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Abstract

This thesis is a short introduction to Lie group methods. Some rele-
vant background material of Lie group theory is presented and we give
an introduction to Lie-Euler, Runge-Kutta Munthe-Kaas and commu-
tator free methods. Two mechanical systems are studied; the free rigid
body and the heavy top. We discuss how the different methods con-
serve the structures of the manifolds, such as conservation of angular
momentum and energy, and the advantages the Lie group integrators

have over a classical numerical method.
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1 Introduction

Integration methods on manifolds have for a long time been studied by math-
ematicians and the study of Lie group methods has over the last 30 years
accelerated. They are increasingly being used not only in pure mathematics,
but in a wide range of fields such as robotics, computer sciences, mechanical
engineering and in particular, physics. Problems in geometric mechanics - for
instance those presented in the book by Leok [9] - provide formulations of
differential equations where a Lie group integrator is a natural choice. This is
because classical numerical methods might not make sense once we are work-
ing on vector fields where normal operations like sum and multiplication are
not well defined.

This thesis is an elementary introduction to Lie group integrators and is
divided into two parts. It is assumed the reader is familiar with some ele-
mentary group theory, as well as basic knowledge of numerical mathematics

and analysis.

The first part introduces relevant background material to understand the
methods and presents examples along the way. This part is mostly theoret-
ical, introducing new definitions and terminology, such as manifolds, vector
fields and Lie groups. The examples closely follow the theoretical material
and for the most part focuses on the special Euclidean group, SE(3). Ad-
ditionally, a few Lie group integrators are presented from a theoretical per-

spective.

The second part focuses on two specific models where the Lie group integra-
tors can be applied; the free rigid body and the heavy top. The Lie group
SE(3) is particularly relevant for the heavy top. The results from imple-
menting the integrators for these models are discussed and compared to a

classical numerical method, the modified Euler method.

Most of the theoretical material is based on the books by Marsden and
Ratiu [3] and Olver [1], and the books by Lee [2, 5| are good supplemen-



tal reading for the theoretical part of this thesis. The integration methods
and implementations are based on a variety of papers [10, 15, 16|, and in
particular the work of Munthe-Kaas [12].



2 Manifolds and vector fields

This section is based on the definitions and properties introduced in the first

chapter of [1]|, with some exceptions.

2.1 Manifolds

To understand Lie group integrators we need the notion of manifolds. For-

mally, we define manifolds in the following way.

Definition 2.1. An m-dimensional manifold M is a topological space to-
gether with a collection of charts (U, ¢) such that U C M is an open subset
of M and the map ¢ : U — V C R™ is continuous, one-to-one and onto.
Here, V' C R™ is an open, connected subset of R™. We say M is smooth if
the map @og = @q © gogl is smooth where it is defined.

Intuitively, we can think about a manifold M as a space that resembles
Euclidean space near every point. It is clear to see that R™ itself is an m-
dimensional manifold, while less trivial is the m — 1-dimensional manifold of
the unit sphere S™ 1 := {x € R™ | Y}, 27 = 1}. To demonstrate this we
look at the stereographic projection, which is a map o : S*1\{N} — R™~!
where N = (0,...,0,1) € R™ is the north pole in S™!. This is a widely
used example of representing S™ ! as a manifold. It is described in detail in
[2] for the sphere, and presented here for the circle, focusing on an intuitive

presentation.

Example 2.1. Take a circle S in R? as in figure 1. Now, create a map
¢ : S = R by drawing a line from the point (0,1) through every point on

the circle.

These lines will intersect the line at each point x € R and the map ¢ is onto.
However, (0,0) and (0, 1) will map to the same point on the line, and hence

the function is not one-to-one. This is just one way of attempting to create



(-1,0) \ (0,0) / (1,0)

Figure 1: Points on the circle mapped to points on the line.

such a map, but in fact there exists no continuous bijection from S to R.
Because of this, the circle is a manifold needing at least two charts; e.g. one
for (S\ (0,0)) and one for (0,0). By the same argument, the sphere in any

dimension cannot be covered by a single chart.

Informally we define a submanifold to be a subset N' C M of a manifold
M which is itself a manifold. More precisely, we state definition 1.12 in [1].

Definition 2.2. A smooth (analytic) n-dimensional immersed submanifold
of a manifold M is a subset N C M parametrized by a smooth (analytic),
one-to-one map F : N NC M, whose domain N, the parameter space, is
a smooth (analytic) n-dimensional manifold, and such that F' is everywhere

regular, of maximal rank n.

Additionally, we call a manifold M differentiable if there is a collection
of charts such that each point m € M is a member of at least one chart, and

M is a union of compatible charts.

With these definitions we can now begin to introduce some key properties,
namely the properties of vector fields on manifolds. To obtain these, we need

to know about tangent vectors and tangent spaces.



2.2 Tangent spaces and vector fields

Definition 2.3. A tangent vector at a point z € M is the tangent to a
smooth curve ¢(t) € M passing through m. Take z € M to be such that

¢(0) = x, then
d
V|, = —o(t
= 0|
is the tangent vector at x in local coordinates.

With this definition we can imagine that given a point x € M, there
exists several curves in M passing through the point. This results in different

tangent vectors, and sets the foundation for tangent spaces.

Definition 2.4. The tangent space to an m-dimensional manifold M at a
point x € M, denoted T, M, is the m-dimensional vector space formed by

the collection of the tangent vectors at x.

Similarly, we define the tangent bundle to be the union of all tangent
spaces, i.e. TM = UzemTo M. Furthermore, we define vector fields as they
are defined in [1].

Definition 2.5. A vector field on a manifold M is a section of the tangent
bundle on M, i.e. a smoothly varying assignment of tangent vectors v : M —
TM such that v(z) = v|, € T, M. We can express this in local coordinates
as n 5

v(z) = ;f (37)%

a -
ox?t

where £/(z) are smooth functions and denote a basis of the tangent space

T,M.

2.3 Frame vector fields

We define a few new properties as introduced by Crouch and Grossman in
[10].



Definition 2.6. Let E = {&1,...,&4} be a set of vector fields on a manifold

M of dimension m < d. Then E is a set of frame vector fields if

TyM =span{&],,...&l,}, VoreM.

With this definition we can say that any vector field F' on M can be

expressed by these frame vector fields as

d
F(y) =) fi(y)&(y). (1)
=1

Furthermore, we introduce frozen vector fields.

Definition 2.7. The vector field F' is called frozen at a point p, denoted F),,
if

Fye) = Y fip)Eia).

2.4 The exponential and differential map

A curve ¢(t) : R — M when ¢(t) = z is called an integral curve of the vector
field v if the tangent to the curve at ¢ coincides with the vector field at =z,
i.e. p(t) = v(z). We can express this in local coordinates by
dz’
dt

Additionally, if ¢(t) is a maximal integral curve we write
¢(t) = exp(tv)zo, x0 = ¢(0).

Here exp(tv)zg is the flow generated by v. This exponential mapping has
the same properties as the usual exponential function, and we will study this

in more detail in section 3.4.

The differential or derivative map is a map we are well familiar with,

and we define it on manifolds.



Definition 2.8. Given a smooth map F' : M — N between manifolds M
and N, the differential is given by dF : TM — TN such that

dF’m M — TF(m)N,

such that for any curve ¢(t) with ¢(t)|,_, = = and F(¢(t))|,_, = F(x) we
have

Here, vy = 5i6(t)],_o and W) = G

tF(¢(t))’t:0 are tangent vectors.

One can show that the differential is a linear map [1].



3 Lie groups and Lie algebras

All the definitions, properties and examples introduced in this section is
based on chapter 9 of Marsden and Ratiu [3], unless otherwise stated. The
results of the calculations in example 3.5, 3.6, 3.7 and 3.8 can be verified in
chapter 14.7 in [3].

3.1 Lie groups

Now that we have seen the fundamental properties of manifolds and vector

fields, we are ready to define a Lie group.

Definition 3.1. A Lie group G is a smooth manifold M with group structure
such that the group multiplication

w:GxG—G, (g,h)— gh

is a C°° map.

A Lie group can therefore be said to be a group that is also a differentiable
manifold. Some important examples of Lie groups are the special orthogonal
group SO(n) and the special Euclidean group SE(n). We will in particular
use these two groups for n = 3 to implement our Lie group integrators in

section 5 and 6, and we will begin to review some properties of SE(3) now.

Example 3.1. The special Euclidean group SE(3) can be defined as an
extension of the special orthogonal group SO(3)!. We describe an element
in SE(3) as the pair (g,u), where g € SO(3) and u € R?, and the group

operation is given by

(9,u) - (hyv) = (gh, gv + u)

!The Lie group SO(3) and its properties are quite thoroughly described in chapter 9.2

by Marsden and Ratiu, and through examples of the rest of the chapter. We therefore

refer the reader to [3]| for more information on this.

10



for (g,u), (h,v) € SE(3). With this property, one can prove that this set has

a group structure, and since it is viewed as a topological space it is a Lie

group.

The Lie group SO(3) can be identified as the group of rotations in 3 dimen-
sions, allowing SE(3) to include translations as well. The group SE(3) then

corresponds to the set of matrices of the form

A= [82 11’] Q € SO(3),v € R,

The group operation associated with this set is the usual matrix multipli-
cation. We will use this identification of SO(3) and SE(3) in the following

examples and in section 5 and 6.

We will continue to build on this example as we introduce new relevant
definitions and results. Additionally, whenever we use manifolds in the fol-

lowing sections, we will assume they are smooth.

3.2 Lie algebras

Given a Lie group, we define Lie algebras.

Definition 3.2. The Lie algebra g of a Lie group G is the tangent space at
the identity element e, i.e. g := T.G.

Furthermore, we present the algebraic definition of Lie algebras. This
definition also introduces the Lie bracket which we will use throughout this

section, and it is more general than definition 3.2.

Definition 3.3. [1] A Lie algebra g is a vector space with a bracket operation
[, ] called the Lie bracket, such that

(i) [,+] : 9 X g — g is a bilinear map
(i) It is skew-symmetric, i.e. [u,v] = —[v,u], Yu,v € g

11



(iii) It satisfies the Jacobi identity, i.e.
[u, [v,w]] + [w, [u,v]] + [v, [w,u]] =0, Yu,v,w € g

Example 3.2. We will identify the Lie group SO(3) with the matrix Lie
group of 3 x 3 orthogonal matrices with determinant 1. The Lie algebra can
be identified with the vector space of 3 x 3 skew-symmetric matrices with the
matrix commutator [M, N] = MN — NM, M,N € so(3) as the Lie bracket

operation.

We define the Lie algebra of SE(3), denoted se(3), to be the pairs (€,7),
such that & € 50(3) and n € R3. By identifying ¢ as a skew-symmetric
matrix in s0(3) we can instead represent it as a vector, and define a vector

space isomorphism

al 0 —asz a2
§=|ay | m&= as 0 —a
as —az2 a1 0

which is called the hat map [3]. With this notation and the properties of
skew-symmetric matrices, we can simply write én = £ X n, using the cross

product in R3. In fact, for f, 7,0 € 50(3) we have that
(€, ily = (&) — nb)v = € x v) = (€ x v)
=&{x(nxv)=—nx(Exv)=(Exn) xv

—Exw.

Therefore, we can identify so(3) with R3 carrying the cross product as Lie

bracket. The hat map becomes a Lie algebra isomorphism [3].

3.3 Left and right invariant vector fields

Definition 3.4. A vector field v on a Lie group G is called left invariant if
dLy(v) = v,
where Ly : G — G is the left multiplication of G given by L4(h) = gh and

dLg|, : TpG — Ty, G is the derivative mapping.

12



Similarly, one can define right invariant vector fields. An important ob-
servation about left (and right) invariant vector fields, is that by knowing
the vector field at the identity element e, we can reproduce it everywhere

else. In particular,
v(e) = A= dLy|, (v(e)) =v(g). (2)

Example 3.3. The identity element of the Lie group SFE(3) is the pair (I, 0),
where I is the 3 x 3 identity matrix and 0 is the zero vector in R3. We denote
the left invariant vector field, X Emn)’ and from equation (2) we know that

the vector field at the identity should be (£,7), i.e.

X(gm) (1,0) = (&n)-

We can calculate X Em everywhere by using the definition of left invariance,

Xem = e mXen

and at a given point (g,u) € SE(3), we calculate

> d
X gy = Thon ) = 5| Lo (9, v(0)
- Gl ew-0mam = 5 @000+

= (ght), g0(®))|__ = (o€, 9m)

where (h(t),v(t)) is a curve in SE(3) such that (h(0),9(0)) = (£,1) and
(h(0),v(0)) = (I,0). With an analogous calculation we can obtain the right

invariant vector field, given by

TRg)(€n) = (€g,6u+1n).

As expected, one can easily confirm that the vector field at the identity is

(€,7m), both for the left and right invariant case.

13



3.4 The exponential map

As introduced in section 2.4, the exponential map related to integral curves

and the flow of a vector field is important to the study of Lie groups.

Definition 3.5. Given a Lie group G and its corresponding Lie algebra g,
the exponential map exp : g — G is given by

exp(§) = (1)

where £ € g and 7 : R — G is the integral curve of the left or right invariant

vector field associated with £. Furthermore, we can also write exp(t§) = (t).

In particular, for all matrix Lie groups the exponential map coincides with
the matrix exponential [4]. Additionally, one can prove that v(0) = exp0 =e
and 4(0) = ¢ where e € G is the identity element [3]%.

Example 3.4. We can find the exponential map of SE(3) by calculating
the flow of the left invariant vector field we have previously obtained. We
recall the definition of an integral curve in our case; (g(t), u(t)) is the integral
curve of the vector field X En if the tangent to the curve at t coincides with
the vector field at (€,n), i.e.

(9(t),a(t)) = X(g,n) (9®u(®)
Since we have already calculated the left invariant vector field in example

3.3, we get the differential equation

(1), () = (9(t)é, g(t)n)-

Solving for g(¢) and u(t) is straightforward using the exponential and basic

knowledge of differential equations, and we obtain

o(t) = exp(€t), u(t) = “p(i'f)‘fn

2This result uses one-parameter subgroups which are not defined in this text. They

are, however, well described in the books by Marsden and Ratiu [3] and Lee [5], and we

therefore refer the reader to these for more information.

14



using the initial condition 0),u4(0)) = (I,0). Now, the final expression for
g g )] ) ) p

the exponential is given at t =1, i.e.

A - expf -1
eXp(fﬂ?) = (g(l)au(l)) - (exp§7 éﬁ)
[11]. One can verify that the exact same exponential will be obtained by

using the right invariant vector field instead.

3.5 Adjoint and coadjoint representations

Definition 3.6. For an element g € GG in a Lie group, we define a map
Ay:G— G, Ayh)= ghg™! = LyoRy-1(h)

where L, and Ry is the left and right multiplication of G, respectively, and
h € G is any element in G. The adjoint representation of G on g, Ad, : g — g,
is then the tangent map T'Ay|, at identity, i.e. for an element £ € g in the
Lie algebra,

Adg(§) = TAg| (§) =TLgo TR, (§).

Assuming we are working with a matrix Lie group that it is a subgroup of
GL(n)3, one can show that the adjoint representation is given by Ad,(¢) =
989" [4]-

Definition 3.7. Given a curve ¢(t) € G such that g(0) = e and ¢(0) = 7,
the Lie bracket [-, -] can be defined as

d

.6l =~ . Ady)(€)

where Adg)(€) is the adjoint representation of G.

3Chapter 9 in [3] provides a detailed presentation of this Lie group, called the General

Linear Group.

15



Definition 3.8. The adjoint representation ad¢ : g — g of the Lie algebra
g of a Lie group G, is given by

ade(n) = £, 7]

where £ € g is any element of g. This operator is also called the ad operator.

Proposition 3.1. [12]| Powers of the adjoint representation adg are iterated

commutators, i.e.

adg (1) = ade([¢, n)) = [&, [€,n]l,
adZ(n) = ade([¢, [€,n])) = [&, [&, [€ n]l),

and so on.

Example 3.5. By using definition 3.6 we can calculate the adjoint repre-
sentation of SE(3). Take (g,u) € SE(3) and (£,7) € se(3), then

Ad(g,u) (é» 7]) = TL(g,u) 0 T’R(g,u)—1 (éa 77) = L(g,u) ° TR(gT,ngu) (éa 77)
=TLgu) (9", 6(—9"u) +n) = (959", —9Sg" u + gn)
= (9§, —g€u+ gn).
Here we have used that (g,u)™! = (g7, —¢~'u) = (g7, —¢g"u) (since g~ =
g" for g € SE(3)) and the property that g€g~1 = g/\f
Definition 3.9. The coadjoint representation Ad; : g* — g* for g € G is a
map from the dual of the Lie algebra g to itself, such that

(A3 (1).€) = (1. Ady ()

for all u € g*, & € g.

Recall that the dual space V* of a linear space V consists of all linear
functions on V', and for an operator A : V' — V we can define the adjoint
A*V* — V* with

(A, v) = (u, Av)
for all 4 € V* and v € V, and (-,-) is the duality pairing [6]. The previous
definition of the coadjoint representation is analogous, and we note that for

real matrix groups A* = A7,

16



Example 3.6. We now derive the left coadjoint representation of SE(3),

Ad? 1. From the previous example we can write
(g:u)

Ad(gay1(€,m) = Adigr _yroy(ém) = (976, —gTE(—gu) + g"n)
= (g7&,97¢ x g"u+ g"n) = (gTE, g7 (€ x u) + g"n).

The duality pairing of (£,7) with (i, v) € se(3) is

(), (E,m)) = pTe+ 0Ty
and so we use the definition above and obtain
(), Adgg a1 (Em)) = (), (97, g7 (€ x ) + ) )
=plg'é+vlgT (€ xu)+vTg"n
=u"gTe—vTg (ux &) +vTg™n
=plgte—vighac+vlgty
= <((MT9T —vTgTa)T, (u"'g")T), (€, 17)>

= (@i +ax gr.gv), (€n))

— A7, 1 (1) = G+ @ % gv,gv).

Here we have used the fundamental property of skew-symmetric matrices,
that 47 = —4 for 4 € 50(3).

The derivation we have done of the coadjoint of SE(3) is important for
working on the heavy top equations, since it has se(3)* as solution space [13].

We will see the applications of this in section 6.

Example 3.7. We now calculate the Lie bracket from definition 3.7. Given
a curve (g(t),u(t)) € SE(3) and (£,7), (1, ) € se(3) such that (g(0),u(0)) =

17



(1,0) and (g(0),u(0)) = (&,n) we find
|:(é= n), (i, V)} = % i Adg(t),uty) (1, 1)
= G| GO —gfmte) + o(tw)
= 21 GOm0 - GOm0 + (00
t=0

= (= + &v) = (Ex p, —p X+ € xv).
3.6 The derivative of the exponential map

As we have previously defined the derivative and exponential in section 2.4,
we want to add these properties together and define the derivative of the

exponential map.

Definition 3.10. Let u € g. Then the derivative of the exponential map
dexp,, : g — g is given by

dexp,,(v) = T Rexp(—u)e T exp, (v).

Proposition 3.2. [12| The derivative of the exponential map can be written

B > 1 B exp(z) — 1
dexp, (v) = kZ:O 1) ady(v) = T (v)

where ad,, : g — g is the adjoint representation.

The proof of this uses the fact that powers of adjoint representation are

iterated commutators as presented in proposition 3.1.
Furthermore, proposition 3.2 allows us to obtain the inverse of the derivative
of the exponential, dexp;!(v), by inverting dexp,, (v). We obtain

dexpy ' (v) = ———

(v) =3 adi(v)

exp(z) — 1 —ad, —

[12] where the coefficients By are the Bernoulli numbers.

18



3.7 Lie group actions

The adjoint and coadjoint representation are two examples of Lie group

actions [3], and these are formally defined in the following definition.

Definition 3.11. Let M be a manifold and G a Lie group. Then a left
Lie group action A : G x M — M of G on M is a smooth map with the
properties that

(i) Ale,m) =m,¥Ym e M

(ii) A(gh,m) = A(g,A(h,m)),Vg,h € G,m € M

Similarly, we define a right Lie group action by changing the second
property to A(gh,m) = A(h,A(g,m)). We can also denote the Lie group
action as Ay : M — M for g € G. Furthermore, we define a few important

properties of Lie group actions.

Definition 3.12. A Lie group action A : G x M — M is

(i) Transitive if for every x,y € M there exists a ¢ € G such that y =
A(g, ).

(ii) Free if for any m € M, A(g,m) =m =g =e.

3.8 The infinitesimal generator

Definition 3.13. Let A : G x M — M be a Lie group action of G on M,
and for ¢ € g and m € M, define an R-action A¢ : R x M — M such that
AS(t,m) = A(expté, m). Then the infinitesimal generator of the action A is
given by

" dt] g
A« (&) is a vector field on M for every £ € g.

19



As we have previously remarked, the adjoint and coadjoint representa-

tions are Lie group actions, and so we can find their infinitesimal generators.

Proposition 3.3. The infinitesimal generator of the adjoint action of G on

g, Ady : g — g for g € G, is given by
A1, = €] = ade(n).

Here, ad¢ : g — g for £ € g is the adjoint representation of g. Furthermore,
the infinitesimal generator of the coadjoint action of G on g*, Acl;_1 gt —>g*
for g € G, is given by

()], = — adz ().

Proof. [3] For the first statement we simply have

A (€], = Adexpre(n) = [§,m] = ade(n),

following directly from definition 3.7, 3.8 and 3.13. For the second statement
we take ;1 € g and obtain

(vt®lly) = (
d

dt
d

% 0 <n’ Adexp(—tf) (:u)>

d
= <7I, & o Adexp(—tf) (/“L)>

= (n, —ade(p)) = (—adg(n), 1)

= 18I, = —ad¢(n).

Ad:xp(—tg) (n), M>

t=0

1=0 <AdZXp(7ts>(77)7 u>

O

Example 3.8. Take (£,7), (i, v) € se(3), then the infinitesimal generator
induced by the left coadjoint action will map (£,7) to a vector field on se(3)*.

We write

A~

Ax(&5m)

~

. A(exp(t(€,m)), (i, v)),

‘(ﬂ,u) dt

20



where exp(t(€,1)) = (g(t),u(t)) is a curve in SE(3). We simplify the ex-
pression by using that (g(t),u(t)) passes through the identity at ¢ = 0 with
tangent (£,7), i.e. (§(0),%(0)) = (£,1). This gives us

d

ME| = 5

Ad{y ) ey -1 (V)
=0

—_—

= G| @0+ e < ltw.g(0))

—_—

= (9@)u +a(t) x g(t)y +u(t) x g(t)v, 9(v)| _

= X br) = ExX i+ TXT,EX D).
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4 Lie group integrators

4.1 Introduction

We now have all the information necessary to begin derive our Lie group
integrators. The basic idea is to have a smooth manifold M, a vector field
F on M (the tangent space F(y(t)) € T,y M Vt), a transitive Lie group
action on M and its infinitesimal generator. Our Lie group is denoted G with
the Lie algebra g. Then for m € M, we can construct a map f: M — g
such that

[12]. Using this idea, we want to solve the initial value problem

y=F(y)
y (to) = vo

(3)

for yo € M. The reason for this approach to such a problem is that classical
integration methods are not going to make sense once we are working on
vector fields where normal operations like sum and multiplication might not
be well defined.

4.2 Lie-Euler method

The explicit Euler method, given by the equation

Ynt1 = Yn +hf (Yn),

is a well known first-order method to solve initial value ODE’s [7]. We want
to convert this method to a method on manifolds, usually called the Lie-Euler
method.

The idea is to look at the problem locally. This means we define 2 = f (y,),
Z(O) = yn and set yn41 = Z(h)7 tny1 = tn + h.
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We look at the case for matrix Lie groups. Consider the Lie group equation
y = A(y)y [14] where A is a matrix. Locally this becomes z = A (y,) 2,
2(0) = yn. The solution is then given by z(t) = e!4¥n)y, meaning that we
obtain the Lie-Euler method [15]

hA(yn)

Yn+1 = € Yn, (4)

where e is the matrix exponential.

4.3 Runge-Kutta Munthe-Kaas methods

Runge-Kutta methods are well known classical integration methods [8], and
we can create a similar, yet relevant method for working on manifolds. As
mentioned in the introduction of this section, we need a transitive Lie group
action on M. We denote it A : G x M — M. For a neighborhood of yg € M

we can write y(t) as
y(t) = A (exp(¢(t)), o)

where ¢(t) € g is a curve in g. We are essentially converting the problem

from M to g. One can show that the differential equation for ¢ in g becomes

6 = dexp;" (f (Ayy (exp(6))) (5)

where Ay (9) = A(g,y0) for g € G and f(z) == N4, fi(x)E; € g such
that Eq,..., Eq is a basis of the Lie algebra g. See [12| for details on this

derivation.

We can now write one step of the Runge-Kutta Munthe-Kaas (RKMK)
method, given y,, step size h and the function f: M — g.

fori=1tos:

1—1
6i =S aijdexp,, (f (Ay, (exp(47)))
o (6)
¢=h> bidexp,' (f (Ay, (exp ()

i=1

Y1 = Ay, (exp(0))
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[12]. Here a;; and b; for i = 1,...,s, j = 1,...,s are the parameters of a
A
classical Runge-Kutta method, and dexp, is the truncation (to the correct
consistency order) of the expansion
o0
=1 (u) = ﬁad¢(u)~ (7)

dexp(;(lt) (u) = )
z=ady k=0

We are simply using a classical Runge-Kutta method on equation (5).

When working on the free rigid body and heavy top models, we will in
particular use the 4th order Runge-Kutta Munthe-Kaas method. Relevant
is then the Butcher tableau of the 4th order Runge-Kutta method given by

table 1, which gives us the coefficients a; ; and b;.

N N= O

ol O O N
W= O Nl
W] =

=

Table 1: Butcher tableau of 4th order Runge-Kutta method [8].

4.4 Commutator free methods

We now present commutator free methods. We refer the reader to [16] for a

more detailed presentation of this.

These methods do not involve commutators and use as few exponentials as
possible. The idea is to use frames and frozen vector fields as introduced in
section 2.3, and the fact that a smooth vector field F on M can be expressed

in terms of the frames (equation (1)).
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We present one step of the method as in [16].

fori=1tor:

o on (Nabori ) oo (Sabir )
k

k
F.=hFy, =hY_ fi(V,) B, (8)

Y1 = exp (Zﬁ?ﬂc) "+ exp (Zﬁfﬂg) p
B B

For a commutator free method of order 4, a generalized version of the classical
Runge-Kutta method of order 4 is given in the Butcher tableau in table 2.

Observe that this method uses five exponentials per step.

0
11
21 2
1 1
2] 0 3
1
1L 0 o0
1
101
1 1 _1
4 6 6 12
1111
12 6 6 4

Table 2: Butcher tableau of 4th order commutator free method [16].
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5 Free rigid body

5.1 The free rigid body equations

The first application of the theoretical material we have introduced will be
the free rigid body model. A free rigid body is a rigid body rotating freely
about its center of mass with no external forces involved, and the distance
between two points of the body remains unchanged during the motion. We
assume a smooth motion, implying that we can describe the rotation as a
function f(x,t) = A(t)x. Here, A(t) is a proper rotation, meaning A(t) €
SO(3) for time t and = € R? is a point in space. See chapter 9 and 15 in the

book by Marsden and Ratiu [3| for more information on this system.

We have presented examples of SE(3) in section 3, and we will use it more
in section 6, but the subgroup SO(3) is more appropriate for the free rigid

body considered in this section.

We begin by presenting the Euler free rigid body equations
m=—I"1 mxm 9)

[3]. m € R? is the angular momentum in body coordinates and T € R3*3 is

the inertia tensor

Ii 0 O
I={ 0 I, O
0 0 Is.

As usual, x is the standard cross product in R3. We can simplify equation

(9) into a more useful matrix equation

; ms  _mao
mq 0 Ts T mq
N — . — m m j—
m=|rmy | =| -7 0 SR mo | = A(m)-m. (10)
. mo _m
ms T T 0 ms

We see that this equation is a Lie group equation as introduced in section
4.2. We will implement the Lie Euler method, RKMK and commutator free
method for this model.
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The implementations will use arbitrary values for the inertia vector I =
[I1, I2, I3] (the diagonal of the inertia tensor I) and the initial condition my.
We choose I = [1,5,6] and mg = [0.7,0.3,0.5] and integrate over the time
interval [0, 1] with 100 steps, implying step size h = 0.01.

5.2 Lie Euler method

We begin with a method of order 1, the Lie Euler method as described in
section 4.2. This is perhaps one of the simplest Lie group methods, and
hence it is a great place to start. The single step of this method is given by
equation (4). Here h is the step size and e is the exponential map given by
the matrix exponential since SO(3) is a matrix Lie group. Since A(m,,) is a

skew-symmetric matrix we use the Rodrigues’ formula [3]

eA:[—i—SinaA—i— 1—cosaA2

(11)

« o?

where o = ||a]| = \/a% + a3 + a3 and a is the vector mapping to A through
the hat map as defined in section 3.2.

5.3 Runge-Kutta Munthe-Kaas

The next Lie group method we want to implement is the RKMK method
of order 4. This is a better method than Lie Euler. One can show that it is
defined in the following way.

Ay = hA (my,)

Ay = hA (exp <;A1> mn>
1 1
A3 = hA (exp (2A2 — g [A17A2]> . mn)

Ay = hA (exp (A3) - my,)

1 1
Mpa1 = €XpP <6 (Al + 249 +2A3 + Ay — 5 [Alv A4]>) " Mp
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[12]. Here [, -] is the Lie bracket of SO(3) or the matrix commutator as for

every matrix Lie group, h is the step size and exp is the matrix exponential.

5.4 Commutator free method

To avoid large matrix commutator calculations we implement a third method,
a commutator free method of order 4 as introduced in section 4.4. One step

of the method is given by

Mlzmn

1
Mp4+1 = €XP <12h (—Al +2A5 +2A3+ 3A4)> . mn—i—%

using the Butcher tableau in table 2. Here A; = A (M;) for every i.

5.5 Convergence orders

As we have implemented the three different methods, we want to show that
the convergence orders are as stated; 1 for Lie Euler and 4 for both RKMK

and commutator free method.

To check the orders we define an error function. This will compare the angular
momentum m of the Lie group method with a reference solution at time
T. It will apply the Lie group method with different step sizes, find the
2-norm between the end values and return a list of these errors. We use

scipy.integrate.odeint in Python to obtain a reference solution to the
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problem. To obtain good results we need a low tolerance and we use a relative

and absolute tolerance of 1072 and 107!, respectively.

We produce a loglog-plot of the convergence orders next to O(h') for i =

1,2, 3,4 to compare, and obtain the plot in figure 2.

10-5 4 —— Lie-Euler

—— RKMK /
- —e— Commutator free
2 10774 — oh
=
wi

— 0(h?)
— 0(h3)
o(h*

10-1
Step size (h)

Figure 2: Convergence orders of Lie Euler method, RKMK and commutator

free method alongside O(h?) for i = 1,2,3,4. The step sizes are chosen to be
p—11 1 1 1

57107207 407 80"
Clearly the convergence orders are as expected, seeing that the loglog-plot
of the Lie Euler method is parallel to O(h) and the loglog-plots of RKMK

and commutator free method are parrallel to O(h?).

The importance of showing the convergence orders comes from the fact that
a higher convergence order means that the error approaches zero faster as
the step size decreases. It is therefore clear that the methods of order 4
will be more useful than the Lie Euler method; they will require fewer steps
and hence converge to the solution quicker. We cannot say more about the
advantages and disadvantages of using RKMK over commutator free method
from the order of convergence, however the commutator free method is - as
the name implies - commutator free. This means that the method does not
take use of the matrix commutator, i.e. two matrix multiplications. It does

not require much extra time to compute these when we work with small
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matrices like those in SO(3), but with problems on much larger matrices it

might make a difference.

5.6 Comparison with classical integration methods

An important note on the free rigid body system is that the angular momen-
tum is conserved [3], i.e. the norm of the vector m is conserved over time.
This is valuable from a physical perspective and we will see that in this
case the Lie group integrators have an advantage over classical integration

methods.

We take the modified Euler method as an example [7]. This is an explicit

numerical method and one step is given by

h h
Yn+l = Yn + hf <tn + 57 Yn + Ef (tna yn)) :

We can can produce two plots; one to compare the norms of the Lie group
integrators and one to compare with the modified Euler method. Figure 3a

demonstrates that the norm indeed is conserved for the Lie group integrators

X Commutator free method —— Midpoint method
RKMK 0.9116 RKMK

0.94 X Lie-Euler

0.9115

0.92 g 09114
HHIOH KK IR K K XK IKIKH KK IKHIK KKK HHKK XK XK HKIKIK KK X IKHK X =

Norm

o
Z 09113
0.90

0.9112

0.88
0.9111

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time Time

(a) (b)

Figure 3: Norm of the angular momentum vector m for the free rigid body
model. (a) Shows shows the norms using Lie group integrators, while (b) com-
pares the Lie group method (RKMK) against a classical numerical method
(the modified Euler method).
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we have implemented. Furthermore, we plot the angular momentum norms
with RKMK against the modified Euler method in figure 3b, obtaining a
clear indication that the modified Euler method does not conserve angular

momentum.
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6 The heavy top

6.1 The heavy top equations

The heavy top is a rigid body moving with a fixed point under the influence
of gravity [3]. This means that we can describe the motion by the special
Euclidean group SE(3). We also mentioned in section 3 that the solution
space is se(3)*, so the work we have done in the examples will be relevant to

solve these equations and apply Lie group integrators.

From Marsden and Ratiu [3] we formulate the heavy top equations. In

our own notation, they are given by

p=pxIy4+vxex

12
v=vxI 1y (12)

where I is the inertia tensor as a 3 x 3 diagonal matrix with the inertia
elements Iy, I» and Is on the diagonal. Furthermore, ¢ is mass times the
gravitational acceleration g times the line segment of length [ connecting the
fixed point to the center of mass of the body. v is a vector pointing in the
direction from the fixed point of the heavy top to the center of mass (in
body coordinates) and x is the constant unit vector along the line segment
of length [. The solution consists of the pair (u(t),v(t)) where u(t) € so(3)*

is the angular momentum and v € R3 is a vector.

We want to use these equations to find a function f : se(3)* — se(3) in-
troduced in equation (5) in section 4.3. This can be done by using the in-
finitesimal generator, A, and calculating (&, ) = A (f (1, V))](W/). We get

the following calculation.*

(i) = M)y = Aot ), St )
= (fl(:uvy) X M+f2(M7V) X Vafl(/"y) X V)

4We remove the notation of hats since it is apparent which elements are vectors and

which are matrices.
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We substitute f and » with the equations in (12), and obtain

(13)

The inertia vector I = [I3, I5, I3], the vector x and the initial value yo
are chosen to be I = [1,5,6], x = [0,0,1] and yo = [sin1.1,0,cos1.1,1,0.2, 3]
in our implementation. Here, we represent a value y = (u,v) € se(3)* as a
6-dimensional vector such that the first and the last three elements are the
elements of the vector u and v, respectively. For simplicity we set ¢ = 1 and

integrate over the time interval [0, 1] with 100 steps.

6.2 Runge-Kutta Munthe-Kaas

We begin by implementing the RKMK method of order 4 for the heavy top
model. By section 4.3 we need to implement functions for dexpgl, fi Ay,
and exp, where ¢(t) is a curve in se(3). f is the function in equation (13),
dexp;1 is given by equation (7) and A,, is a transitive Lie group action,
chosen to be the left coadjoint action of SE(3). Then we can implement the

method given in equation (6), and one step of the algorithm is simplified to
Kl = F (07 yn)

1
Ky =F <2hK1,yn>

1
Ky =F <2hK27yn>
Ky=F (h’K?nyn)
Ay, e 1hK + 1hK + 1hK + 1hK
n = X - o o -
y+1ynP61323364
where F(¢,y) := ¢ is the vector field defined in equation (5). There is a

similar formula to the Rodrigues’ formula for calculating the exponential of
elements in se(3) [17]. Given v = (£,7) € se(3),

exp(v) = (exp(€), V)
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where

l—cosa, a-—sina;,
Ve=lt+—— it —a—¢
such that a = [|€]. exp(£) is the exponential map for elements in so(3)

defined in equation (11) of the previous section.

6.3 Commutator free method

As for the 4th order RKMK method for the heavy top, we use the vector
field F(¢,y) := ¢ and the transitive Lie group action Ay, to simplify the

commutator free method in equation (8) to the following algorithm.

Ky =yn

A1 = F(0,Ky)

Ky = Ay, <exp <;hA1)>

As = F(0, K»)

K3 =A,, <exp <;hA2)>

As = F(0, K3)

Ky = Ak, <exp (hA3 - ;hfh))
Ay = F(0,Ky)

1
yn+% = Ayn <exp <1h (3A1 + 249 +2A3 — A4)>>

2
1
Unt+1l = AynJrl (exp <h (—A1 + 249 + 2435 + 3A4))>

6.4 Convergence orders

Similar to the free rigid body model, we want to study the convergence orders
and confirm what we have previously stated. We use scipy.integrate.odeint

in Python to obtain a reference solution to the problem, with a relative and
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absolute tolerance of 10713 and 10~ respectively. By the same method as
in section 5.5, we define an error function and obtain a loglog-plot of the

error in figure 4.

Convergence orders

107t 4

= 10744
9]
10
w —— RKMK

1076 4 —e— Commutator free

s — 0O(h)
1074 — o(h?)
3
10-8 4 o(h3)

— O(h%

10-1
Step size (h)

Figure 4: Convergence order of RKMK and commutator free method along-
side O(h?) for i = 1,2,3,4. The step sizes are h = %, 1—10, 2—10, ﬁ, %.

We observe that both the convergence order of RKMK and commutator free
method is 4. However, it is also worth noting that the two methods use
a different number of exponentials. RKMK uses 4, while commutator free

method uses 5.

6.5 Comparison with classical integration methods

We choose to work with the classical modified Euler method to compare with
RKMK and commutator free method.

In the case of the heavy top equations, the angular momentum p will not
be conserved [3]. However, the Euclidean norm of the vector v is constant,
since we have that
dyo_d r T T -1
—|v||F==viv=2vr=2v"(rxI
vl =2 (v x T )
=2 x )Tt =0.
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X Commutator free
3.30 RKMK 0.000775

—— Midpoint method
RKMK

325 0.000750
0.000725
XRKHHKHK KKK K XK XK KKK KX KKK XXX XXX KKK KX XXX XXX X! g 0.000700
=}

Z 0.000675
3.10 0.000650
3.05 0.000625

0.000600

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time Time

(a) (b)

Figure 5: Norm of the vector v for the heavy top model. (a) Shows shows the
norms using the Lie group integrators RKMK and commutator free method,
while (b) compares the Lie group method RKMK against a classical numer-
ical method (the modified Euler method).

We can verify that this is true for our implementation, and figure 5 shows
the results. The figure also shows that the modified Euler method does not
conserve the vector v, meaning this method is clearly less suitable for the

problem.

Furthermore, we study the conservation of energy of the system. The Hamil-

tonian of the heavy top equations is presented in [3] and is given by

H(,LL,I/) = %<M7H_1M>+<V70X>a

where (-, -) is the standard inner product on R3. Since the Hamiltonian energy
of our system should be conserved, we plot the energy error over time by
comparing the energy at time ¢ with the energy at time { = 0. We use the
Lie group integrators RKMK and commutator free method, and compare
against each other and the classical modified Euler method. Observe the
resulting plots in figure 6. We have increased the time interval to [0, 10] with
200 steps such that the step size is h = 0.05.

The Hamiltonian energy is not conserved for any of the chosen methods, how-

ever from figure 6 it is clear that the energy error is a significantly smaller
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Figure 6: Hamiltonian energy error of the heavy top model using Lie group
integrators (RKMK and commutator free method) and the modified Euler
method. (a) shows the two Lie group integrators against each other, while

(b) shows the commutator free method against the modified Euler method.

for the Lie group integrators compared to the modified Euler method. Addi-
tionally, the figure suggests that the commutator free method is better than

RKMK, because of a smaller deviation in energy.

We can argue once again that from a physical perspective, the chosen Lie
group integrators are more reliable than the classical integration method.
This is clear since neither the vector v nor the Hamiltonian energy is con-
served by using the modified Euler method, and the energy error is unques-

tionably larger than that of the Lie group integrators.
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7 Conclusion

In this thesis we have studied some elementary material of Lie group meth-
ods and seen some applications by simulating two mechanical systems. The
theoretical material has provided a basis for understanding the Lie group
integrators. We have in particular focused on studying 4th order Runge-
Kutta Munthe-Kaas and commutator free methods, and we have briefly in-
troduced the Lie-Euler method. However, there are several methods, e.g.
Magnus methods [14] and RKMK and commutator free methods of orders
different from 4, that we have not treated in this thesis. We refer the reader

to [11, 14, 16] for further reading on these topics.

We have seen that the implementation of the two models, free rigid body
and heavy top, have favourable results by using Lie group integrators over
classical numerical methods. This is mainly because the Lie group methods
have an unquestionable smaller error in conserving the structures of the man-
ifolds, such as angular momentum and energy. Both the angular momentum
for the free rigid body and the norm of the vector v for the heavy top are
only conserved using Lie group methods as opposed to the modified Euler
method. Furthermore, the Hamiltonian energy of the heavy top system is
not completely conserved for the Lie group methods, however, compared to

the modified Euler method, the energy error is undoubtedly smaller.

The models we have presented are only two examples of mechanical sys-
tems of which we can apply Lie group integrators. In addition to SO(3) and
SE(3), the book by by Marsden and Ratiu [3] introduces several other Lie
groups that occur in mechanics, and provide short introductions to their ap-
plications. Additionally, several different rigid and multi-body systems are
presented in the book by Leok [9] (in particular in chapter 9 and 10), and we
refer the reader to this for further reading on formulations of more complex

systems.
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