), so(n), se(n)).
Tyto priklady ukazujeme, protoze na nich budeme zkoumat Hamiltonovské systémy.
Déle ukazeme, ze tecné prostory (resp. kote¢né prostory) Lieovy grupy jsou levo-
invariantni. Diky tomu méme globélni trivializaci tecného bandlu (resp. koteéného
bandlu): TG = G x L (resp. T*G = G x L*), kde G je Lieova grupa, L jeji Lieova
algebra a L* dudl Lieovy algebry. Tato vlastnost, ktera pro obecnou hladkou varietu
plati jen lokalné, ndm umozni zjednodusit Hamiltonovy rovnice.

V druhé kapitole se vénujeme teorii optiméalniho tizeni. Nejprve pripomeneme
tlohu optiméalniho tizeni a PMP na R™ a poté ukazeme, jak tuto tlohu a PMP
formulujeme pro ptripad obecné hladké variety. Nasledné uvadime, jak vypadaji
Hamiltonovy rovnice pro zjednoduseny pripad levo-invariantniho systému a levo-
invariantniho Hamiltonianu. Tvrzeni o tom, jak rovnice mizeme zjednodusit také
dokazujeme, jelikoz je klicové pro tuto praci.

V treti kapitole zavadime indefinitni specidlni ortogondlni grupu SO(p, q), kterd
je Lieovou grupou, jeji Lieovu algebru a konformni geometrickou algebru (CGA).
Jak Ctendr jisté tusi, v nasledujicich kapitolach budeme volit SO(3), SE(3) a také
SO(4,1) jako Lieovy grupy, na kterych budeme pozorovat vysledky ze sekce .
Protoze bivektory v CGA jsou izomorfni Lieové algebte so(4, 1), muzeme tlohu také
zformulovat na CGA. Toho vyuzijeme v kapitole o]

Ve ¢tvrté kapitole zac¢iname komentarem ohledné koadjungovaného operatoru,
ktery se vyskytuje v rovnici 2.8 Déle se jiz vénujeme piikladim Hamiltonovského
formalismu. Jak jsme jiz zminili, volime postupné grupy SO(3), SE(3) a SO(4,1).
Ve vsech trech pripadech volime Hamiltoniany ve formé kvadratické formy, linedrni
formy a kvadratické funkce bez absolutniho ¢lenu na dané Lieové algebre.

Ne prilis prekvapivé jsme zjistili, Ze kvadratickd forma na SO(3) modeluje rotacni
pohyb tuhého télesa, nicméné volbou koeficient kvadratické formy lze také ziskat
vyjadreni rovnic geodetiky, pripadné sub-Riemannovské geodetiky. Ukazuje se, ze
linearni Hamiltonian nema nijak zvlast hezké aplikace, coz plyne z toho, Ze pro
néj nelze zformulovat Lagrangian. Hamiltonian v podobé kvadratické funkce bez
absolutniho ¢lenu lze vyuzit jako model modelu pohybu tuhého télesa, na které
plisobi sily konstantni v referencni soustavé télesa. Jelikoz Lagrangian této tlohy
je také kvadratickd forma, lze takto modelovat geodetiky. Volba SE(3) pridava

navic tfi dimenze v Lieové algebte. Pomoci nich 1ze nyni modelovat nejen rotacni,



ale i translacni pohyb tuhého télesa. Jelikoz zbylé aplikace jsou podobné tém na
SO(3), vénujeme se blize predevsim pohybu tuhého télesa. Pridanim linearniho ¢lenu
ziskdme navic pusobeni sil, ale opét jen téch, které jsou konstatni v body framu.
V opacném piipadé by Hamiltonidn nemohl byt levo-invariantni. Zvolenim SO(4, 1)
ziskame navic k translacnimu a rota¢nimu pohybu involuce, inverze, skalovani a dalsi
operace. Pro nas je predevsim zajimavé skalovani. V aplikacich tohoto pripadu
uz nemuzeme mluvit o tuhém télese, jelikoz dochéazi k jeho deformaci. V oblasti
vypocetni grafiky a modelu je toto téleso nazyvano ,soft body“ (srov. s ,rigid
body*“). Cesky ekvivalent tohoto pojmu je pruzné téleso. Hamiltonidn ve formé
kvadratické formy modeluje pohyb pruzného télesa bez ptisobenti sil, které lze pridat
pomoci linearniho ¢lenu v Hamiltonidnu.

V posledni kapitole jsou popsany tii skripty, které byly naprogramovany k této
praci. V prvnim ukazujeme pohyb tuhého télesa (popsany v projektivni geometrické
algebre), nicméné tento priklad je koncipovan tak, ze muzeme demonstrovat jednu
vlastnost popisu levo-invariantnich systémi pomoci Lieovy algebry a to, ze tento
popis nezavisi na dimenzi prostoru, ktery uvazujeme. Kazdy priklad tedy ukazujeme
pro 2D i 3D prostor v tom smyslu, ze tuto dimenzi volime jako proménnou skriptu,
veskery ostatni kod ztstava stejny. Byly vyvinuty dvé verze toho skriptu, jedna
generujici animace pohybu a druhd, ktera pohyb vygeneruje na néjakém casovém
intervalu a poté zobrazi nékolik fezi v Case, abychom mohli vysledky prezentovat
v této préaci. Vysledky simulaci se shodovaly s vysledky kapitoly [

Nasledujici skript ukazuje vypocty v.CGA, modelujeme tedy pohyb pruzného
télesa s 1 bez puisobent sil. V prvni fadé demonstrujeme, ze CGA (a tedy i so(4, 1))
opravdu obsahuje translace a rotace, nasledné ukazujeme efekty smrstovani a roz-
tahovani pri volbé nenulového koeficientu u bivektoru e, ktery toto chovani zpu-
sobuje. Podobné jako v predchozim pripadé byly vytvoreny dvé verze tohoto skriptu,
jeden tvorici animace a jeden tvorici ¢asové fezy pohybu. Vysledky opét reflektovaly
ty z kapitoly

Vyse popsané skripty byly napsany v jazyce JavaScript, posledni je napsany
v Matlabu, ukazuje feseni tloh na SO(4, 1), tedy v maticové formulaci. K reseni
rovnice vyuzivame funkci ode45, vyvoj na grupé pocitdme pomoci analytick-
ého teseni. Jelikoz nemame zvlast vhodnou moznost prezentace vysledné kiivky
na maticové grupé, vykreslujeme graf rychlosti v Case a kontrolujeme, ze mat-
ice na kfivce opravdu patii do grupy SO(4, 1), tedy jestli ve vypoctu nedochdzi
k velkym numerickym chybam. Vypocty jsme provadéli na datech ekvivalentnich
datiim z predchoziho skriptu. Vysledné rychlosti reflektovaly vysledky animaci,

krivka také zustala na grupé. Celkové tedy mame pozitivni vysledek.
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Introduction

This thesis seeks to unify and generalize the concept of left-invariant Hamiltonian
systems on Lie groups which is currently regarded as state of art theory for the area
of simulation of rigid body motion in computer science ([1]). The following objectives
have been identified:

o Formulate Hamiltonian equations for general Lie groups and arbitrary left-

invariant Hamiltonian functions.

« Explore potential applications by selecting specific Lie groups and Hamiltonian

functions.

e Develop a computational tool for simulating rigid body motion using the the-

oretical findings.
While the concept of rigid body motion is widely recognized, its formulation as
an optimal control problem on the Lie group SE(3), particularly the simplification
of the Hamiltonian equations resulting from the group structure, is not as well-
known. Furthermore, the representation of this problem in geometric algebra is
a relatively novel research outcome from recent years.

The thesis will begin by defining the concepts of differential geometry, which
serve as the building blocks for more complex structures. This will be followed by
the definitions of Lie groups, Lie algebras, and left-invariant Hamiltonian systems,
which are crucial for the main statement and its proof. The subsequent chapter will
recall notions of control theory on R™ and extend it to smooth manifolds. We will
then demonstrate the simplifications that arise when focusing on Lie groups and
left-invariant Hamiltonian functions, substantiating this claim with a proof.

To illustrate the practical implications of the research, we will apply the devel-
oped framework to real-world problems. In addition to well-established Lie groups
such as SO(3) and SE(3), we will introduce the Lie group SO(4,1), which encom-
passes both SO(3) and SE(3) as subgroups. Furthermore, we will introduce the Con-
formal Geometric Algebra (CGA). With these concepts established, our investigation
will delve into each of the three Lie groups, presenting the Hamiltonian equations
resulting from different choices of left-invariant Hamiltonian functions.

Finally, to visualize the outcomes in the context of rigid body motion, we will
develop an animation tool that leverages CGA as its computational core. We have
opted for CGA due to its remarkable computational capabilities in this context. Let
us consider the cases of SE(2) and SE(3) as illustrative examples. Those are funda-
mentally different matrix groups and it would be extremely challenging to develop
a unified code that accommodates both groups. In stark contrast, the utilization of
2D CGA and 3D CGA demonstrates the converse situation. The basis of vectors of
3D CGA has one more element in addition to the basis of vectors of 2D CGA. Since



all other blades, including bivectors which are crucial in our approach, are generated
by base vectors, we naturally obtain dimension independence as a valuable attribute,

without any additional effort.



1 Mathematical Background

In this chapter, our objective is to present a set of concepts that will aid in stream-
lining the formulations of control theory. We will begin by providing an overview
of fundamental notions in differential geometry. Subsequently, we will employ these
concepts to construct the Lie group, Lie algebra, and other relevant entities. The pri-

mary references utilized for this chapter are [2] and [3].

1.1 Introduction to Differential Geometry

In this section, our focus will be on introducing the fundamental concepts of differ-
ential geometry. Specifically, we will cover topics such as smooth manifolds, tangent
bundles, vector fields, and the flow of vector fields. It is assumed that the reader
has prior knowledge of basic notions in topology and analysis, chiefly the notion of
manifold.

Recall that on any manifold M there are charts (V,1), with V' C M and home-
omorphism ¢ : V' — R", and the coordinate functions z; : V- — R. Thus, a point p

can be identified with an n-tuple:

V() = (21(p); - - 2a(p)) -

Now, a smooth manifold is, roughly speaking, a manifold endowed with smooth
maps between its charts. What exactly we mean by these smooth maps is shown in

the precise definition below.

Definition 1.1.1. Let M be an n-dimensional manifold and let there be a collection

of charts {(V,,¥a)} where [ is a set of indices. Suppose that

ael’
UaerVo = M,
and that Vo, 8 € I, V,, N V3 # 0, the map
Uas = a0 U5t g (Vo N V3) = e (Va U V)
is smooth. Then M is called smooth (differentiable) manifold.

By our construction, the map ¥, is map from R" to itself and thus the smooth-

ness is meant in the usual way.

1.1.1 Tangent Bundle and Vector Field

We now shift our focus to tangent bundles and vector fields. To begin, we explore

the concept of curves on smooth manifolds, which allows us to construct tangent



vectors at points. Within the domain of differential geometry, smooth curves are
defined as smooth maps from an interval to a smooth manifold. However, it’s im-
portant to note that this parametrization is not unique. We say that two smooth
curves, denoted as v, and 75, both mapping from the interval I to the manifold
M and based at the point ¢ = 71(0) = ~,(0) € M, are considered equivalent if
they share the same 1st order Taylor polynomial within some coordinate chart. It
becomes evident that this notion of equivalence satisfies the properties of an equiv-
alence relation, namely, reflexivity, symmetry, and transitivity. By utilizing these

equivalent curves, we can define the tangent space at a point on a smooth manifold.

Definition 1.1.2. Let M be an n-dimensional smooth manifold and let v be a smooth

curve, s.t. ¥(0) = g € M. Tts tangent vector at g, denoted by

d
dt

(),  or  (0), (1.1)
t=0
is the equivalence class in the space of all smooth curves in M such that v(0) = q.
Moreover, the set of all tangent vectors at point q is called the tangent space, and
we denote it by T, M,

d
T,M={—
! {dt

The tangent space has a structure of an n-dimensional vector space. Moreover, by
TM = Upen T,M we denote the tangent bundle.

(0 95T M, 20 = ).

Remark 1.1.3. The tangent bungle T'M of a smooth manifold M is locally isomorphic
to M x T, M.

Definition 1.1.4. Let M be a smooth manifold, ¢ € M. Then a smooth map
X:q— X(q) € T,M is called a smooth vector field. The set of all smooth vector
fields on M we denote by Vec (M).

Now, let us shift our attention towards a few properties of the vector field.
Drawing an analogy from physics, we can envision the vector field as guiding us
along a path of least resistance. In classical calculus, we achieve this by solving
certain types of differential equations, be they ordinary or partial. Building upon
this intuitive notion, we aim to formalize these concepts based on the principles of
classical calculus.

An ordinary differential equation (ODE) on a smooth manifold M given by
a vector field X € Vec (M) is the following equation.

¢g=X(q), qeM (1.2)



A solution of [I.2]is every smooth curve v: J — M, where J C R is an open interval,
s.t.

A(t) = X(y(t)), vVt e J. (1.3)
We also call v the integral curve of the vector field X. The standard theorem on
ODEs guarantees the existence of a unique solution to the equation for any
initial condition within an open interval I. For full statements, proofs and results
of classical ODE, we advise to see [4]. Hence, we can formulate the Cauchy problem

on a smooth manifold.
Theorem 1.1.5. Let X € Vec (M) and consider following problem
{ q(t) = X(q(t)),
4(0) = qo-

Then Yqo € M, 35 > 0 and there is an unique solution v: (—6,0) — M of de-
noted by v(t; qo). Moreover, the map (t,q) — v(t; q) is smooth on some neighborhood

Of (07 qO) :

The uniqueness of the solution is meant in following sense. Let vi: Iy — M, 7s:
Iy — M be two solutions of [I.4 on two intervals Iy, I containing zero = Vt € Iy N1y,

(1.4)

Y1(t) = 72(t). Thus definition of a mazimal solution is sensible. The definition is
very natural. It is such a solution v: I — M of that it is not extendable to
any interval J D I. The vector field X € Vec (M) from the problem is called
complete if Vqo € M, the maximal solution v(¢; qo) is defined on I = R.

With complete vector fields we are able to study following family of maps called
the flow of the vector field.

Definition 1.1.6. Let X € Vec (M) be a complete vector field and let v(¢; q) be
the integral curve of X, starting at ¢ for ¢ = 0. The family of maps

¢y M — M, oi(q) = ~(t;q), vVt € R, (1.5)
is called the flow generated by X.

From theorem it follows, that the map ¢: R x M — M is smooth in both

variables. The flow satisfies following identities:

qb(] - Id7
¢s o ¢’f’ == ¢T’ o ¢8 = ¢7"+37 vr? S E R? (1'6)
(¢t)71 - qb—ta vt € R
An essential outcome arising from our construction of the flow is
(g
M _ X)) o= vVeel (17)



In addition, the exponential notation is frequently employed, which naturally follows

as a corollary of equation [1.7]
o = exp{tX}, vt e R.

The identities and then take the form, V¢,r,s € R,Vq € M,

"X =1d,

esX o erX — erX o esX — 6( ’

-1
<€tX) _ e—tX’

d ,x tX
T (q)—X(e q).
Another essential property of the vector fields is that they differentiate smooth
functions on M along the integral curves. Specifically, for any X € Vec (M) and

a € C®(M), X induces action of a on C°(M) defined as
X:C*®(M) = C*(M), a— Xa,

where
Ko@) = o o(¥@),  VeeM (1)

t=0

It might be beneficial to show what does the function a; = a o ! look like more
precisely. As the map t — a; is smooth, we can expand this function as a sum in
terms of the parameter ¢t. The first element in this expansion is obviously just a.
From we immediately get the first-order element, Xa. Thus

at:a+tXa+O(t2),

where O(t?) represents the term of order ¢? or higher-order terms in the expansion.
In the next theorem, an expression of form X", X € Vec (M), n € N is used. For
function a € C*°(M), the term X"a signifies repeated action of X on a. We will

give a precise depiction of X? in the proof of the following theorem.

Theorem 1.1.7. Let a € C*(M), X € Vec(M). Denote a; = a o e™. Then

the formulas

d
aat = Xat, (]_9)
2 vr s t* k+1
at:a+tXa+§Xa+aXa+---+HX a+0<t ) (1.10)

hold.



Proof. The second formula can be derived as an extension of [I.§ Consider function
b= Xa, where a € C*°(M) then Vg € M by [L.§

() = (X0 = 5| b( @) = 5| Xa(¢¥@)
d d X tX d2 rX
T ( (*@)) = 33 ( o)

In the last step, we use substitution » = s 4+ t. Thus we have obtained the second-

£ X2q. And the form so far

order element of the expansion, s

t2
at:a+tXa+iX2a+O(t3).

By induction we would get the full expression. The formula (1.9 immediately arises
from [1.10]
£k

d t2
—at:Xa+tX2a+§X3a+m+k|

- X1+ 0 (tk+1) - Xaq,

]

Thus the vector fields act as derivation of the smooth functions on M. As
a corollary, we obtain another notation for the exponential
t? t3
et :Id+tX+§X2+§X3+...
It could be beneficial to illustrate the key concepts of this section on an example.

For this purpose, we have selected the S? sphere.
Example 1.1.8. The S? sphere is defined as follows:
$*={z e R® |la]| =1},

where ||| is the Euclidean metric. To show that this is a manifold, more precisely

a 2-manifold, we construct 2 charts. Let us denote
Uy =8%\(0,0,1),  Uy=S8%*\(0,0,-1),

spheres without a pole. The exact choice of this excluded point is not relevant.
Those open sets endowed with a stereographic projection are indeed charts covering
the whole sphere. The map between the charts from definition [I.1.1]is smooth, thus
S? sphere is a smooth manifold, which isn’t that surprising. The tangent plane at

point P = (z,,Yp, 2,) is defined by the equation
T+ ypy + 2,2 = | P|| = 1, Va,y,z € R.

A plane is evidently a two-dimensional vector space. The construction of the tangent
plane in this particular example is highly intuitive. By utilizing the definitions
provided earlier, we can take, for instance, an equator and the main meridian, and
generate two linearly independent vectors at their intersection. Subsequently, we

can form the tangent space as the linear combinations of these vectors.



1.1.2 Lie Bracket

The notion of Lie bracket of two vector fields X and Y holds significant importance
for us. Essentially, the Lie bracket of two vector field represents the infinitesimal
motion of the vector field Y along the flow of X. In another words, Lie bracket

measures how much is Y changed by the flow of X and vice versa.

Definition 1.1.9. Let X,Y € Vec(M). The Lie bracket of vector fields X and Y
is the vector field [X, Y] € Vec (M) such that Vg € M

() =Id+*[X,Y] (q) + O(t*) (1.11)
where the curve ~ is defined as
fy(t> — eftY o eftX o €tY o etX(q).

There exists an alternative, more convenient representation for the Lie bracket.
As previously mentioned, we interpret the product of two vector fields as a derivation
of functions. In the specific context of matrix Lie groups and algebras (which will be
introduced in detail later), this interpretation aligns with the matrix commutator,

and the exponential notation corresponds to the matrix exponentiation.

Theorem 1.1.10. Let X, Y € Vec(M). The Lie bracket of vector fields X and Y

can be equivalently expressed as follows:
(X,Y]=XY -YX. (1.12)

Proof. First, let us expand the exponential notation of the curve ~(t).
t? 2
Y(t) = (Id +tX + 5X2 + O(t3)> <Id +tY + 5Y2 + O(t3)>

2 2
(Id — X+ ;XZ + o(t?’)) (Id —tY + ;YZ + O(t3)> (9)
t2

= (Id+t(X+Y) + o (X2+2XY+Y2) —|—O(t3)>
(Id — X +Y)+ ;2' (X2 +2XY+Y2) +O(t3)> (q)

= (Jd+ (XY = YX) + 0(*)) (q)

Another important properties of Lie bracket of vector fields are

o bilinearity:

[aX +0Y, Z) =alX,Z]+b[Y, Z],
(Z,aX +bY]=alZ,X]|+b[Z,Y],

10



o skew-symmetry: [X,Y] = —[Y, X],
« satisfies the Jacobi identity:

(XY 20+ [V, [Z, X[+ 2, [X, Y]] = 0.

In fact, the general Lie bracket is defined by those properties and our definition of

Lie bracket of vector fields is subsequently derived as a theorem.

Theorem 1.1.11. Let XY € Vec(M), a € C°(M). The Lie bracket satisfies
the Leibniz rule

[(X,aY] =a[X,Y]+ (Xa)Y. (1.13)
Proof. For any function a € C*°(M) and for any point ¢ € M we use to obtain
[X,aY](q) = (X(aY))(q) — ((aY)X)(q).

Let us recall that X acts as a derivation (1.9), and applying the product rule to

the first composition, we obtain
(X(aY))(q) = X(aY (q)) = X(a)Y(q) + a(XY (q)).
For the second composition, we can derive the following expression:
((aY)X)(q) = a(YX(q)).
Now it remains to combine these two results.

[X, aY](q) = (X(aY))(q) = ((¢Y)X)(q)

(
X(a)Y (9) +a(XY(q)) — a(YX(q))
=a[X,Y](q) + X(a)Y(q)

Since g was arbitrary, the proposition [1.1.11| holds. O

We will show an explicit example of Lie bracket later after definition of Lie

algebra (ex. [1.3.8).

1.2 Hamiltonian Vector Field

Hamiltonian vector field is a vector field associated with a function, more precisely
with a derivation of a function. Our objective here is clear: the solution to Hamilto-
nian equations corresponds to an integral curve, where the derivative at each point
is equal to the value of a certain vector field at that point. Unsurprisingly, this

vector field is known as the Hamiltonian vector field.

11



The conventional approach to constructing such vector fields involves defining
canonical and symplectic forms, which can be found, for example, in references such
as [5] or [I]. However, there exists an alternative definition that is more straight-
forward in our approach and is often obtained as a corollary of the aforementioned
theory: the notion of the Poisson bracket. The Poisson bracket is an operator on
functions on cotangent bundle, so we give its definition first.

Let us introduce the covectors, the linear functionals on the tangent space.
The space of all covectors at a point ¢ € M, the cotangent space, is just the usual

dual space formed by one-forms on the tangent space.

Definition 1.2.1. Let M be a smooth manifold, ¢ € M. By the cotangent space at

q we understand the set
TyM = (T,M)" = {\: T,M — R, X linear} .

By T"M = Ugen T; M we denote the cotangent bundle of M. Let A € T;M and
let v € T,M. We denote the evaluation of the covector A on the vector v by
(AN, v) = A(v).

Remark 1.2.2. The cotangent bundle 7™M is locally isomorphic to M x T'M.

1.2.1 Poisson Bracket

The Lie bracket was defined as an operation on the Vec (M). The Poisson bracket
is an analogous operation on the space of smooth functions on T*M. We start with

definition of the operation on the smooth linear functions, C7% (7T*M), and then we

continue with an extension to the whole space C*°(T*M).

We will make use of functions on the cotangent bundle associated with a vector
field. Let X € Vec (M) and let ¢ € T*M be arbitrary. Then, by ax : T*M — R we
denote function given by the assignment ¢ — ¢(X).

Definition 1.2.3. Let ax,ay € C5(T*M) be two linear functions associated with
vector fields X,Y € Vec (M). Their Poisson bracket is defined by

{ax,ay} = axyy, (1.14)
where ajx y] is the function in Cf, (T*M) associated with the vector field [X,Y].

Since the Lie bracket is bilinear, skew-symmetric and satisfies the Leibniz rule,

as consequence, the Poisson bracket is bilinear, skew-symmetric and satisfies
{ax,aay} = {ax, aayv} = aixav) = aaixy) + (Xa)ay, Va € C*(M). (1.15)

Now to the extension.

12



Theorem 1.2.4. There exists a unique bilinear and skew-symmetric map
{,-}C®(T*"M) x C*(T*M) — C*(T*"M),

that extends to C®°(T*M) and that is a derivation in each argument. i.e., it
satisfies

{a,bc} = {a,b} c+ {a,c} b, Va,b,c € C*(T*M). (1.16)

We call this operation the Poisson bracket on C(T*M).

Proof. The proof of this proposition consists of two steps. First we extend the Pois-
son bracket to all smooth affine functions on T* M, C3% (T M). Using that structure
we show the extension to C*°(T*M) in canonical coordinates on T*M. The proof
is rather technical, for the full formulation we recommend [I]. Among other, during
the proof we obtain an explicit way to compute the Poisson bracket in canonical
coordinates (z1,...,Tp,P1,...,Ppn). Let a,b € C®°(T*M), then

" da Ob da 0b
a0} = ; Opi Oz; - Ox; Op;’

(1.17)

]

The identity provides the expression for the Poisson bracket of a product
of smooth functions and another function. Similarly, in the forthcoming statement
we will show how the Poisson bracket acts on a composition of functions and an-
other function. This will prove significant later in simplification of the Hamiltonian

equations.

Theorem 1.2.5. Let h;: T"M — R, g: T*M — R and ¢: R — R be smooth
functions. Denote by ¢p, = ¢ o h;. Then

{on, 9} = gli {hi, g} (1.18)

Proof. The proof is very simple. It is sufficient to use [L.17]
" Opp, O0g Oy, Og Op Oh; Og  Op Oh; Og Oy

Y pic T T R % _
=1 :

- = hi g} .
8}?]' 8xj 3l’j 8pj =1 8hz apj 81‘]' 8hz al'j 8pj ahz { g}

]

1.2.2 Definition of Hamiltonian Vector Fields

With the aid Poisson bracket, we can finally begin with the construction of Hamil-

tonian vector field. In general, Hamiltonian vector field H is a vector field on

13



the cotangent bundle T*M associated with a smooth function H on T*M. Let us

introduce the following operator:
H: C=(T*M) — C=(T*M),  H(b)={H,b}. (1.19)

This operator is linear and acts as a derivation on the space of smooth functions
C>(T*M). Therefore H can be identified with an element of Vec (T*M). We

continue with the precise definition.

Definition 1.2.6. The vector field H defined by is called the Hamiltonian
vector field associated with the smooth function H € C*(T*M).

1.3 Lie Group and Algebra

Having introduced the concepts of manifolds, tangent and cotangent bundles, we
now possess sufficient theoretical groundwork to delve into control theory. However,
one challenge we would encounter in this endeavor is that the tangent bundle 7'M
and M x T,M are only locally isomorphic. Similarly, the cotangent bundle 7" M is
only locally isomorphic to M x Ty M as well. By narrowing our focus to Lie groups,
we can simplify the problem and transform the aforementioned isomorphisms into
a global property. This leads to a particularly intriguing outcome: we can solve
the problem at the identity element of the Lie group and subsequently, with the aid
of the isomorphism, compute the evolution of the system which greatly enhances

numerical stability during the computation process.

1.3.1 Lie Group

Definition 1.3.1. A set GG is called a Lie group, if
1. GG is a smooth manifold,
2. GG is a group,
3. the group operations in GG are smooth.

In our forthcoming examples, we will primarily focus on Lie groups that are

matrix groups. Let us denote the linear space of all real n x n matrices by
M(TL,R) = {X = (.271]) ’ Lij S R, Z,] € {1, . ,n}}

Now, we can proceed with the introduction of general linear group, i.e., the most

general group.

Example 1.3.2. The general linear group consists of all n x n invertible matrices.

GL(n,R) = GL(n) = {X € M(n) | det X #0}.

14



We will show that the general linear group GL(n) is a Lie group. By the conti-
nuity of the determinant det: M(n) — R, the set GL(n) is an open domain. Thus,
GL(n) is a smooth submanifold in the linear space M(n). From introductory courses
of linear algebra it is known that GL(n) is a group with respect to the matrix prod-
uct. Since the matrix product at every element are polynomials of elements and
inverse are rational functions of elements, the group operations are smooth.

In the following, we will present several significant Lie groups. We highly rec-
ommend referring to [5] or [6] for detailed proofs confirming their classification as

Lie groups.

Example 1.3.3. The special orthogonal group SO(n) consists of all unimodular

orthogonal n x n matrices, that is
SO(n) = {X eM(n) | XX =1d, det X =1} .

Example 1.3.4. The Euclidean group SE(n) consists of matrices of the following

form:

SE(n) = {X: (3(; 11)) eM(n+1)|Y e€SO(n), bGR"}.

The extension of our discussion to complex matrices is indeed possible, but for
the current context, it is not crucial. Therefore, we will omit delving into that topic.
For further details, refer to [5].

1.3.2 Lie Algebra

There are many ways to define the Lie algebra. In some cases the definition intro-

duces the Lie bracket, but we are going to define those notions separately.

Definition 1.3.5. The tangent space L to a Lie group G at the identity element is
called the Lie algebra of the Lie group G:

L =TuG.

Furthermore, let A, B € L. The Lie bracket [A, B], given by [A, B] = AB — BA, is

meant in the sense of Lie bracket of vector fields.

It is evident that the Lie bracket, as we have defined it, is bilinear and skew-
symmetric. Moreover, the Jacobi identity also holds, thus Lie bracket on Lie algebra
satisfies the axioms of a general Lie bracket.

Now, let us show the Lie algebras of the groups above.

15



Example 1.3.6. The Lie algebra of the general linear group we denote by gl(n). In
fact, it is possible to show that

gl(n) = M(n). (1.20)

By definition gl(n) = {X(O) | X(t) € GL(n), X(0) = Id}. Since X(t) is an n x n
matrix, gl(n) C M(n). Now, for small ¢ > 0 and |t| < € and for any A € M(n),
the curve X (t) = Id + tA € GL(n). Because X(0) = A and X (0) = Id, we obtain

the equality from above.

Example 1.3.7. The Lie algebra of SO(n) we denote by so(n). By definition of
the group, VX (¢) € SO(n), X (¢)X " (t) = Id. Now we apply the definition of the al-

gebra to get
0= X(0)X"(0) + X(0)XT(0) = X(0) + X T(0).

And we obtain the shape of the algebra
so(n) = {Ae€M(n) | A+ A" =0}, (1.21)
the skew-symmetric matrices.

Exercise 1.3.8 (Lie bracket on so(3)). Consider A, B € so(3). Let us write out

the elements explicitly as

0 —as Qaz 0 _b3 b2
A= as 0 —a |, B = b3 0 - b1
—as aq 0 —bQ bl 0

Let us show that [A4, B] € so(3). To accomplish this, we are going to use [1.12]

—agbg — (lsz (lgbl a3b1
[A, B} = AB — BA = CleQ —Cl,gbg - a1b1 a3b2
Cle3 a2b3 —(Igbg — a161
—a3b3 — a2b2 Clle a1b3
- asby —agbz — aiby asbs
azby azbe —agby — a1by
0 a2b1 — ale CLgbl — a1b3 0 —C3 Co
= a1b2 — a2b1 0 a3b2 — (1263 = C3 0 —c1 | € 80(3)
a1b3 — CL3b1 a3b2 — a3b2 0 —C2 C1 0

Example 1.3.9. The Lie algebra of Euclidean group is denoted by se(n). Since
we know the structure of SE(n) and the Lie algebra of SO(n), the Lie algebra of

Euclidean group is rather easy to find:

se(n) = {A = (13 3) eM(n+1)| Aeso(n),be R”} : (1.22)
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1.4 Left-Invariant Hamiltonian Systems on Lie Groups

In our formulation of control theory, the concept of left-invariance plays a central
role. As mentioned earlier, the presence of left-invariant tangent spaces enables
us to solve problems at the identity element of the group. This is facilitated by
the global isomorphism between the cotangent bundle T*G and G x L*. Addition-
ally, the utilization of left-invariant Hamiltonians provides further simplification of

the problems.

1.4.1 Left-Invariant Vector Fields
Definition 1.4.1. By L, : G — G we denote left translation,
Lg(h) = ghv 9, h € G.

Theorem 1.4.2. Let G be a linear Lie group (G C GL(n)), L its Lie algebra and
let g € G be arbitrary. Then

T,G=gTwG=gL={gA| Ac L}.

Proof. First, let us clearify, what do we mean by the multiplication gA, where g € G,
A € L. It is a vector field and Vh € G, gA(h) = A(gh). In fact, this is a tangent
map to the left translation. The tangent space T,G has the following form.

T,G = {4(0) | 9(t) € G,9(0) = g}
If g(t) is a smooth curve, we can easily construct curve from the identity
Y(t) =g "g(t), Y(0)=g"'g=1d

Thus Y (0) = g~'¢(0) € L. In conclusion, T,G C gL. Since both linear spaces have

the same finite dimension, we obtain
T,G = gL.
m

Thus we have translation of the tangent space L from the identity to a tangent
space gL at an arbitrary point g of the group G. This translation we denote by
Lg«: L — gL, where g € G. Moreover, Ly-1, (resp. L}) trivializes TG (resp. T*G)
to G x L (resp. G x L*).

Remark 1.4.3. We've proved the theorem for a linear Lie group, it is possible
to extend this to an arbitrary Lie group (see [1]).
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Definition 1.4.4. Let G be a Lie group and let X € Vec(G). We say that X is
left-invariant on a Lie group G, if Vg, h € G

Ly X(h) = gX(h) = X(gh).

Using the notion of the left-invariant vector fields, we can equivalently define Lie
algebra as the algebra of the left-invariant vector fields on G endowed with the Lie

bracket of vector fields.

1.4.2 Coordinates on TG and T*CG

We introduce vertical and horizontal coordinates on T'G and T*G. Though this
terminology is somewhat misleading, it is widely recognized, thus we will comply.
Indeed, every element of T'GG can be represented as a pair

(9:v), g € G, veT,G. (1.23)

Since we have just established the notion of the left-invariant vector field and we
know that the vector fields of the Lie algebra are left-invariant, we may simplify
the coordinates [1.23] Consider a basis {e1,...,e,} in L. This basis induces global
coordinates on T'G as the induced basis in T,G is {Lg.e1, . . ., Lgse, } and thus the el-

ement (g,v) € TG can be represented as

(g,v) = (g,gvig*ei> : (1.24)

The coordinates vy, ..., v, are called the vertical coordinates in TG. The misleading
part about this is, that g is then referred to as the horizontal coordinate even though
it is not a coordinate at all, it is an element of the group G.

Furthermore, the element (g,v) € TG given by may be identified with

an element in G' x L:

(9,:¢) = (%iviei) eGxL.

=1
Thus we have an isomorphism between T'G and G x L given by

L, TG > (g,v) — (9,¢) € G x L, (1.25)

with ( = L;}v. So any point in both TG and G x Ti4G can be represented by
coordinates

(g,01,...,0,) .

As this isomorphism extends to the cotangent bundle, the isomorphism between
T*G and G x L* is given by Ly,

T°G > (g9,p) = (9,§) € G x L7,
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with § = L?p. Let us denote the basis on L* dual to the basis {e;,...,e,} on L by

{e1,...,e:}. The duality here is meant in the usual sense,
¢ (ej) = dij-

We introduce the vertical coordinates on the dual of Lie algebra &;,...,&,. Any

point then can be represented by coordinates

(.97517”'7571)

both in 7*G and G x L*. The reasoning of this is identical to the one above.

1.4.3 Left-Invariant Hamiltonians

Consider a smooth function H: T*G — R. We shall refer to such a function as
a Hamiltonian function. As discussed in subsection [I.4.2] the isomorphism between
T*G and G x L* allows us to interpret this function as a function on G x L*. Let
H: G x L* — R be defined by

H(g,§) = H(g, Ly-:§).

If H is independent on g, then H is said to be left-invariant and H is then called its

trivialized Hamiltonian. But we can define those terms equivalently as follows.

Definition 1.4.5. Let H: T*G — R be a Hamiltonian function. H is said to be
left-invariant if there is a function H: L* — R such that

H(g,p) = H(Lyp).
The function H is called its trivialized Hamiltonian.

Now, let p = > &Ly 1€, then

H(g,p)=H (ga Zfz’@,ﬁ—l@k) =H (L;Z@L;_lef) =H (Z fief) :

Thus, for left-invariant Hamiltonian we have

H(Qvélaaén) :H<€177€n) (126>
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2 Control Theory on Lie Groups

2.1 Hamiltonian Formalism

The objective of this thesis is to demonstrate the application of the Hamiltonian
formalism to Lie groups. In order to provide the necessary background and context
for the extended statements, it is relevant to present the formulation of the original
problem. While the theory is widely recognized, we will provide a concise overview
of the fundamental concepts and propositions. For comprehensive details, we rec-

ommend referring to [IJ.

2.1.1 Hamiltonian Formalism on R”
The optimal control problem is an optimization problem of the following form
T = f(x,u), uelUCR™,
2(0) =z, x(ty) ==y, (2.1)
J(u) = ; fo(z(t), u(t))dt — min.
By U we denote the control region, the function u(t) is the control and the functions

f(z,u) and fo(x,u) are smooth. Moreover, we define the adjoint system for variables
At) = (M(8), ..., A (t) " and finally the Hamiltonian function

H(x(t), u(t), At), Ao) = Aofolz(t), u(t)) + (A(E); f(x(t), u(t))),

where (-;-) is the Euclidean inner product. Using the Hamiltonian function we can
rewrite the differential system from and the adjoint system into the form

i (t) = gf(x(t),u(t),)\(t),)\o), ie{l,...,n},
. 5H (2.2)
Ai(t) = (x(t), u(t), A(t), \o), i € {1,...,n}.

Necessary conditions for optimality of a solution of this system of ODEs is given by

the Pontryagin Maximum Principle (PMP).

Theorem 2.1.1 (Pontryagin Maximum Principle). Let @(t), t € (0,%;), be a solu-
tion of the problem and let 2(t), t € (0,%;), be the corresponding optimal trajec-
tory. Then there exists non-positive constant \g and non-zero continuous solution
A(t) of the adjoint system

OH

Ni(t) = o @), a(t), M), No), Vi€ {l,...,n}, Vt€(0,i;),
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such that the Hamiltonian function satisfies the maximum condition

max H (£(t), u, \(t), Ao) = H (2(t), a(t), \(t), Ao), V£ € (0,7)).

uelU

Moreover, H (2(t),d(t), A\(t), A\o) =0, vt € (0,1;).

Theorem is applicable to problems with free time, where the right endpoint
of the interval (0,ty) is considered as part of the solution. Nevertheless, there exists
a version of this theorem for problems with fixed time. This version is structurally
similar, with the main distinction being that the Hamiltonian is generally constant

along the optimal trajectory and the optimal control rather than zero.

2.1.2 Hamiltonian Formalism on Smooth Manifolds

In [I], the reformulation of the original problem on general smooth manifold
M is presented. For the sake of completeness, we will also state it here. Consider

the following optimal control problem

= f(q,u), ge M, weU CR™,
q(0) = qo,  qlty) = aqy, (2.3)
J(u) = /0 " o(q(t), u(t))dt — min.

Here p : M xU — R, f: M xU — TM. Furthermore, let A € T*M be a covector,
v € R a parameter and u € U a control parameter. The Hamiltonian A, : T*M — R

is defined as follows
Py (A) = (s fq, w)) + vo(q, u). (2.4)

Since the Hamiltonian is a smooth function on 7% M, we can associate a vector field
ﬁg(t) € Vec (T*M) given by the Poisson bracket, as we have shown in [1.19 The
PMP for this problem is stated next, its proof can be found in [IJ.

Theorem 2.1.2 (PMP on smooth manifolds). Let a(t), t € (0,%;), be a solution of
the problem[2.3. Then there exists non-positive constant v and a Lipschitzian curve
A € Ty M, t € (0,ty) such that Vt € (0,t5)

q

A = EZ(t)(/\t)a (2.5)
{516354 ho(Ae) = hZ(t)()\t)a

(A, v) # (0,0).

Moreover, Wi, (A) =0, vt € (0,1;).
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From there directly follow the Hamiltonian equations on smooth manifold. Since
the cotangent bundle 7% M is isomorphic to M xT* M in some neighborhood of point

x, we have

Cil(rcap) = H (z,p), (2.6)

where x € M is position in the manifold, p = (p1, ..., pn) € Ti M and the vector field
H e Vec(T*M) is the Hamiltonian vector field associated with some Hamiltonian
function H. For the case of canonical coordinates (x1,..., %y, p1,-..,Pn) o0 M, we
obtain the Hamiltonian equations described in [2.2}

.i'i - 0piH,

2.1.3 Hamiltonian Equations on Lie Group

As was said in [I.1, we could solve problems of control theory using But the im-
portant thing why we want to study Hamiltonian formalism on Lie groups is, that
for general smooth manifold M, the isomorphism T*M = M x TyM holds only
locally, but T*G = G x L* is a global property in the case of Lie group G and its
Lie algebra L. That is very useful simplification. Finally, we present the theorem

showing the form of Hamiltonian equations on Lie groups.

Theorem 2.1.3. Let H : T*G — R be a left-invariant Hamiltonian on a Lie
group G, H : L* — R its triavialized Hamiltonian and (g,§) € T*G = G x L*.
Moreover, let dH be the differential of H seen as an element of L. Then the Hamil-
tonian equatz’ons with p = Ly 1§, may be expressed in the following form

g =L, dH, (2.7)

¢ = (ad dH)*€. (2.8)

As a reminder, L7 is the left translation on the cotangent bundle, Ly, is the left

translation on the tangent bundle. In the following subsection we will prove the equa-
tions 2.8 and [2.7 respectively.

2.1.4 Proof of Hamiltonian Equations

We begin with the proof of the vertical part, 2.8, We have £ = Y21, &er. Utilizing
the equation [2.6] left-invariance of the cotangent bundle and definition of the Hamil-

tonian vector field, we obtain

&=1{H, &}, ie{l,...,n}, (2.9)
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where {-, -} is the Poisson bracket. However, it is possible to further manipulate this
equation. We employ [1.2.5] the Poisson bracket of composition of functions, and
the relationship between Poisson and Lie brackets ([1.14) for i € {1,...,n}:
: " 0H " 0H
& = &, & lej,ei]) = <£, —€j,¢; > 2.10
Z aéf] { J } Z aéf] J ]> Z 85] J ( )

j=1 j=1
Consider the trivialized Hamiltonian #H. Since it is a function on the linear space
L*, then dH(&,...,&,) is an element of (L*)* = L thanks to the linear structure.
For an element & ef+- - -+&,el € L*, the element of its tangent space at (&1,...,&,)
is v10g, +- - - +v,0,, with O, = e} thanks to the linear structure. The element of its
cotangent space (L*)* at (&1,...,&,) is w1 d& + -+ + w, d&,, with d§; = ()" = ¢;
once more thanks to the linear structure. Then we obtain

" OH - 87—[ " O0H
H(E, ... &) = ; O%, de; ]Zl 9, leagjej. (2.11)
If we apply to [2.10, we obtain
hi = (&, [AH, e,])
= (¢, (ad dH)e;) (2.12)
= ((ad dH)*¢, e;)
or equivalently
¢ = (ad dH)¢, (2.13)

which is exactly 2.8
The proof of 2.7] is simpler. Consider function 8 € C*(T*@) that is constant on
the vertical fibers. This basically means that 8 € C*(G). Now, for every solution

of the horizontal part of the system associated with H, represented by curves g(-),

we obtain (by [1.2.5])
" OH

d
&ﬁ(g(t)) ={H, 5}(p(t),g(t)) - ]z:l 3]

Denote by X; = L,.e; the translation of j-th base vector of L. Moreover, utilizing

165 B3 oy.0) -

an identity for affine functions on L, {ax + a, a, + 8} = ax,y)+XB3—Y a, we obtain
{(p, Xj), B} = X;8. But we have {§;, 8} = {(p, X;), 8} = X; = (Lg.e;)3. Thus

d " OH " OH
aﬁ(g(t)) = 875'([/9*6”5 (Lg* Z IE; ) = (Lg* dH)mg(t)
=t 9(t) ’ 9(t)
Since [ is arbitrary function, we get
§ =Ly dH. (2.14)

Thus, the theorem has been proved.
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2.1.5 The Case of Compact Lie Groups

The system [2.7], 2.8 can be further simplified in the case of a compact Lie group
G. This is mentioned in [5] and derived for SO(n) (which is compact), we will
paraphrase. In the case of compact Lie group, there is an invariant inner product g
on R" i.e.,

g(Xu, Xv) = g(u,v), VX € G, Yu,v € R".

For example, the invariant inner product (-,-) on the Lie algebra so(n) has form
(A,B) = —tr (AB)
and the invariance is meant in the following way:

(¢'*1C A, '*CB) = (A,B), VA, B, C €so(n), Vt€R.  (2.15)

tadC tadC _ etCAeftC'

That is, the operator e is orthogonal and can be expressed as e
The infinitesimal version of is obtained by differentiation with respect to t at
t=0:

(adC(A),B) + (A,adC(B)) =0, VA, B,C € so(n).
Thus, the operator ad C' is skew-symmetric. As a consequence, the Lie algebra is

endowed with invariant scalar product which allows us to construct the canonical

map between the algebra L and its dual L*:
Ao A= (A, AeLl AeL”

Thus we have a way of representing the coadjoint operator in equation by an el-
ement from the Lie algebra itself. By direct computation it can be shown that
(ad A)" : L* — L* is identified with (—ad A) : L — L.

((ad 4)*B) (C) = B((ad A) C) = (B, (ad A) C) = —((ad A) B, C)

— —((ad A)B)(C)

Thus, in case of compact Lie group the system [2.7] 2.8 can be expressed in the fol-
lowing form:
g=gdH,

. (2.16)
£ = —(ad dH)E = [¢,dH] .
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3 Matrix Lie Group SO(4,1) and CGA

In this chapter, we will utilize two distinct representations of the Lie group SO(4, 1):
the matrix representation and the Conformal Geometric Algebra (CGA), as defined
in [7]. Our approach involves presenting the matrix representation and subsequently
demonstrating the isomorphism between the Lie algebra and bivectors of the geo-

metric algebra.

3.1 Indefinite Special Orthogonal Group and its Lie
Algebra

In next chapter will follow solved problems on groups SO(3), SE(3) and SO(4, 1). We
have introduced the groups SO(3), SE(3) in|1.3.3|and [1.3.4|respectively. The general

group SO(p, q) is called indefinite special orthogonal group. And as a matter of fact
SO(4,1) contains both SO(3) and SE(3) as its subgroups.

3.1.1 Definitions of the Structures

Definition 3.1.1. Let B € M(p + q) with p,q € N be a matrix of symmetric

non-degenerate bilinear form of signature (p, q). Then the set
SO(p,q) = {A€ M(p+q)| ATBA= B, det A =1} (3.1)
is called indefinite special orthogonal group.

Theorem 3.1.2. The indefinite special ortogonal group (endowed with matriz mul-

tiplication and inverse) is a Lie group.

Proof. The proof is a corollary of the Cartan’s closed subgroup theorem ([3]) which
states that if H is a closed subgroup of a Lie group G then H is a Lie group as well.
Since elements of SO(p, q) are regular matrices, i.e., SO(p,q) C GL(p+q), it suffices

to show, that SO(p, q) is closed under matrix multiplication and inversion.
X,Y €S0(p,q) = B=Y"X"BXY = (XY)" BXY = XY € SO(p, q),
X €SO(p.q) = X BX=B=B=(X") BX"' = X' €50(p,q).
O

Let us show a property of SO(p, ¢) that can serve as an alternative definition of
SO(p,q). Consider the inner product B : RP+9 x R(P+9) — R given by a bilinear
form B(z,y) = x' By, then

VA € SO(p,q) : B(x,y) = B(Az, Ay).
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In other words, the inner product B remains invariant under the transformation
of the vectors z and y by A. This reinforces the concept of an invariant inner
product and its preservation under transformations by elements of the indefinite
special orthogonal group SO(p, ¢). Now, let us turn our attention to the Lie algebra
of this group. We can construct the algebra directly using definition [I.3.5]

VX €S0(p,q): 0= X"(0)BX(0) + X (0)BX(0) = X (0)B + BX(0).
Thus, the Lie algebra of SO(p, q) is the following matrix algebra.

so(p,q) ={A € M(p+q)| ATB=—BA} (3.2)

3.1.2 Lie Group SO(4, 1)

At the outset of this section, we expressed our intention to investigate the Hamilto-
nian formalism within the group SO(4,1). There are a couple of important consid-
erations to be made. Given the definition, the most common and widely used form

that naturally arises is
SO(4,1) ={A € M(5)| ATBA =B, det A=1, B =diag(1,1,1,1,—1)}. (3.3)

Solving the equation [3.2] for this bilinear form, we obtain Lie algebra of the following

structure
0 a b d g
—a 0 ¢ e h
so(4,1) = b —c 0 f i]|,a,bcde f,ghijeER). (3.4)
—d —e —f 0 j
g h 1+ 750
But for reasons we will discuss later on, we are going to choose the matrix B as
follows.
0 -1
B = 13 (3.5)
-1 0

The Lie algebra is then a matrix algebra of the following form:

a1o ary as Qg 0
10 ay 0 —as a9 ary
80(4, ].) = ZazEZ = as as 0 —a as ,a; € R;. (36)
i=1
ag —Q9 ay 0 ag
0 a4 as ag  —aio

The indices in the matrix show the base we will assume in the sequel.
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3.2 Introduction to CGA

We wish to express the Hamiltonian equations in the language of CGA. The mo-
tivation for that we will explain in due time. As a quick introduction, CGA is
graded space of outer products over basis of vectors. There are two usual choices in
the terms of the vector basis. The first one would be {e;, es, e3, e,, e_} which cor-
responds to the matrix B given by [3.3] The second one, and the one we will assume,
corresponds to the matrix B from . We denote the basis by {e1, €2, €3, €, €x0}-
The outer product of k vectors e; A --- A ey is called k-blade, linear combinations of
k-blades are called k-vectors (we will frequently use terms bivectors for k = 2 and
trivectors for k = 3). The linear space of k-vectors of CGA we denote by A*R®.
Linear combinations of general k-vectors and [-vectors we call multivectors.

The essential operation on CGA is the geometric product (usually denoted by
juxtaposition). Mathematically, geometric product of two vectors a and b is sum of

their inner product and outer product
ab=a-b+aAb, (3.7)

thus it is a map from R® x R® to R U A R® — multivectors. Geometric product of
the general blades can be defined in similar way, but the role of inner product is
played by contractions. For complete definitions we advise to consult [7] or [§].

We will also make use of Projective Geometric Algebra. Its basis for 3D space
is {eg, €1, ez, e3} and thus PGA can be seen as part of CGA.

3.3 Dual Space of Vectors of CGA

The bivectors of CGA are isomorphic to the Lie algebra so(4,1). However, before
we approach the isomorphism itself, we have to mention dual space of vectors of

CGA.

The basis of one forms of CGA are determined by a bilinear form:
€; (e5) = by,

where e; is a basis vector, €] is a basis one form and b;; are elements of the matrix B
from the definition [3.1.1, There comes in play our choice of the form of the matrix
B. With that said, we can express the isomorphism between base vectors and their
duals.

ey — —€oo el e es, — —eo, ie€{1,2,3} (3.8)

e e}

For the case of PGA, recall that we have basis {ey, €1, es, e3}. From the isomor-

phism we have described above we obtain, that the dual space of vectors of PGA
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has basis {e1, e, €3, €x}. But this space is isomorphic to the trivectors of PGA.
The isomorphism of vectors of PGA to trivectors of PGA is called Poincaré duality

and in this case can be defined as e; A €] = eq123.

3.4 Isomorphism between Bivectors of CGA and so(4, 1)

Since both bivectors of CGA and the Lie algebra so(4,1) are vector spaces of
the same finite dimension (dimso(4,1) = 10), there has to be an isomorphism of
vector spaces. However, it turns out that there is even an isomorphism of algebras
between the Lie group so(4,1) endowed with matrix commutator and bivectors of
CGA endowed with a version of the commutator for CGA. We construct this iso-
morphism in the following way. An element of so(4, 1) is a linear map on R®, i.e.,
VA € so(4,1),A : R® — R®. Obviously, R’ is a vector space of finite dimension
and thus we can associate A with an element of the space (R®)" ® R®, where ® is
a tensor product. Since R® is a subspace of CGA, the tensor product coincides with
the geometric product of the algebra which can be expressed as the outer product.
The isomorphism is defined by the following map for the base matrix e;; of M(5)
that has all elements zero apart from the element at i-th row and j-th column which
is equal to one:

1
€ij —56; X e;. (39)

As a final touch, we will express this map for the basis matrices E; of so(4, 1), which

were introduced in [3.6] using the isomorphism between dual space of vectors and

vectors of CGA given by
1. 1
Ei— —562 N es +—> —562 N e3
1. 1
Ey — —563 N ey — —563 N eq
1. 1
E3 = == N ey —> —561 N es
: - (3.10)
Ei+3|—>—§€;§/\€i '—>—§€i/\€oo, 1€ {1,2,3}

1 1
Ei+6 — —56: N ey — 560 N e;, 1€ {1,2,3}

1 1
FEig— —563 N ey — —560 N €xo

30



4 Examples of Hamiltonian Formalism Prob-
lems

In this chapter, we will explore several problems related to left-invariant systems
on Lie groups. We have set out with the following vision: the equations of rigid
body motion have been extensively studied and are widely understood. The mod-
ern approach is to solve them employing Hamilton’s principle of least action which
leads to the Lagrangian formulation, formulation of the problem as an optimiza-
tion problem on R? in the context of control theory. The Lagrangian formulation
then can be transformed into the Hamiltonian formulation as an optimal control
problem on Lie group SE(3) and further analyzed using the Pontryagin Maximum
Principle. Indeed, in our study, we have focused on the examination of left-invariant
problems with left-invariant Hamiltonian functions on Lie groups. By adopting this
perspective, we can simplify the equations of the Hamiltonian formalism on smooth
manifolds. This approach allows us to exploit the inherent structure of Lie groups,
leading to a more streamlined analysis and understanding of the underlying dynam-
ics. The aim of this subsection is to establish connection between this mathematical
formulation and the real world problems studied in physics. Moreover, we will try
to answer what applications have the simplified equations for various choices of Lie
group and Hamiltonian function.

As mentioned previously, the Hamiltonian formalism and the Lagrangian for-
malism are closely interconnected. Many texts in this field often begin by defining
the Lagrangian function and then deriving the Hamiltonian function from it. This
preference might be attributed to the fact that the Lagrangian serves as the inte-
grand of the minimized of the problem Consequently, the solution of the Hamil-
tonian equations minimizes the Lagrangian function. However, in our approach, we
start with the concepts of the Hamiltonian formalism. Nevertheless, we recognize
the significance of the Lagrangian function and will provide its expression whenever
possible. For a Lagrangian function denoted as L(g,w) and a Hamiltonian function

denoted as H(g,p), the following identities generally hold true:
L(g,w) =wp — H(gap)7

_OH

=5

However, in the case of a left-invariant system and left-invariant Hamiltonian func-

w

tion, they take the following form:

L(w) = > wi& — H(E), (4.1)
OH
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This form is precisely derived in [9], let us outline the idea. Essentially, the trivialized
Hamiltonian corresponds to the reduced Lagrangian L(w). The function w may be
obtained by the means of inverted Legendre transformation. The Lagrangian may
be then expressed directly from the equation [2.4]

In the subsequent sections, we will discuss problems on SO(3), SE(3) and SO(4, 1).
For each group, we will initially present the general structure of the coadjoint op-
erator, followed by the presentation of three specific problems. We will express
the Hamiltonian function in the form of a quadratic form, a linear form, or a com-
bination thereof. The general form of the coadjoint operator will be particularly
useful in the second and third subsections, enabling us to represent the equations in

a more concise manner.

4.1 The Coadjoint Operator

Let us regard the expression of the coadjoint operator. Now, consider a Lie group
G, its Lie algebra L, £ € T{,G, A, B € L. Then,

(€. [A, B]) = (¢, (ad A) B) = ((ad A)" ¢, B).

Expressing the operators ad A and (ad A)" as n X n matrices can be achieved through
straightforward manipulation of the elements. This is facilitated by representing &
as a row vector in basis {e] ..., e’ }, and representing B as a column vector in basis
{e1,...,en}. Thus,

€T (adA)B=((adA)7¢) B=((adA) )" B = (adA) = (adA) . (43)

4.2 Hamiltonian Formalism on SO(3)

The general form of the coadjoint operator on SO(3) is rather easy to find. Let
A= Z?Zl a;e;, B = Z?:l b;e;. In exercise we have obtained

CLng - CL3b2 0 —as as b1
[A7 B] = | asby —a1b3 | = a3 0 —aq by |,
a1b2 - 6L2b1 —as aq 0 b3

thus the coadjoint operator (ad A)* has the form

0 as —as
(ad A)* = —as 0 aq . (44)
a9 — Qa1 0
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4.2.1 Hamiltonian as a Quadratic Form on so* (3)

Let us begin by presenting the form of the Hamiltonian function under consideration,
denoted as H(R,p). Our objective is to utilize the trivialized form of Hamiltonian
functions, so it’s important to clarify how we represent them. By definition, the triv-
ialized Hamiltonian function is expressed as H(§) = H(R,p), where VR € SO(3)
and & = Rp. Furthermore, since { = £ e] + &a2e5 + E3ei, we can restate the trivialized
Hamiltonian function as a function of its coordinates, H(&) = H (&1, &, &3). Hence,

we obtain the final form of the Hamiltonian function for this subsection:

H(E1, &, 8) = a1€] + cals + c3&3, (4.5)

where 1, &, &3 are the coordinate functions. Taking & = (&1, &, fg)T, we can rewrite

the Hamiltonian in the following form.

H(E) =¢'C¢ (4.6)

The matrix of this quadratic form

C1 0 0
C = 0 Co 0
0 0 C3

is for simplicity’s sake considered as a diagonal matrix, obviously, for choice of
arbitrary symmetric and regular matrix, we could transform the basis of s0*(3), so
that the matrix of quadratic form would be diagonal.

As for the Lagrangian function L(w), it can be derived from the Hamiltonian
function using the identity (1.2}

oH
= — =2C¢.
w o€ 13
Thus using and symmetry of the matrix of the quadratic form,
1 1 +1 1
Lw) =T ho - tuTh o = Laror,

Let us present couple of applications arising from the specific choice of the matrix
C.

« For ¢; #£ 0, i € {1, 2, 3}, the Lagrangian has form L(w) = Y, ciw?,
which is exactly Lagrangian for geodesics on SO(3), thus the solution relates
to minimization of length of a curve and we obtain equations for geodesics.

o If some coefficients are zero, e.g., L(w) = cjw?, the problem relates to sub-
Riemannian geodesics. That is, we minimize length of the curve on a sub-
structure of SO(3). Since sub-Riemannian theory is yet another challenging
field of mathematical theory, we will not pursue further exploration in this

direction.
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o For the specific choice ¢; = 2%_, the Lagrangian L(w) = % 3 %12 is related
to free rigid body rotations, i.e., rotation of rigid body without influence of
forces. The matrix J = 1diag(l;, I, I3) is the inertia matrix of the rigid
body.

And now, let us formulate the equations of Hamiltonian formalism [2.7] for
the case of rigid body rotations. First, we need to find the differential of the Hamil-

tonian function dH.

&1 3 &3
dH (&, &, = —e;+ —€ey+ —
(51 ) 53) I, €1 1.262 [363

This implies that the adjoint operator in [2.§ has the form
0 &/l =&/
(addH)" = [ =&/I3 0 &/h |- (4.7)
&/ —&/hL 0

The horizontal equation is of form

- Y ST SRS |
g—gd’i-[—g<]161+]262+]363 . (4.8)
The vertical equation we will list using coordinates, as it is a bit clearer for a human
reader.
: §a &3 ( I 1 )
_ — =22 > = (= - = 4.
§1 =& ([dH, e1]) f( ]2€3+ ]362 L §2€3 (4.9)
L DS (< SR S D (1 _ 1)
Lo =E([dH, e2]) = ¢ ( Lo tres ) =\1 A 183 (4.10)
o DS (S DR A (1 _ 1)
£ =E([dH, e3]) =¢ ( 7, €2 + 2 er| = L 1 §162 (4.11)

As can be observed, the vertical part of the equations are decoupled from the hori-
zontal part. The evolution on the cotangent bundle is independent on the position
in the Lie group. Moreover, the horizontal part can be very easily solved. As

dH € so(3), the solution of this equation can be written as follows.

g=A-expt éel + 5—262 + §€3 : A € 50(3), (4.12)
L Iy Is

on some open interval ¢ € (0, ).

4.2.2 Hamiltonian as a Linear Form on so*(3)

As in the previous subsection we start with definition of the Hamiltonian function.

This time however, we consider

H(E) = H(&1,62,63) = a1&1 + axéo + asés, ai,as,az € R. (4.13)
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The differential of the Hamiltonian function is constant. Intuitively this does not

seem very useful. The first complication arises as we try to formulate the Lagrangian.

As
OH

_ _ — b S T
W= —-=a a = (ay,az,az)
23
is also constant, we cannot express w as a function of £ and vice versa. Thus we
cannot find the Lagrangian.

The adjoint operator has the form

0 as —a9
(addH) = |—-az 0 a1 |. (4.14)
a9 —Qaq 0

We can construct the Hamiltonian equations, but they don’t yield any relevant

results.
0 as —ay
§=|—as 0 a; | €
Qo —aq 0

4.2.3 Hamiltonian as a Quadratic Function on so0*(3)

Lastly, we combine the two previous cases. The trivialized Hamiltonian is of form

2
51 52 + asxés + S + asés. (4.15)

H (6160 &) = o 5

+ a1&; +

It is worth mentioning that this is not only the most general case so far but it also
yields the most natural applications. But now, let us do the same derivations as in
the case Again, let us denote by J = diag(l;, I, I3) the matrix as before
and moreover let us denote by d@ = (a, as, ag)T the vector of the linear form. Using

this notation, we are able to rewrite the Hamiltonian as follows.

H(E) = SJ 'e+a'e, (4.16)

Now, we focus on the Lagrangian of this case. Using

OH
W= P =J % +a.

Thus, in this case we are able to express ¢ in terms of w:

= J(w—a).
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Using (4.1}

Liw) =T~ 26T~ aTe

_MJ@—@—;@—ﬁfﬂw—@—fj@—m

:@—@U@—@—;w—muw—m

(4.17)

1 )
zi(w—a) J(w—a)

This is once again a quadratic Lagrangian corresponding to a minimization of length
of some curve. Now, let us turn our attention to the equations of Hamiltonian

formalism. First, we need to find the differential of the Hamiltonian and the adjoint

operator.
H(&r,62,83) = (i + a1> e+ (2 + a2> es + (i + CL3> (4.18)
0 §3/Is+a3  —& /I — ay
(ad dH)* == —53/[3 — asg O 51/11 + aq (419)
§fla+ay &/ —a 0

Substituting into the vertical equation [2.8 and expressing the result in coordinates

& =¢E([dM,en)) =€ ( <§2 +a2> es + (i +a3> )

(113 - ]12) §283 + a3 + a2é3

€ = E([AH, e5)) = ¢ ( (2 + a3> er + (i + a1> > o)

(1-11 - 13) §1&3 + azé + aiés

3 =¢([dH, es]) = € ( (% + a1> es + (i + a2> 61>

(]12 - ]11) §1&o + a2y + a1&

we obtain

Substituting into the horizontal equation [2.7|we obtain very similar result as in[£.2.1]

g=gdH =g [(% + a1> e; + (% + a2> ey + (i) + a3> ] (4.21)

Again, the equations on vertical coordinates are decoupled from the horizontal equa-
tion. The solution of the horizontal equation is an exponential. As a matter of fact,
it can be written in the same form as 412
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4.3 Hamiltonian Formalism on SE(3)

Analogously to the previous section we will present three problems of Hamiltonian
formalism, this time on the group SE(3). Refer to examples and for
introduction of the matrix structures. These structures are used to describe the full
motion of rigid body, meaning not only rotational motion (which is inherited from
the SO(3) group) but also translations. Let us mention the form of the base of
the algebra se(3). As said, the algebra is 6-dimensional space. For arbitrary element
A € se(3):

0 —das a9 ay
6
as 0 —Qay das
A= Z a;e; =
i=1 —as aq 0 Qg

0 0 0 O

Alternatively, the group SO(4,1) we have introduced in subsection contains
SE(3) as its subgroup. Thus se(3) C so(4,1) and we could represent an element
A € se(3) as

0 0 0 0 O
6 ay 0 —das Qo 0
A= ZaiEi =las as 0 —a 0],a; €R. (4.22)
1=1
g —0A9 aq 0 0
0

0 ay as Qg

Last step before we continue to the individual problems, let us show the form of

the coadjoint function on se(3). Since

asbs — azby
azby — aibs
a by — ashy

CLQb@ — a3b5 + a5b3 — CL@bQ

a3b4 — Glbﬁ — a4b3 + a661

CL1b5 — a2b4 + Cl4b2 - CL5b1

(4.23)
0 —as as 0 0 0 by
as 0 —a; O 0 bo
a2 a 0 0 0 0 b3
) —ag Qs 0 —az a9 by |’
ag 0 —aq4 as 0 —a bs
—as Q4 0 —as a 0 be
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the coadjoint operator on se(3) has the following form.

0

as  —ag
0 aq

—a; O

0 0

0 0

0 0

0
—ag
as
0
—as

a2

ag
0
—ay
as
0

—ag
Gy
0
—as
3]

0

4.3.1 Hamiltonian as a Quadratic Form on se*(3)

(4.24)

Again, we begin with the specification of the considered Hamiltonian. Let g € SE(3),
§€se*(3), p=L;.£ € T,;SE(3).

1 3

H(g,p)

= H($),

H (&,

NS

- z+3
22 m

(4.25)

Using the matrix of this quadratic form, we may represent the Hamiltonian as

where

J =diag (I, Iy, I3, m, m, m),

H(E) =

Lo+
ST

L, I, I3 € R\{O}, m > 0.

(4.26)

(4.27)

This form of Hamiltonian was chosen because this example is a model of the free

rigid body motion in space, i. e., translations and rotations of a rigid body without

influence of forces.

The Lagrangian of this problem has the following form.

L(w) =

(97-[ 1
85 - J 67
;wTJw

Now, to form the equations, we need the differential of the Hamiltonian, which is

...

&6) =

z?

=1

Z+Z

§z+3 ]

(4.28)

Thus the coadjoint operator associated with the differential has the following form.

0
—&3/13
& /1

0

0

0

(addH)" =

&3/ 13
0
-& /0
0
0
0

=&/ 1
&1/
0

0
0
0
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0
—&/m
&s/m
0
_53/[3
&2/ 12

56/771
0
—&a/m
§3/13
0

=& /4

—55/771
a/m
0
—&/ 1,
§1/1
0

(4.29)



From there all that remains is formulate the equations of Hamiltonian formalism.

& 0 &3/l —&/1s 0 §6/m  —&/m\ (&
52 —53/[3 0 51/[1 —fﬁ/m 0 f4/m &2
Gl &R —G/h 0 G/m Lm0 G g
&4 0 0 0 0 E3/13 —&/Iz | | &4
& 0 0 0 —&/Is 0 &/h||&
€6 0 0 0 &/l —&/6L 0 &6
Gg=gdH =g (i Qei + i its ei+3> (4.31)
=1 =1 M

The solution itself is very similar to the previous cases. We would solved the vertical
part numerically, the horizontal part has an analytical solution, an expo-
nential. At this point it is rather obvious that this is no coincidence but a property

of this class of problems.

4.3.2 Hamiltonian as a Linear Form on se*(3)

We want to show this example as it is an extension of subsection|4.2.2| Let g € SE(3),
§€se”(3), p=L;.£ € T,;SE(3). We take the Hamiltonian

6

H(gap):H(g)’ H(glw-ng) :Zaigia ala-'~7a6€R7 (432)
i=1
H(g) = _’\Téa a= (ala cee 7a6)T : (433)
Once again it is not possible to formulate the Lagrangian function of this problem
because
w = 8;; =a’

is not a function of &.

The differential of the Hamiltonian is d#H (¢1,...,&) = 20, ase; = const., thus
the coadjoint operator has the form

0 az —as 0 ag  —as
—das 0 aq —dadg 0 Ay
* Gy  —ap 0 a5  —a4 0
(addH)” = (4.34)
0 0 0 0 as —as
0 0 —as 0 ay
0 0 0 as —a; O
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Then the Hamiltonian equations have the from

6
g=g-dH=yg- <Zaiei>,
=1

0 a3 —as 0 ag —as
—az 0 ar —ag 0 ay
. as —a; 0 as —ayg 0
1o 0 0 0 a -al®
0 0 0 —az O ay
0 0 0 as —a; O

This example again doesn’t seem to resemble any real world problem. The vertical
part models the change in momentum, the horizontal part models the change in
position. In this particular example the momentum is being rotated but the change
in position is constant, which is not what we would expect in any real world appli-

cation.

4.3.3 Hamiltonian as a Quadratic Function on se*(3)

In the last example in this section we combine [4.3.1] and 4.3.2] Let g € SE(3),
§€se*(3), p=L;.§ € T;SE(3) and ay, ...,as € R. The Hamiltonian therefore is

of form

1 3 52 1 3 2 6
H(g,p) =H(E),  H(- .6 52?’521 +Zw& (4.35)
H(E) = §€TJ’1€ +a'c (4.36)

The matrix of the quadratic form is the same as the one given in[4.27] As the quadratic
part models the free rigid body motion and the linear part rotates the vertical part
of the cotangent bundle, this can be seen as a example of rigid body that is acted
upon by some kind of forces that are constant in the body frame.

The Lagrangian of this problem is, to no surprise, very similar to its counterpart
from [4.17

L(w) = ;(W—J)Tj(w—a)
Now, let us state the Hamiltonian equations associated with this problem. The dif-

ferential of the Hamiltonian has the form

H(éla s 756) Z ?J e; + Z €Z+3 €i+3 + Z a;e; (437)
i=1
and the coadjoint operator has the form of block matrix

(ad dH)* = (‘g i) : (4.38)
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where 0 is zero matrix and

0 §3/13+az  —& /Iy —ap
A=|-&/I3— a3 0 &/ +ar |, (4.39)
Eflytay —&/h—a 0
0 §o/m+as  —&/m —as
B=|—&/m—as 0 §a/m+ay |- (4.40)
E/m+as =& /m—ay 0

Considering the increasing size of the matrices involved, we will now incorporate

their block structure whenever feasible. The equations corresponding to this problem

are
¢ = (addp)" € = (ﬁ fi) 3 (4.41)
3¢, 5 ¢, 6
g =g- dH = g (Z iez’ + Z 3 €i+3 + Z ai6i> . (442)
= L -1 M i=1

The solution of the horizontal part is again an exponential, the vertical part we

would solve numerically.

4.4 Hamiltonian Formalism on SO(4, 1)

For this final section, we will focus on the most general group. As mentioned earlier,
both SO(3) and SE(3) are subgroups of SO(4,1). In Chapter [3| we introduced this
group and its associated Lie algebra. Namely, recall[3.6] the structure of the Lie alge-
bra we will assume. Before we explore individual problems we will show the structure

of general coadjoint operator on this Lie algebra.

agbs — agby — asbg + agbs — asbs + agbs
azby — a1bs + asbg — agby + arbg — agby
arby — azby — asbs + asby — arbs + agby
azbg — azbs + asbs — agba + asbio — a1oby
(ad A) B — agby — a1bg — asbs + agby + asbip — aiobs
a1bs — asby + asby — asby + aghip — a0bs
azbg — azbs + agbz — aghy — arbig + aioby
azb; — a1bg — azbs + agby — agbig + aiobs

a1bg — azby + azby — agby — agbip + aipbg

(Z7b4 — a4b7 — CL5b8 + CLgb5 — a6b9 + a9b6
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A B C 0
C' D 0 w
(adA) = | ~_ B (4.43)
0 E -z
0 ' —uw' 0
0 as — Q9 0 ag —as
A= —as 0 aq B = —Qg 0 ay
a9 —ay 0 as —Aay 0
0 Qg —asg —aip as —as
C= —dag 0 ar D= —as —ajo ap
ag  —ar 0 az  —air —ay
aip a3 —a2
E = —asz ajyo ap
az —ap Qi
- T o T
T = (a4, as, ag) W = (ar, as, ag)

The coadjoint operator can be represented by a 10x10 matrix, it would be challeng-
ing to incorporate it directly into the text without the block structure. Consequently,

we will solely utilize the block structure approach to present the coadjoint operator.

4.4.1 Hamiltonian as a Quadratic Form on so*(4, 1)

Once again, we begin with the definition of the Hamiltonian. Let g € SO(4, 1),
§€s0"(4,1), p=L;.£ € T,;SO0(4,1).
1 10 62
H(g,p) = H(E), H (&5 60) = 524 (4.44)

i=1 Ji

We can reformulate the Hamiltonian using matrix notation. Take

J:diag(jl,...,jlo), jl,...,jloeR\{O},

then )
H(E) = 55TJ—15. (4.45)
The Lagrangian function associated with this problem can be formulated in the same
manner as in the previous examples.
L(w) = ;WT Jw

The form is symbolically the same as in the case of quadratic form on SE(3), the dif-
ference is that w has the dimension of 10 instead of 6 and the matrix J is also
different.
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Finding a real world example is trickier than in the previous cases. The reason
for that is that the tenth dimension of the Lie algebra (in the definition we use) is
responsible for scaling. Therefore it is really no longer appropriate to talk about mo-
tion of a rigid body, because we expect that the body would deform. But it turns out
that the group SO(4, 1) models more complicated physics, which is not that surpris-
ing given that it is an extension of SE(3). For instance, in [10], the group SO(4, 1) (in
the sense of [3.3)) is employed to express the equations of general relativity in a dimen-
sionless formulation. Similarly, all computations behind the animations featured in
[T1] (scientifically accurate visualizations of Schwarzschild and Reissner—Nordstrom

black hole models) are conducted using the SO(4,1) Lie group. Considering that

this case is a generalization of [4.2.1] and 4.3.1], it can be assumed that a real-world

application of this scenario would involve free motion in close proximity to a black
hole.

Let us finish up this example by formulation of the Hamiltonian equations.

The differential of the Hamiltonian in this case has the following form.

10 g
dH (51, cee 7510) - Z fzei (446)

i=1Ji

Thus, the coadjoint operator has the form

A B C 0
. _|€T D o W
T (4.47)
0 # —aT 0
0 Es/ds =62/ 72 0 &/je  —&5/Js
A=1|-E&/js 0 &/ B=|—-%/J6 0 €4/ Ja
&/je =& /0 0 &/Js —Eafda 0
0 §o/jo —&8/Js —&0/J10 &3/73 —&2/J2
C=|—&/jo 0 &7/ 37 D=1 —&/j3 —&o/jo  &/0
&s/is —&1/gn 0 §afje —&1/51 —&w0/dw0
S0/ &/is —&f g2
E=|-¢&/js &o/jio &1/h
&/72 =& /71 &/
7 = (€4/das €5/ 5, €6/ o) | @ = (&1/ 7, /T8, Ea/do)
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The equations then are

C (4.48)
i CT' D 0 & :
BT 0 E —z|>
0 & —w’ 0

4.4.2 Hamiltonian as a Linear Form on so*(4,1)

Take the Hamiltonian
10
H(g,p) =H(E),  H(&, . &0) =D ai&, (4.49)
i=1

where g € SO(4,1), £ € so*(4,1), p = L;-.§ € T;S0(4,1). We can reformulate

the Hamiltonian using vector notation. Take
— T
a:(ala"'chlO) ) ala"‘7a106R7

then
H(E) =a ¢ (4.50)

The Lagrangian once again cannot be obtained, since %—? is a constant vector.

The differential of Hamiltonian is

10
dH(&r, - 60) = D aie, (4.51)
i=1
thus,

A B C 0

C" D 0 w
dA)" = 4.52
A =lpr o & _z (4.52)

0 7' —uw' 0

0 as —ag 0 g  —das
A= —as 0 ap B = —Qg 0 ay
as —a; O as —as 0O
0 a9 —ag —ayp az  —as
C= —ag 0 ay D= —as —ajyo ay
ag  —ar 0 a2 —ar —aio
aip a3 —ag
E = —asz ajpo aq
az —aip aip
- T - T
T = (ay,as, agp) W = (ar, as, ag)
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This implies the equations

C 0 (4.53)
0 W ¢

E —z|>

—@T 0

But, once again, there is no real application to be found that could be modeled by

these equations.

4.4.3 Hamiltonian as a Quadratic Function on so*(4, 1)

This last example combines 4.4.1] and [4.4.2| and it is the most general example we
will show. Let g € SO(4,1), § € s0"(4,1), p = L;-.§ € T;SO(4,1). The Hamiltonian

we assume is

10 g2
H(g,p) =H(&),  H(& &) =52 +Za§z (4.54)
i=1 Ji
We can reformulate the Hamiltonian using matrix notation. Take
J = diag (ji, .-, Ji0) , Ji, -5 J10 € R\{0},

(l:(al,...7a10>7 ay,...,a;0 €R

then
Q) = €T vaTe (4.55)

The Lagrangian corresponding to this problem can be derived as

The differential of this Hamiltonian is

AH(En ... Ex0) = i (5 n ai> e (4.56)
thus the coadjoint operator has the form
A B C 0
(ad A)" = E: }3 g i , (4.57)
0 ' —uw' 0
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where

0 &/js+as  —&/j2 —as
A=|-&/js—as 0 &/ji+ar |,
E2/jo+as  —&i/j1— 0
0 &6/Je + a6  —&/Js — as
B=|—-&/js — ag 0 &ufja+as |,
&/s +as  —Ea/js—as 0
0 So/jo+ag —&/js — as
C=1-&/js — ay 0 &/ir+ar |,
&s/js +as  —&1/jr —ar 0
—&10/j10 — a0 &/Js +as —&5/j2 — az
D= —&/js—as —&o/jio—aw &/ + .
&/ Ja + az =& /i —a1 —&w/j0 — axo
&o/Ji0+ a0 &/js+as  —&/ja — ao
E=|-&/js—as &o/jiot+ano &/hi+ar |,
&fja+as =&/ —ar &o/jo+ aw

T = (&/js+ as,& /s + as, &/ Js + as)
W = (§7/j7 + az,&s/ s + as, §o/ o + @9)T .

The equations have the following form.

10 /¢
9:9‘< <§Z+ai>€i>,
i=1 \Ji
0

AB O C (4.58)
i cCT D 0 o c
(BT 0o E -—z|~

0 7" —w" 0

The application of this particular case are even more complicated than in the case
[4.4.7] But seeing this as a generalization of [£.4.1] one might try to model motion of

a soft body with forces acting upon it using these equations.
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5 Programmed Solutions

We have chosen two main approaches in programmed examples for this thesis.
The first are scripts coded in JavaScript for a visualization tool [12] written in
JavaScript. The JavaScript scripts can be run locally if one installs the package,
but they can be run online at [I3]. It was created as a database of free examples
for [I2] and as an easy way for users to experiment with their own ideas. The sec-
ond approach is a script in Matlab solving the general problem In following
sections we will visit each of them, describe them, present the results and explain,

why is the approach of Lie groups and algebras useful.

5.1 Dimensionless Rigid Body Motion

The first example was chosen as it very clearly demonstrates property of problems
described using Lie algebra, that seems almost absurd from the point of view of
vector-matrix notation which currently the usual way of computing motion. That
is, the form of equations does not depend on the dimension of space the body is
in. As we will demonstrate, the same code works for motion of a rectangle in 2D
space and a block in 3D space. In some sense, this is similar solution to the Garticle
Engine which we have discussed in [I4]. However, since we assume left-invariant

Hamiltonian functions, this is somewhat simpler case.

5.1.1 Code Description

The dimension is chosen beforehand and defined in the variable called dimension.
The computations take place in either 2D or 3D Projective Geometric Algebra
(PGA). Thorough introduction to PGA can be found in [§]. The reason, why we
use PGA and instead of CGA is that it is easier, from programming standpoint, to
handle the different number of dimensions. It could be obviously done in CGA as
well but it would make the code unnecessarily complicated and that is why we have
chosen PGA. Needless to say, that this is caused by default base in [12], which is
the base associated with If there were by default base vectors ey and e,, we
could write the example as efficiently in CGA.

Following definition of the algebra we define couple of functions. Namely, func-
tion

var point = x => !(e0 + x *x [el, e2, e3]);

which takes an array of coordinates of point in 2D or 3D and returns the representa-

tion of this point in PGA (which is a trivector). Keywords €0, el, e2, e3 represent
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the base vectors and the exclamation mark is the duality operator. The fourth-order
Runge-Kutta algorithm (RK4, [15]) follows.
var RK4 = (f,y,h) => {
var ki1=f(y),
k2=f (y+0.5xhx*k1l),
k3=f (y+0.5*h*k2),
k4=f (y+h*k3) ;
return y+(h/3) *(k2+k3+(k1+k4)*0.5);
}

As we mentioned very often, the horizontal part of Hamiltonian equations can be
solved analytically, so we will solve only the vertical part using the RK4 and use
the exponentiation to find the solution of the horizontal part. But more on that

later. Next, we define the commutator for PGA:

var commutator = (a, b) => 0.5 * (a * b - b * a);

The definition of the body (a rectangle or a block) follows. We choose its phys-
ical properties — mass and length of edges — and use this information to calculate
the inertia matrix. Then we compute its vertices and edges, we have used an algo-
rithm that can be found in [16] which utilizes the fact you can represent coordinates
of vertices of a cube with edge of length one as a binary number and vice versa,
then we use binary operations to calculate whether or not there should be an edge
between two vertices given their indices. An edge is always between to points whose
coordinates differ only in one dimension. Thus we check whether two points satisfy
this condition and if it is so, connect them with an edge.

Next step is definition of initial position and momentum of the body. The po-
sition is given by a PGA motor (multivector on even blades), momentum is repre-
sented by a bivector. As mentioned above, the initialState, as we have called

the variable, is an array with two elements. For example

var initialState = [1-1e01, -0.1e12+0.1e01+0.5e02+0.1e23];

is a valid option. Furthermore, variables momentum and position will be used to
store current values.

At last we define the differential of Hamiltonian function.

var linearPart = O,

dH = h => h.Dual.map((x, i) => x / (inertialilll1)) +

linearPart .Dual;

The constant part of dH is always taken as a bivector in 3D PGA, that ensures that
correct bivectors are used in algebras with fewer dimensions, since for example eg3
is evaluated as zero in 2D PGA. The vertical equation is not exactly the same as it

was shown in previous chapter. Recall For a compact Lie group we may use
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the commutator in the vertical equation. But the velocity is dual to momentum,
thus we need to first take its dual (this is done directly in dH) and after we compute
the commutator we have, so to say, "undual" the result.

var undual = h => h.map((x, i) => x * inertial[il]).Dual -

linearPart,

verticalEquation = h => commutator (h, dH(h));

Then we just run the animation — in each time step we update the state by

t += dt; // we usually choose dt = 1/60
velocity = RK4(verticalEquation, velocity, dt).Grade(2);
position = (initialState [0]*((t*velocity).Exp())).Normalized;

and draw edges of the body.

5.1.2 Results

In this subsection we will choose some initial data and present the reader with
obtained results. However, the code described above is meant as a visualization
tool, i.e., it creates animation of the motion, which isn’t very useful for display-
ing on paper. But with slight modification of the script we have created a script
that computes the motion beforehand and user can then choose which positions
to display. Specifically, the algorithm computing edges leaves zeros in the array if
there shouldn’t be an edge between points. This doesn’t matter in the animation
script but it introduces some problems here so we have to clean the edges array.
The motion is computed in a for loop and the motors are stored in an array.
for (var i = 0; i < timeSteps; i++) {

t += dt;

velocity = RK4(verticalEquation, velocity, dt).Grade(2);

positions[i] = (initialState [0]*((t*(undual (dH(velocity)))).Exp()

)) .Normalized;

}

Then we compute the transformation of cube

var movedEdges = positions.map((x,i) => trueEdges.map((y,j) => x
>>> y));

and draw a couple of cubes on screen (the cubes at zero, one and two seconds).

document .body.appendChild (this.graph ([

0x5£f3110, ...movedEdges[0], "t=0s",

0x9D86CF, ...movedEdges[59], "t=1s",

0xCC8ADC, ...movedEdges[119], "t=2s"
1))

With that out of our hands, let us turn attention to the examples themselves. We

begin with simple examples mainly to show, that the system works the way we would
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expect it to. By simple we mean that we take cube with length of an edge equal to
one and mass 12. Furthermore, we take Hamiltonian function that is a quadratic

form. We will present the results in figures of the cube at three moments.

Rotation around one axis

First example is rotation around the z axis. Keep in mind that we start in premise
that the same code should work in all dimensions, but we will show only 2D and 3D
versions of the same problem, because 1D isn’t particularly exciting and anything
above 3D isn’t very useful anyway. The initial velocity was chosen £ = —1eqs, thus
we would expect counter-clockwise rotation around z axis, as we already mentioned.
As you can see in figures and this is exactly what we have obtained.

Rotation around all axes

Since there is no axis of rotation in 1D and only one in 2D, this example is interesting
for the case of 3D space. We have chosen the velocity as & = —0.3ea35+0.1e3; —0.2e15.
The result is in figure Obviously we could run this in 2D (or even 1D) but it
would reduce itself to a rotation with velocity ¢ = —0.2e15 since the other two
bivectors don’t exist in 2D PGA (because e3 does not exist there), which we have

demonstrated above.

Translation in one direction

In the two following examples we take look at translations. First, let us take simple
translation in one direction. We take the velocity & = ey, thus we expect the cube
to reverse along the x axis. The results for 2D and 3D space can be found in figures
and The results confirm our expectations.

Translation in all directions

In figures can the reader find translational motion in all directions. We
have chosen the bivector of velocity as & = eg; — 0.7egy — 0.2e93. Thus the motion
should be in the direction of y and z axes (in the case of 3D space), and against

the direction of x axis. This is the case, our assumptions were correct.

Free Rigid Body Motion

Last of the simple motions is combination of the above. This time we take the ve-
locity & = 0.1egy — 0.7eg3 — 0.1e15. The results can be found in figures and [5.9
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You may notice, that the cube drifts in the direction of the x axis. Since the ve-
locity is in the body frame that makes perfect sense, the rotational motion causes

the translational movement to rotate with the cube and thus the movement in x axis.

Non-zero Linear Part in Hamiltonian Function

Now we will experiment with the linear part of the Hamiltonian function. The free
motion is described by the quadratic form, thus this term might correspond to
a force acting on the body. By definition, left-invariant Hamiltonian cannot depend
on the position of the body in space, thus this force would have to be constant in
the body frame. With this concept in mind, let us denote by f = 3" a;e; the constant
part of the differential of Hamiltonian function.

Let us begin from simple translational motion given by & = —0.1ego. It turns out,
that our assumptions were correct, or at least to some extent. Taking f = —0.25¢eq,
we obtain results that are in figures [5.10a] and [5.10b] As you can clearly see, that

is just the effect we would expect a force would have. Taking f = 0.1e;o we obtain

[5.11aj and [5.11b} which again do align with the idea of f playing the role of torque

in this case. When we combine torque, forces and non-zero initial velocity we obtain
what we would expect, but keep in mind that the forces are in body frame and if
the body rotates, the forces rotate with it and the resulting motion copies that. In
[6.12a] and [5.12D)] is result obtained for f = 0.1e1o + 0.2¢¢;.

5.2 Soft Body Motion

Our next script is very similar to the previous one. However, this time we will use
CGA and try to demonstrate what is there in addition to the previous case. We have
chosen a sphere as the body that we will use in this example rather than a block,
because it is for one, very nicely embedded in CGA and for two, due to the changes

in relative position of points it might be difficult to see exactly what is happening.

5.2.1 Code Description

This time the algebra is set, we mentioned that we wish to use CGA, thus the (4,1)
metric is chosen. Since the default base vectors correspond to [3.3 we define the base
vectors ey = %(e, —e;) and ey = ey + e_. Using this new basis we can define

the usual point representation in CGA:

var point = x => eo + x + 0.5*x*x*einf;

For our convenience we define function sphere which takes an array of four points

and takes their outer product to create a sphere.
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var sphere = x => x.reduce((a, b) => a ~ b);

The commutator follows and it is exactly the same as in previous example. We
will again employ fourth order Runge-Kutta algorithm for the vertical part and
exponentiation for the horizontal part. The initial positions of the four sphere’s

points were chosen as follows:

P, =1[0,0,1/2], Py =[-1/2,0,0],
Py =[1/2,0,0], P, =10,1/2,0].

We continue with definition of initial motor, velocity and the linear part of the Hamil-
tonian function. Since we assume the body to be a sphere, we take the matrix of
the quadratic part of the Hamiltonian function as an identity matrix. The reasoning
behind this is following. Since sphere is obviously symmetric in every basis, it is
clear that its inertia is the same in every direction. Then we choose such mass, that
there are ones on the diagonal. The last two elements are defined as bivectors of
CGA, since it allows very simple formulation of the differential of the Hamiltonian
function, which follows next.

var dH = h => (h + linearPart) .Dual,

undual = h => h.Dual - linearPart;

The final step is to define the Hamiltonian equations, since the matrix of quadratic
form is an identity matrix, if the linear part would be zero, we could just take dual
of dH, compute the commutator and then take dual of the result. But this is not

the general case, thus we formulate the vertical equation as follows.

var verticalEquation = h => -2*xundual(commutator(h, dH(h)));

In the end we just run the simulation. At each step we update the velocity and

position, and then graph the points and sphere.

t += dt;

RK4 (verticalEquation, velocity, 1/60).Grade(2);
(initialState [0]*((t*(velocity)).Exp())) .Normalized;

velocity

position

var newPoints = points.map(p => position >>> p);

5.2.2 Results

Similarly to the previous case, the animation script was not very appropriate for
presenting results here. Thus we made very much the same modifications to create
script that better suits needs of this subsection. Positions are computed beforehand

and then we pick three of them (at zero, one and two seconds) and display them.
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Free Rigid Body Motion

Since SE(3) is a subgroup of SO(4, 1), we could go through all the translational and
rotational motions separately, but we will show directly the free rigid body motion.
Actually, we will take exactly the same velocity bivector & = 0.1e,, —0.7€3,, —0.1€12,
only this time expressed in CGA. The results we have obtained are in figure [5.13]

To no surprise it is the same motion as in previous section.

Free Soft Body Motion

Bivectors e;; and e;o, where 7,7 € {1, 2, 3} describe, in our application, the rigid
body motion, bivectors eg; correspond to transversions, inversion followed by trans-
lation followed by inversion. Those are not very interesting for us, since we wish to
study real bodies and inversion often doesn’t bode too well for them. That leaves
the bivector egs. As mentioned earlier, this bivector handles scaling. For our next
example we have chosen velocity £ = —0.6e1,, — 0.2e95. The translation is there
only that the effect of dialation is visible in the result, which can be found in [5.14]

We see that the sphere is shrinking. If we take positive multiple of e, it will
expand, see (€ = —0.6e100 + 0.1€000)-

Forces and Torques

Analogously to the previous section, non-zero coefficients in the linear part of Hamil-
tonian function play role of forces and torques. It is very much the same as in the the
previous case apart from the dialation effect of eg,, which wasn’t present in the case
of PGA. Thus we will give an example of it. We have chosen the bivector of velocity
v = —0.1e15 and bivector of forces f = —0.1e1, — 0.15€p4, the result can be found

in figure [5.16,

5.3 Matlab Solution of 4.4.3

In this section we take one more look at the example from previous section. However,
we will solve it in its matrix formulation in Matlab. The result this time will be
a curve (g,€) : (0,t5) = SO(4,1) x s0*(4, 1), that is curve in 5x5 matrices, which is
not particularly easy to visualize. Thus we will plot velocities which is rather simple
and check whether the properties

o ATBA = B, where A € SO(4,1) and B is given by ,

e detA=1, A€ S0O(4,1)

of the group are satisfied for all matrices on the integral curve.
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5.3.1 Code Description

For user’s convenience and simplification of the script itself, two functions were
written:
e lieAlgebra takes an array of length 10 and converts it into corresponding
element of so(4,1)
« coadjointOperator takes an array a of length 10 and converts it into (ad A)",
where A:=1ieAlgebra(a).
Both are very simple, they basically programmed form of and respectively.
The script begins with initialization of data for this problem. We keep the nota-
tion introduced in [4.4.3] We choose the diagonal of matrix .J, the vector of the lin-
ear part a, initial values of £ and ¢(0). We will always start from the identity,
g9(0) = I5x5. Next we define the coadjoint operator of dH and the equation on
so*(4,1).
addHStar = @(xi) coadjointOperator(xi./J) + coadjointOperator(a);
xiDot = @(t, xi) addHStar(xi) * xi;
Since the vertical equation is decoupled from the horizontal, we can solve it on
the whole interval (0, 7). To do so, we use the Matlab function ode45.

[t, h]l] = ode45(xiDot, tSpan, xiInitial);

Now, we use the solution £(¢) to obtain the curve on the group g(t).

g = zeros([5, 5, length(t)]);
for i=1:length(t)

g(:, :, i) = gInitial*expm(t(i) * lieAlgebra(h(i, :)./J+a));
end
Next we check the properties of SO(4,1) as we have mentioned at the beginning of
this section. To check the first property, we compute the difference

g(:, =, i) ’*Bxg(:, :, i)-B
and compare it to zero with chosen tolerance. This creates 5x5 matrix of boolean
values and if its sum is 25, the property holds. If it doesn’t sum to 25, there has been
significantly different value and the property is not satisfied. The second condition is
very straight-forward as well. We compute determinant of every matrix on the curve
and compare it to one with the chosen tolerance. This is done in one for loop that

is shown below.

for i=1:length(t)

leftSide = g(:, :, i)’ *Bx*xg(:, :, 1i);
checkOrthogonality (i) = sum(abs(leftSide - B) < tol, ’all’)/25;
checkDeterminant (i) = abs(det(g(:, :, i)) - 1) < tol;

end

The final step is plotting xi.
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5.3.2 Results

We will compute examples with same initial data as in [5.2.2]

Free Rigid Body Motion

We have chosen bivector & = 0.1egs — 0.7€3, — 0.1e12, this corresponds to initial
vector xiInitial = [0 0 0.2 0 -0.2 1.4 0 0 0 0] thanks to the isomorphism
we have established in section Both properties were maintained along the curve
in SO(4, 1) and the velocities can be found in [.17] As you can see, the rotational
velocity is constant and the translational velocities are being rotated, which is what

we have obtained earlier.

Free Soft Body Motion

For case of shrinking motion was chosen velocity £ = —0.6e15, — 0.2€95. This corre-
spond to initial data xiInitial = [0 0 0 1.2 0 0 0 0 0 0.4]. Group proper-
ties were again satisfied and resulting plot is in [5.18 This again confirms our earlier
results. The case of expansion can be found in and it is affirmative as well.

Forces and Torques

Finally, the case of non-zero linear part of Hamiltonian function results in [5.20/ under
the same initial conditions as in the case that we have studied in SO(4, 1). The initial
velocity was taken v = —0.1e1,, and bivector of forces f = —0.1e15, — 0.15€p. We
have used the isomorphism from the section |3.4]to convert them to basis of so(4, 1).
Again, the properties were satisfied along the curve and the plot corresponds to

the animation obtained earlier.
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Conclusion

The aim of this thesis was to unite and generalize the notions of left-invariant Hamil-
tonian systems on Lie groups with left-invariant Hamiltonian functions and explore
their applications. Throughout this research, we have formulated Hamiltonian equa-
tions for general Lie groups and investigated the potential uses based on specific
choices of Lie groups and Hamiltonian functions. Additionally, we have developed
a computational tool for simulating rigid and soft body motion using the concepts
of CGA. In this concluding chapter, we will reflect on the key findings and contri-
butions of our work, discuss their implications, and propose potential avenues for
future research.

As previously discussed, we have successfully derived the simplified form of
the left-invariant Hamiltonian system. However, since Lie groups already encompass
a wide range of underlying sets, it is natural to consider extending this theory to
incorporate non-left-invariant Hamiltonian functions. Those arise immediately even
in the theory of rigid body motion as they represent potential energy and forces
associated with them such as gravity or Hooke’s Law. Thus we would have different
type of forces than those that are constant in the body frame.

Another highly intuitive approach to further this research would be to explore
different Hamiltonian functions, including those that are left-invariant. Given that
a Hamiltonian function is any smooth function on the cotangent bundle 7*G, there
are numerous options to consider, and our examples merely scratched the surface of
the possibilities. By investigating a broader range of Hamiltonian functions, we can
gain deeper insights into the behavior and dynamics of left-invariant systems on Lie
groups.

While the JavaScript scripts serve their purpose effectively, in hindsight, opt-
ing for the Python library Clifford ([I7]) might have been a more favorable choice.
Python is widely regarded as a more intuitive programming language, and the Clif-
ford package itself is extensively documented, providing comprehensive resources for

even beginners in code development and science researches.
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Figures
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Fig. 5.1: Rotation around one axis in 2D
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Fig. 5.2: Rotation around one axis in 3D
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Fig. 5.3: Rotation around all axes



t=2s f=1s t=0s

Fig. 5.4: Translation in one direction in 2D

Fig. 5.5: Translation in one direction in 3D
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Fig. 5.6: Translation in all directions in 2D
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Fig. 5.7: Translation in all directions in 3D
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Fig. 5.8: Full motion in 2D

63



X

Fig. 5.9: Full motion in 3D
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Fig. 5.10: Body frame forces
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(a) Torque in 2D space
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(b) Torque in 3D space

Fig. 5.11: Body frame torques
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(a) Force and torque in 2D space
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(b) Force and torque in 3D space

Fig. 5.12: Body frame forces and torques
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Fig. 5.13: Free rigid body motion in SO(4, 1)
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Fig. 5.14: Shrinking of soft body
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Expansion of soft body

Fig. 5.15:
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Fig. 5.17: Velocities of free rigid body motion

£in time
T

0.2 0.4 0.6 0.8 1 12 1.4 1.6 18 2
time

Fig. 5.18: Velocities during shrinking motion
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Fig. 5.19: Velocities during expansion
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Fig. 5.20: Forces acting upon soft body
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