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Abstract We present a new class of high-order variational integrators on Lie groups.
We show that these integrators are symplectic and momentum-preserving, can be con-
structed to be of arbitrarily high order, or can be made to converge geometrically.
Furthermore, these methods are capable of taking very large time-steps. We demon-
strate the construction of one such variational integrator for the rigid body and discuss
how this construction could be generalized to other related Lie group problems. We
close with several numerical examples which demonstrate our claims and discuss
further extensions of our work.

Keywords Symplectic integrators - Variational integrators - Lie group integrators -
Geometric numerical integration
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1 Introduction
There is a deep and elegant geometric structure underlying the dynamics of many

mechanical systems. Conserved quantities, such as the energy, momentum, and
symplectic form offer insight into this structure, and through this, we obtain an under-
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standing of the behavior of these systems that goes beyond what is conventionally
available. Conservation laws reveal much about the stability and long term behavior
of a system and can even characterize the entire dynamics of a system when a suf-
ficient number of them exist. Hence, there has been much recent interest in the field
of geometric mechanics, which seeks to understand this structure using differential
geometric and symmetry techniques.

From this geometric mechanics framework, it is possible to formulate numerical
methods which respect much of the geometry of mechanical systems. There are a vari-
ety of approaches for constructing such methods, often known as structure-preserving
methods, including projection methods, splitting methods, symplectic Runge—Kutta
methods, and B-series expansion methods. An extensive introduction can be found in
Hairer et al. [12]. One of the powerful frameworks, discrete mechanics, approaches
the construction of numerical methods by developing much of the theory of geomet-
ric mechanics from a discrete standpoint. This approach has proven highly effective
for constructing methods for problems in Hamiltonian and Lagrangian mechanics,
specifically because these type of problems arise from a variational principle. Meth-
ods that make use of a variational principle and the framework of discrete mechanics
are referred to as variational integrators, and they have many favorable geometric
properties, including conservation of the symplectic form and momentum. A com-
prehensive survey of discrete mechanics and variational integrators can be found in
Marsden and West [28].

A further advantage of variational integrators is that it is often straightforward to
analyze the error of these methods. This has led to the development of high-order
variational integrators, which can be constructed so that they converge very quickly.
In Hall and Leok [13], such integrators for vector space problems were presented
and analyzed. It was shown that such integrators can be arbitrarily high order or even
exhibit geometric convergence. Furthermore, these integrators are capable of taking
extremely large time-steps, and by using them, it is easy to reconstruct highly accurate
continuous approximations to the dynamics of the system of interest.

In this paper, we present an extension of that work to Lie group methods. Lie group
methods are of particular interest in science and engineering applications. It can be
shown that many problems of interest, from the dynamics of rigid bodies to the behavior
of incompressible fluids, evolve in Lie groups. Furthermore, if a traditional numerical
method is applied to a problem with dynamics in a Lie group, the approximate solution
will typically depart from the Lie group, destroying a critical structural property of the
solution. Our work gives a general framework for constructing methods which will
always evolve in the Lie group and which will share many of the desirable properties
of the vector space type methods. Specifically, we will be able to construct methods
of arbitrarily high order and with geometric convergence, and we will be able to
reconstruct high-quality continuous approximations from these methods.

Lie group methods have a rich history and remain the subject of significant inter-
est. An extensive introduction can be found in Iserles et al. [14], which provides an
excellent exposition of both the motivation for Lie group methods and many of the
techniques used on Lie groups. Likewise, Celledoni and Owren [8] provide a very
helpful general introduction to Lie group methods for the rigid body, which is a proto-
typical example of an interesting Lie group problem. The free rigid body is an example
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of a Lie—Poisson system, which is obtained by symmetry reduction. Lie—Poisson inte-
grators were discussed in Zhong and Marsden [40], and further developed in Channell
and Scovel [9]. A more recent perspective can be found in McLachlan and Scovel
[34], and an approach based on equivariant constraints was developed in Marsden et
al. [33]. A discrete theory of reduction in the Euler—Poincaré and Lie—Poisson setting
was introduced in Marsden et al. [30,31], and for the case of abelian Routh reduction
in Jalnapurkar et al. [15]. Additionally, the free rigid body is completely integrable,
and the question of integrable discretizations was studied in Moser and Veselov [35]
and Bobenko and Suris [1].

In this paper, we provide a thorough example of the construction of our method for
the rigid body, as this approach can easily be extended to other interesting problems.
Partitioned Runge—Kutta methods were used by Jay [16,17] to construct high-order
structure-preserving integrators that preserved holonomic constraints. Bou-Rabee and
Marsden [3] combined Lie group methods with the discrete Hamilton—Pontryagin
principle to obtain a class of high-order symplectic Lie group integrators, in partic-
ular, the variational Runge—Kutta—Munthe-Kaas and variational Crouch—Grossman
integrators, and Bogfjellmo and Marthinsen [2] developed the order theory in the
context of variational error analysis for these methods. Burnett et al. [7] introduced
a generalization of high-order Lie group discretizations to higher-order variational
problems, and applied this to interpolation in SO (3).

Galerkin variational integrators were proposed in Marsden and West [28], and
expanded on by Leok [23, Chapter 5]. The concept of a Galerkin Lie group integrator
was proposed in Leok [23, Chapter 5] and expanded in Leok and Shingel [24]. Our
work expands upon this by generalizing both the diffeomorphisms used to construct
the natural charts and the approximation spaces used to construct the curve on the
Lie group, and establishing convergence results and properties of both the discrete
solution and the continuous approximation.

1.1 Discrete Mechanics

Since we are working from the perspective of discrete mechanics, we will take a
moment to review the fundamentals of the theory here. This will only be a brief
summary, and extensive exposition of the theory can be found in Marsden and West
[28].

Consider a configuration manifold, Q, which describes the configuration of a
mechanical system at a given point in time. In discrete mechanics, the fundamen-
tal object is the discrete Lagrangian, Ly : Q x Q x R — R. The discrete Lagrangian
can be viewed as an approximation to the exact discrete Lagrangian L%, where the
L f is defined to be the action of the Lagrangian on the solution of the Euler—Lagrange
equations over a short time interval:

h
La(q0.q1.h) ~ L} (q0. 1. h) = ext /L(q,é)dt.
qeC*([0.h],0) JO
q(0)=q0,q9(h)=q1
EOE';W
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The discrete Lagrangian gives rise to a discrete action sum, which can be viewed as
an approximation to the action over a long time interval:
n—1 tn
S ({arlizy) = ZLd (Gk> Gr+1, h) %/ L(q,q)dt,

k=0 0

and requiring stationarity of this discrete action sum subject to fixed endpoint condi-
tions qo, gn, gives rise to the discrete Euler—Lagrange equations:

Di1Lg (qk, gx+1,h) + DaLg (qk—1, gk, h) =0, (1)

where D; denotes partial differentiation of a function with respect to the i-th argu-
ment. Given a point (gx—1, gx), these equations implicitly define an update map
Fr, : (qk—1,q9k) — (qk,qk+1), which approximates the solution of the Euler—
Lagrange equations for the continuous system. In particular, g; should be viewed
as an approximation of the continuous solution ¢ of the Euler—Lagrange equation at
time t; = kh, i.e., gy ~ q(kh). A numerical method which uses the update map Fy,
to construct numerical solutions to ODEs is referred to as a variational integrator.

Since variational integrators are examples of symplectic integrators, and symplectic
integrators are often used with fixed time-steps in order to achieve bounded energy
errors for exponentially long times, we will often suppress the third argument % in
the discrete Lagrangian for notational simplicity, and consider it as a function L, :
0 x Q — R. Which of these we are referring to should be clear from the context.

The power of discrete mechanics is derived from the discrete variational structure.
Since the update map F7,, is induced from a discrete analogue of the variational prin-
ciple, much of the geometric structure from continuous mechanics can be extended
to discrete mechanics. The discrete Lagrangian gives rise to discrete Legendre Trans-
forms FL* : Q x Q — T*Q:

FLY (qk. k1) = (qk+1, DaLa (qi. qis1)) -

FL; (qks qr+1) = (qr, —D1La (i, qr+1))

which lead to the extension of other classical geometric structures. It is important to
note that, while there are two different discrete Legendre transforms, (1) guarantees
that L, (qk, qe+1) = IFL}' (gx—1, qx), and thus they can be used interchangeably
when defining the discrete geometric structure. By their construction, variational inte-
grators induce a discrete symplectic form by pullback, i.e., 27, = (JFiLd)* 2 which
is conserved by the update map F Zd @, = Q,,and a discrete analogue of Noether’s
Theorem, which states that if a discrete Lagrangian is invariant under a diagonal
group action on (g, gk+1), it induces a discrete momentum map J;, = (IFL;})* J,
which is preserved under the update map: F' Z‘d Ji, = Ji,. The existence of these dis-
crete geometric conservation laws gives a systematic framework to construct powerful
numerical methods which preserve structure.

The discrete Legendre transforms also allow us to define an update map on phase
space ﬁLd :T*Q — T*Q,

Fr, (qk. po) = (Gr+1- Prr1) -
Elol:;ﬂ
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which is given by

Fr, (qr. pr) =F1 Ly ((]F_Ld)_l (qr, Pk)) ,

known as the Hamiltonian flow map. As long as the discrete Lagrangian is sufficiently
smooth, the Hamiltonian flow map and the Lagrangian flow map are compatible, and
the geometric structure of discrete flow can be understood from either perspective,
just as in the continuous theory.

The following commutative diagram illustrates the relationship between the discrete
Legendre transforms, the Lagrangian flow map, the Hamiltonian flow map, and the
discrete Lagrangian.

F

L
(Gk> pr) : (Gk+15 Pr+1)
(Gk—1,qk) (Gk> Gr+1) (Gk+1> Gr+2)
d d

A further consequence of the discrete mechanics framework is that it provides a natural
mechanism for analyzing the order of accuracy of a variational integrator. Specifically,
it can be shown that the variational integrator induced by the exact discrete Lagrangian
produces an exact sampling of the true flow. Based on this, we have the following
theorem which is critical for the error analysis of variational integrators:

Theorem 1.1 Variational Order Analysis (Theorem 2.3.1 of Marsden and West [28])
If a discrete Lagrangian L4 approximates the exact discrete Lagrangian Lf to order
p, i.e., Lg(qo,q1,h) = Lf (90, q1,h) + O (h’”‘l), then the variational integrator
induced by Lg is order p accurate.

This theorem allows for greatly simplified a priori error estimates of variational inte-
grators, and is a fundamental tool for the development and analysis of high-order
variational integrators. A refinement of this result can found in Patrick and Cuell [37].

2 Construction
2.1 General Galerkin Variational Integrators

Lie group Galerkin variational integrators are an extension of Galerkin variational
integrators to Lie groups. As such, we will briefly review the construction of general
Galerkin variational integrators.

The driving idea behind Galerkin variational integrators is to approach the construc-
tion of a discrete Lagrangian as the approximation of a variational problem. We know
from discrete mechanics that the exact discrete Lagrangian L 5 0 X 0O xR—>R,

FoE'ﬂ
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h

L% (qo.q1.h) = ext /L(q,cndr,
qeC?([0,h1,0) Jo
q(0)=q0,q(M)=q

induces a variational integrator that produces an exact sampling of the true flow, and the
accuracy with which a variational integrator approximates the true solution is the same
as the accuracy to which the discrete Lagrangian used to construct it approximates the
exact discrete Lagrangian. Hence, to construct a highly accurate discrete Lagrangian,
we construct a discrete approximation

m
LS (q0.q1.h) = L, h Y biL (qn (cjh) . Gn (cjh))
00 (0)=q0,qn (=g =]

h

~ ext / L(q,q)dt
qeC*([0,h],0) JO
q(0)=q0.q(h)=q

by replacing the function space C? ([0, k], Q) with a finite-dimensional sub-
space M" ([0, h], Q) C C?([0,h], Q) and the integral with a quadrature rule,
h Z’}’: b f (c jh) ~ foh fdt (where g, () is a curve through the configuration space
Q that is also an element of the finite-dimensional approximation space). Finding the
extremizer of the discrete action is a tractable numerical problem, and by computing
this extremizer we can construct the variational integrator that results from the discrete
Lagrangian. Because this approach of replacing the function space C? ([0, i], Q) with
a finite-dimensional subspace is inspired by Galerkin methods for partial differential
equations, we refer to variational integrators constructed in this way as Galerkin vari-
ational integrators.

In Hall and Leok [13], we studied Galerkin variational integrators on linear spaces.
Specifically, we obtained several significant results, including that Galerkin variational
integrators for linear spaces can be constructed to be of arbitrarily high order, and that
by enriching the function space M" ([0, /], Q), as opposed to shortening the time-step
h, we can construct variational integrators that converge geometrically. Furthermore,
we established that it is easy to recover a continuous approximation to the trajectory
over the time interval [0, /], and that the convergence of this continuous approximation
isrelated to the rate of convergence of the variational integrator. Finally, we established
an error bound on Noether quantities evaluated on this continuous approximation
which is independent of the number of steps taken.

2.2 Lie Group Galerkin Variational Integrators

The construction and analysis in Hall and Leok [13] relied on the linear structure of the
spaces involved. At their heart, Galerkin variational integrators make use of a Galerkin
curve

n
Gn ()= _q'¢i (1)
i=0
Elol:;ﬂ
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for some set of points {q } _o € O and basis functions i}l C C? ([0, 1], R).

While for linear spaces, g, () € Q for any choice of 7, in nonlinear spaces this will not
be the case. However, when Q is a Lie group, it is possible to extend this construction
in a way that keeps the curve g, (f) in Q.

2.2.1 Natural Charts

To generalize Galerkin variational integrators to Lie groups, we will make use of the
linear nature of the Lie algebra associated with the Lie group. Specifically, given a Lie
group G and its associated Lie algebra g, we choose a local diffeomorphism @ : g —
G. Then, given a set of points in the Lie group {g;}/_; C G and a set of associated
interpolation times #;, we can construct an interpolating curve g : G x R — G such

that g ({gi}"_, . #i) = &, given by

g (il 1) = Lg <1>(Zd> (L, lgl-)¢>i(r)),

where L is the left group action of g and ¢; () is the Lagrange interpolation poly-
nomial for #;. This type of curve is Lie group equivariant, thatis, g ({Lggi}/_, . 1) =
L;g ({giY)_, . 1) forany g € G, as we shall show in the following lemma.

Lemma 2.1 The curve g ({g,-}?zo , t) is Lie group equivariant.

Proof The proof is a direct calculation.

N

8 ({ngi} ) l) = LLégOCD( o! (L(Lg,go)fng’gi) b (t))
= LELgod)( o (nglLé”ngi) o (l))

=Lng0q>( O~ (Lygi) (t))
i=0

=L; g({gl}—()al)'

(=)

=

0

s |l

O

This property will be important for ensuring that the Lie group Galerkin discrete
Lagrangian inherits the symmetries of the continuous Lagrangian; these inherited
symmetries give rise to the structure-preserving properties of the resulting variational
integrator.

Throughout this paper, we will consider the function spaces composed of curves of

this form. We note that &' (Lgalgi) € g,andforany & € g, Ly ® (§) € G, so we

can construct interpolation curves on the group in terms of interpolation curves in the
Lie algebra. In light of this, we define

FoE'ﬂ
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GM" (go x [0, 1], G)
=) (€] ) = o (Zem) ¢ o]
i=1

where {¢; (1)}, forms the basis for a finite-dimensional approximation space in R,
for example, Lagrange interpolation polynomials, which is what we will use in our
explicit construction in Sect. 4 and numerical examples in Sect. 5. We refer to the
space of finite-dimensional curves in the Lie algebra as

EN) =) E¢pi1),¢& eg,qsi:[o,h]»R].

i=1

M” ([0, h]. 9) = [5 ()

Because we are identifying every point in a neighborhood of the Lie group with a
pointin the Lie algebra, which is a vector space, it is natural to think of this construction
as choosing a set of coordinates for a neighborhood in the Lie group. Thus, we can
consider this construction as choosing a chart for a neighborhood of the Lie group,
and because it makes use of the “natural” relationship between the Lie group G,
its Lie algebra g, and the tangent space of the Lie group 7T G, we call the function

20 : G = g, ¢g () = P! (Lgo_| (~)) a “natural chart.”

2.2.2 Discrete Lagrangian

Now that we have introduced a Lie group approximation space, we can define a
compatible discrete Lagrangian for Lie group problems. We take a similar approach
to the construction for vector spaces; we construct an approximation to the action
of the Lagrangian over [0, &] by replacing C? ([0, k], G) with a finite-dimensional
approximation space and the integral with a quadrature rule, and then compute its
extremizer. Specifically, given a Lagrangian on the tangent space of a Lie group L :
TG — R, the associated Lie group Galerkin discrete Lagrangian is defined to be:

La (8k: gk+1,h) = ext h > biL (gn(cjh),&n(cjh)).
s fr gn€GM (g x[0.41.G) Z i (e ejh) & (esh))

8n(0)=8k.gn(h)=gxk+1

2.2.3 Internal Stage Discrete Euler—Lagrange Equations

This discrete Lagrangian involves solving an optimization problem, namely: find
gn (1) € GM" (gx x [0, k], G) such that g, (0) = gk, & () = gk+1, and

th L (2 (cjh) . & (cjh))—gneGMn&itXOh G)th L (2u (cjh) . & (c;h)).
g (O)=gr.gn(=ger1 7=

)
Fo C 'ﬂ
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While this problem can be solved using standard methods of numerical optimization,
it is also possible to reduce it to a root-finding problem. Since each curve g, (1) €
GM" (go x [0, 2], G) is parametrized by a finite number of Lie algebra points {£'}!_,
by taking discrete variations of the discrete Lagrangian with respect to these points,
we can derive stationarity conditions for the extremizer. Specifically, if we denote

E(0) =D E¢i ()

i=1

and take D, f to denote the differential of a map f at the point p, with the short hand
of

DL (x,y) =D,L (x), considering the Lagrangian as just
a function of its first argument

D> L (x,y) =D,L (y), considering the Lagrangian as just
a function of its second argument

then a straightforward computation reveals the stationarity condition:

h ij (DlL OD(D(S(C_,-h))Lgk ODs(th)qD o (ZDS,E (th) . (Sé"i)
Jj=1 i=1

+Ds2L o D(@og(cj-h),DE-(cjh) <I>oé(c,-h)) qug(c,-h) Lg o D(S(th),é(c‘jh)) P

o(éngié (cjh) - as")) =0

for arbitrary {8$i }:.':1. Using standard calculus of variations arguments, this reduces
to

R b (DlL 0 Doy e (e;n) L © D (e @ 0 Deif (¢jh) - 8"

.
I

D Doos (. L
(cpoé(c-fh)’Dé(cjh)q’°é(th)) ok (cjh) 8k

© Die(c h) ey @ © Der (cjh) -5) = 0
fori =2,...,n — 1 (note that the sum of the Lie algebra elements has disappeared).

Now using the linearity of one-forms, we can collect terms to further simplify this
expression to

FoC'T
H_h
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n> b ([DlL 0 Day(e (e, Lise © De(e,n ® 0 Deik (c;h)
j=1

+D2LOD(

. Dooe(e.my L
q:’oé(c.ih)’Dé(L.jh)@oé(c_;h)) Pok (cjh) ™8k

OD(E(th)’é(th))CD ODgié (th)] . 8%_1) =0

fori =2,...,n— 1. Since 85[ is arbitrary, this implies that

h ij (DlL °D<D(S(th))Lgk ODE(th)CD oD;i§ (th) .

j=1
+DyLoD . Doe(o L
(CDOS(L‘jh),Dé(th) @oéf(cjh)) Do (cjh) ™8k
oD (e ;) (ejmy) ® o Deié (th)) =0 3)
fori = 2,...,n — 1. These equations, which we shall refer to as the internal stage

discrete Euler—Lagrange equations, combined with the standard momentum matching
condition,

DyLg (8k—1, 8k) + D1Lg (8k, 8k+1) =0, @

which we will discuss in more detail in the Sect. 2.2.4, can be easily solved with an
iterative nonlinear equation solver. The result is a curve g, (¢) which satisfies condition
(2). The next step of the one-step map is given by g, (h) = gx+1, which gives the
variational integrator.

It should be noted that while the internal stage discrete Euler—Lagrange equations
can be computed by deriving all of the various differentials in the chosen coordinates,
it is often much simpler to form the discrete action

sa(fg'}_)=" éb,-L (Lgk ©(§ &' (th)) 7% (Lgk ® (é &gy (th))))

explicitly and then compute the stationarity conditions directly in coordinates, rather
than a step-by-step computation of the different maps in (3). This is the approach we
take when deriving the integrator for the rigid body in Sect. 4, and it appears to be the
much simpler approach in this case. However, the two approaches are equivalent, so if
done carefully either will suffice to give the internal stage Euler—Lagrange equations.

2.2.4 Momentum Matching Condition

A difficulty in the derivation of the discrete Euler—Lagrange equations is the compu-
tation of the discrete momentum terms

Prit+1 = —DiLa (8, 8k+1)
Elol:;ﬂ
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Pi_ix = DaLa (k1. &)

which are used in the discrete Euler-Lagrange equations (4),
DiLa (8k; 8k+1) + D2La (8k—1, 8x) =0

or

+ _ p—
Prk—1k = Pk k+1-

The difficulty arises because the discrete Lagrangian makes use of a local left trivial-
ization. Through the local charts, we reduce the discrete Lagrangian to a function of
algebra elements, and because the corresponding group elements are recovered through
a complicated computation, working with the group elements directly to compute the
discrete Euler—Lagrange equations is difficult. Because of this, to compute the discrete
Euler-Lagrange equations, it is more natural to think of the discrete Lagrangian as a
function of two Lie algebra elements. If we define a discrete Lagrangian on the Lie
algebraI:d cgxgxh—Ras

La (&, &1, h) = ext
gn€GM" (g x[0,1],G)
@*'(Lg_lgn<0>)=sk,<l>*l(L _.gn<h))=sk+1
k 8k

) ib,»L (80 (c50) . (c;))

and compare it to the discrete Lagrangian on the Lie group,

m
La (8k, g1, h) = et o h beL (gn (cjh) , &n (cjh))
2n(0)=g.gu(M=gxs1 =)

it can be seen that there is a simple one-to-one correspondence through the
natural charts between points in G x G and points in g x g, and that if

(<I>—l (Lgk—lgo) ol (Lgk—lgl)) — (£0. £1). then

L (80.81) = La (0. 51) -
Hence, for every sequence {gk},](\’: |» there exists a unique sequence {gk}{.V: | such that

N-1

N-1
La (8> gkv1) = D La (& &x41), (&)
k=1 k=1

and vice versa. Thus, we can find the sequence {gk}f{v:1 that makes the sum on the

left-hand side of (5) stationary by finding the sequence {Ek},ivzl that makes the sum on
the right-hand side of (5) stationary.

EOE';W
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It can easily be seen that the stationarity condition of the action sum on the right is
DyLa (€1, &) + DiLa (&, &s1) = 0. ©)

However, from the definition of I:d, this implicitly assumes that (&;_1, &) and
(&k, &k+1) are in the same natural chart. Unfortunately, in our construction (§x_1, &)
and (&, &+1) are in different natural charts. This is because the construction of the
Lie group interpolating curve

g(1) =Lg,® (Z £l (r))
i=1

requires the choice of a base point for the natural chart gg € G. If a consistent
choice of base point was made for each time-step, then the above equations could be
directly computed without difficulty. However, because many natural chart functions
contain coordinate singularities, our construction uses a different base point, and thus
a different natural chart, at each time-step. Specifically, on the interval [kh, (k 4 1)h],
we choose gg = gi and define

g(1)=Lg® (Z £l (r)).
i=1

Thus

g(W)=Lg @D & 16 (1) |1 €[tk —1)h, kh]
j=1

g(N)="Lg® | D &¢i ()| 1 €lkh, (k+1)h],
j=1

where we now denote internal stage points E,i with the subscript k to denote in which
interval they occur. While the change in natural chart is expedient for the construction,
it creates a difficulty for the computation of the discrete Euler—Lagrange equations, in
that now we are using discrete Lagrangians with different natural charts for the differ-
ent time-steps, and hence we cannot compute the discrete Euler—Lagrange equations
using (6). This problem can be resolved by expressing g (¢), and hence (&;_1, &) and
(&k, &k+1), in the same natural chart for ¢ € [(k — 1) h, (k + 1) h]. Rewriting

gn(t) =Ly ® (Z £l <t))

i=1

= Lgklcb(qu (Lgk_lngch(Z El i (t)))),t € [kh, (k + 1) h],
i=1

FolCT
s
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(note that g, (¢) is still in GM" (g¢ x [0, k], G)), and defining

NOES 3 (Lg,:. Lo® (Z Ecdi (r))) = (Lq>(sk)<1> (Z Eii (r)))
i=1 i=1

we can reexpress the discrete Lagrangian as

Lag Cuies A1) = ext
gn€GM" (g x[0,1],G)

c1>*‘(Lg_1 gn(O))=xk,<D*1(L 1 gn<h))=xk+1
k—1 8k—1
m
hD biL (g (cjh), &n (cjh))-
j=1
Note that if Lg, P (Ak) = Lg, @ (&) and Lg, |, ® (Ag41) = Lg, P (§k+1) that

La (&, &k+1) = La v, A1) -

Furthermore, (Ak, Ar+1) are in the same chart as (&§;_1, &), and hence the discrete
Euler—Lagrange equations are

DyLg (8—1, &) + D1Lg (ur, Ay1) = 0.

It remains to compute A as a function of &. If we consider the definition of A (¢), then
n
A=A (0) =D (Lq;osk)d) (Z Elpi (0)))
i=1

b= 07" (L1800) = 7 (Lo ® (). ™)

and

This is simply a change of coordinates, and hence computing the discrete Euler
Lagrange equations amounts to using the change of coordinates map to transform
the algebra elements into the same chart. Thus,

Dol ey ) = 22
2La (§k—1, &) = —
0&k
~ 0Ly 0%
DL (A, A = — 8
1La (A, Akg1) 05, Iht ()

where (7) can be used to compute %. An explicit example is presented in section
Sect. 4.
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There are several features of this computation that should be noted. First, since
we are considering specific choices of natural charts, we may think of & and A4 as
corresponding to a specific coordinate choice, and hence it is natural to use standard
partial derivatives as opposed to coordinate-free notation. Second, because 1y is a
function of &, which is in turn a function of S,i, this is still a root-finding problem
over é,i and hence may be solved concurrently with the internal stage Euler—Lagrange
equations (3).

3 Convergence

Thus far, we have discussed the construction of Lie group Galerkin variational
integrators—now we will prove several theorems related to their convergence. Unlike
traditional numerical methods for differential equations, we will achieve convergence
in two distinct ways.

(1) h-refinement Shortening of the time-step 4 while holding the dimension of the
function space GM" (gg x [0, k], G) constant, which we refer to as h-refinement.
In practice, we refer to methods that achieve convergence through A-refinement as
Lie group Galerkin variational integrators, after the framework used to construct
them.

(2) n-refinement Increasing the dimension of the function space GM" (gg x [0, 2], G)
while holding the time-step & constant. Because enriching GM" (go x [0, &], G)
involves increasing the number of basis functions, and hence the value of n, we
refer to this as n-refinement. Because this approach of enriching the function
space is inspired by classical spectral methods, as in Trefethen [38], when we use
n-refinement to achieve convergence we will refer to the resulting method as a
Lie group spectral variational integrator.

3.1 Geometric and High-Order Convergence

Naturally, the goal of applying the spectral paradigm to the construction of Galerkin
variational integrators is to construct methods which achieve geometric convergence.
In this section, we will prove that under certain assumptions about the behavior of the
Lagrangian and the approximation space, Lie group spectral variational integrators
achieve geometric convergence. Additionally, the argument that establishes geometric
convergence can be easily modified to show that arbitrarily high-order Lie group
Galerkin integrators can be constructed.

The proof of the rate of convergence Galerkin Lie group variational integrators is
superficially similar to the proof of the rate of convergence of Galerkin variational
integrators, which was established in [13]. The specific major difference is the need
to quantify the error between two different curves on the Lie group. Unlike a normed
vector space, where the error can be quantified by taking the difference between the
exact solution and the approximate solution, there may not be a simple method of
quantifying the error of an approximate solution that evolves in a Lie group. For the
moment, we will avoid this difficulty by assuming that the error between two curves
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that share a common point in a Lie group can be bounded by the error between curves
in the Lie algebra. Since Lie algebras are vector spaces, the error between a curve
through the Lie algebra and an approximation to that curve can be measured by taking
the difference between the two curves and using a norm induced by an appropriate
metric.

With this requirement in mind, we define the “natural chart conditioning” assump-
tion. Given placeholder functions (for practical applications, these functions should
be chosen appropriately for the specific problem):

(1) eg (-, ), which measures the error between two curves through the Lie group,
(2) eq4 (-, -), which measures the error between two curves through the tangent bundle
of the Lie group,

we define the natural chart conditioning assumption as follows

1

eg (Lgy® (5 (1), Lgy® (1 (1)) < Cg (& (1) = n (1), & (1) —n(1))2 C))
1
2

d d . .
€a (aLgofb € @), 7 Lea® (t))) < Cglg® —n®.&@®) — @)

+CSED —n @) .6 — 1)) (10)

where (-, -) is a Riemannian metric on the Lie algebra. This essentially states that the
error between two curves in the Lie group is bounded by the error of those curves
when reduced to curves in the Lie algebra.

While the length of the geodesic curve that connects Lg, @ (§) and Ly, @ () is an
obvious choice for the error function eg (-, -), it is important to note that there are other
valid choices. This will greatly simplify error calculations; for example, in Sect. 4 we
choose the error function to be the matrix two-norm, ||-||,, which is quickly and easily
computed and will obey this inequality for the Riemannian metric we use.

3.1.1 Arbitrarily High-Order Convergence

We will begin by proving that Lie group Galerkin variational integrators can be con-
structed that are of arbitrarily high order. The proof that follows is involved and may
be daunting at first glance, so we provide a general qualitative outline of it here to
guide the interested reader.

We begin by making several key assumptions about the properties of the Lagrangian,
approximation space, and choice of error functions. Specifically, we assume

(1) Sufficiently short evolution the exact solution over the given time interval is con-
tained within the range of the natural chart function,

(2) High-quality approximation space there exists a high-order approximation to
the true solution in the approximation space (we may not be able to compute
it explicitly—it just must exist theoretically),

(3) Regular Lagrangian the Lagrangian is sufficiently smooth,

(4) Well-conditioned natural chart the natural chart is well conditioned, as discussed
in (9) and (10),
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(5) Quadrature accuracy the quadrature rule we choose to construct the integrator is
sufficiently accurate,

(6) Minimizing stationary points the stationary points of both the discrete action
(used to construct the variational integrator) and the exact action (used to define
the equations of motion), are minimizers.

Using these assumptions, we establish convergence by computing the error between
the discrete Galerkin discrete Lagrangian used to construct our methods and the exact
discrete Lagrangian. We do this by

(1) Bounding the difference between the exact action evaluated on the theoretical
high-order approximation and the exact solution Using our assumption about the
regularity of the Lagrangian to bound the difference between the value of the exact
action evaluated on the exact solution and the value of the exact action evaluated
on the theoretical high-order solution in the approximation space,

(2) Bounding the difference between the approximate action on the theoretical high-
order approximation and the computable Galerkin approximation Using our
assumption that the stationary point of the approximate action is a minimizer to
bound the difference between the value of the approximate action on the Galerkin
approximation and the value of the approximate action on the theoretical high-
order approximation,

(3) Bounding the difference between the approximate action and exact action on
the theoretical high-order approximation Using our assumption on the accuracy
of the quadrature rule to bound the difference between the exact action and the
approximate action on the theoretical high-order approximation,

(4) Combining the bounds Using the three bounds to bound the difference between
the Galerkin discrete Lagrangian and the exact discrete Lagrangian.

Since Theorem 1.1 establishes a bound on the error of the one-step map from the error
of the discrete Lagrangian, the error between the discrete Galerkin Lagrangian and
the exact discrete Lagrangian can be used to establish error bounds for the resulting
numerical method.

The careful reader will note that we have made a slight abuse of notation; in Sect. 2,
we used n to denote the number of basis points used to construct our interpolation
functions, while in the proofs that follow, we use n as a parameter to bound the error
of approximations in the chosen approximation space. While these two values are not
necessarily the same, in practice the bound on the error of the approximations in the
approximation space is related to the number of basis points used to construct the
approximation space. We will be careful to point out where they are different in our
numerical examples.

Theorem 3.1 Given an interval [0, h], and a Lagrangian L : TG — R, suppose that
g (¢) solves the Euler—Lagrange equations on that interval exactly. Furthermore, sup-
pose that the exact solution g (t) falls within the range of the natural chart (sufficiently
short evolution), that is:

g(t) = Lg @ (17 (1))
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for some 71 (t) € C? ([0, h], g). For the function space GM" (go x [0, h], G) and the
quadrature rule G, define the Galerkin discrete Lagrangian Lg (g0, g1) — Ras

m
LY (g0, 21, h) = By biL h), én(cih
4 (80, &1, h) e oo > biL (gn (cjh) . n (cjh))
e (O)=go.gn(h=g1  I=!

=1 > biL (& (cjh) . &n (c;h)) (1)
h=1

where g, () is the extremizing curve in GM" (go x [0, h], G). If:

(1) (High-quality approximation space) there exists an approximation 7, €
M" ([0, k], g) such that,

(70) = i (1) .71 (6) — fin ()7 < Cal"

=

(i 0 =it @), ) = 0 O] < Co”,

for some constants C4 > 0 and Cg > 0 independent of h,
(2) (Regular Lagrangian) the Lagrangian L is Lipschitz in the chosen norms in both
its arguments, that is:

IL (g1, 81) — L (82, §2)| < La (e (g1, 82) + €a (81, §2)) »

(3) (Well-conditioned natural chart) the chart function ® is well conditioned in
eg (-,+) and eq (-, ), that is (9) and (10) hold,
(4) (Quadrature accuracy) for the quadrature rule G (f) = h 3./ b; f (cjh) =

foh f(t) dt, there exists a constant Cy > 0 such that,

h m
‘/O L (gn (1) . &n () dt — 1> biL (gu (ch) . & (cjh))| < Coh"™*!
j=1

forany gn (t) = Lg,® (§ (t)) where § € M" ([0, h], g),
(5) (Minimizing stationary points) the stationary points of the discrete action and
the continuous action are minimizers,

then the variational integrator induced by Lg (g0, g1) has error O (h"“).

Proof We begin by rewriting the exact discrete Lagrangian and the Galerkin discrete
Lagrangian:
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~

5 (0. 81,0 = LS (0. 81.1)|
h m )
_ /0 L (2 &) dt 1> biL (& (ch)  dn (c5m))|
j=1

where we have introduced g, (¢), which is the stationary point of the local Galerkin
action (11). We begin by bounding the difference between the action evaluated on
the exact solution, which is another expression of the exact discrete Lagrangian, and
the action evaluated on the theoretical high-order approximation to the exact solution,
step 1 of our qualitative outline. We introduce the theoretical high-order solution in

the approximation space, which takes the form g, (t) = Lg, ® (7, ()), and compare
the action evaluated on the exact solution to the action evaluated on this solution:

h h . h . .
[ r@aa- ["o(amd)a=| [ L@8 -1 (omb)a
0 0 0
h . .
< / 2(2.8) — L (80 &)
0
Now, we use the Lipschitz assumption (assumption 2) to establish the bound
h . .
/0 ‘L (g,g)—L(gn,gn)
h L.
= / Ly (eg (é;’ gn) +eq (é, gn)) dt
0
h
= /0 Ly (eg (Lgk(b @@, Lgkd> (nn))

tea (Dd><ﬁ)Lgo D;® (i), Do(4,) Lgo s, @ (nl))) dr.

dr.

dt

Next, we use the chart conditioning assumptions (assumption 3) to establish the bound

[ |68 (6 i)

< /Oh Lo (CoCa" + CqCal" + CGCaR") d
= Lo ((Co +CF) Ca+ CoCa) W™+

This establishes a bound between the exact action evaluated on the true solution (which

yields the exact discrete Lagrangian) and the theoretical high-order approximation in

the approximation space, g,. Next, we move on to step 2, step 3, and step 4 of our proof,

establishing a bound between the approximate action evaluated on our computable
Elo [y
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Galerkin approximation and the high-order approximation, computing a bound on
the difference between the approximate action and the exact action evaluated on the
theoretical high-order approximation, and then using these bounds to compute a bound
on the error of the discrete Lagrangian. Considering the Galerkin discrete action,

m m
B biL G i) < h > biL (8 )
j=1

j=1
h .
S / L (gnv gn) dt + Cghn+1
0
h .
< / L(2.8)d+Coh™ Ly ((Co+CY ) CatCoCar) ™!
0
(12)
where we have used the assumption that the Galerkin approximation g, minimizes
the Galerkin discrete action (assumption 5) and the assumption on the accuracy of the

quadrature (assumption 4). Now, using the fact that g (#) minimizes the action and that
GM" (g x [0, h], G) C C% ([0, h], G) (assumption 5 again),

h ibjL (é'n, §n) > /Oh L (gn, §n) dr — Cgh!
=1

h
> / LG 3)di — Coh"™! (13)
0

Combining inequalities (12) and (13), we see that,

h m .
/O L(3.8)dt — Coh"™' <h> biL (g,,,gn)
j=1

h
< / L (2 8)dt + Coh"™ + Ly, ((CG + cg) Ca+ cgcg) P+l
0

which implies

/0’1 L(z.8)di—h iL (gn, g%n) < (cg+L0, ((CG n cg) Ca+ Cgcm)) ey

j=1
(14)
The left-hand side of (14) is exactly |L5 (go. g1.7) — LS (g0, g1, h)|, and thus
L] (g0, 81.h) — LT (g0. 81, h)| < Coph™*!
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where
Cop=Cy +La ((Co +C§) Ca + CyCar)

This states that the Galerkin discrete Lagrangian approximates the exact discrete
Lagrangian with error O (h”“), and by Theorem (1.1) this further implies that the

Lagrangian update map, and hence the Lie group Galerkin variational integrator has
error O (h"*1). i

3.1.2 Geometric Convergence

Under similar assumptions, we can demonstrate that Lie group spectral variational
integrators will converge geometrically with n-refinement, that is, enrichment of the
function space GM" (go x [0, 2], G) as opposed to the shortening of the time-step
h. The fundamental assumptions and technique of the proof is essentially the same
as the proof of arbitrarily high-order convergence: assuming that the Lagrangian is
sufficiently regular, that the approximation space and the quadrature rule are suffi-
ciently accurate, that the natural chart is well conditioned and that the exact solution
of the system does not exceed the range of the natural chart, the curve that results
from solving the discrete Euler-Lagrange equations will converge geometrically as
the dimension of the approximation space is increased. A notable difference between
the statement of the previous theorem and this one is that the order of the quadra-
ture rule must be increased along with the dimension of the approximation space in
order to achieve convergence—this is because once the approximation space becomes
sufficiently accurate, it is the order of the quadrature rule that introduces the most
significant source of error, and only by increasing the order of the quadrature rule can
one achieve the desired rate of convergence.

Theorem 3.2 Given an interval [0, h], and a Lagrangian L : TG — R, suppose that
g (¢) solves the Euler—Lagrange equations on that interval exactly. Furthermore, sup-
pose that the exact solution g (t) falls within the range of the natural chart (sufficiently
short evolution), that is:

g (1) = Lg® ()

for some ij € C% ([0, h], g). For the function space M" ([0, h], g) and the quadrature
rule G, define the Galerkin discrete Lagrangian Lg (g0, g1) — Ras

m

LG h) = h L ih), g ih
Jeogm= et D biL (g (cjh) . &n (cjh))
8n(0)=g0,8n (M=g1

=1 > biL (8 (eh) - (cih)) (15)
h=1

J=1

where g, (t) is the extremizing curve in GM" (go x [0, h], G). If:
Elol:;ﬂ
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(1) (High-quality approximation space) there exists an approximation 7, €
M" ([0, k], g) such that,

for some constants C4 > 0 and Cy > 0,0 < K4 < 1 independent of n,
(2) (Regular Lagrangian) the Lagrangian L is Lipschitz in the chosen error norm in
both its arguments, that is:

IL (g1, 81) — L (g2, 82)| < La (€ (81, 82) + €a (81, &2))

(3) (Well-conditioned natural chart) the chart function ® is well conditioned in
eg (-,-) and ey (-, -), that is (9) and (10) hold,

(4) (Quadrature accuracy)there exists a sequence of quadrature rules {G,}° |,
G, (f) = hz;'.zlbnjf (cnjh) ~ foh f () dt, and there exists a constant
0 < K¢ < 1 independent of n such that,

h m
/0 L (gn (1), én () dt —h D" b;L (gn (cjh) , &n (cjh))| < CoK,,
j=1

forany g, (t) = Lg,® (§ (t)) where § € M" ([0, h], g),
(5) (Minimizing stationary points) the stationary points of the discrete action and
the continuous action are minimizers,

then the variational integrator induced by Lg (g0, g1) has error O (K™).

The proof for this theorem is very similar to that for Theorem 3.1, using the modified
assumptions in the obvious way. It would be tedious to repeat it here, but it has been
included in the “Appendix” for completeness.

These proofs may seem quite strong in their assumptions. However, many of the
assumptions can be viewed as design guidelines for constructing an integrator: In order
to achieve high-order or geometric convergence with a Lie group Galerkin variational
integrator, one must be careful when selecting the approximation space, quadrature
rule, and natural chart used in its construction. As we shall see in Sect. 4, there are
many reasonable choices of function spaces, natural chart functions, quadrature rules
and error norms such that the assumptions are satisfied. The more difficult assumption
is the minimizers assumption, that the stationary points of both the discrete and exact
actions are minimizers. While this may not hold in general, we will show here that
for a large class of Lagrangians of interest, this assumption holds. We will specifically
examine Lagrangians over SO (3) of the form:

L(RR)=tr (RTRJdRTR) —V(R), (16)
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where R € SO (3), which is the rigid body under the influence of a potential. We
will show that for Lie group Galerkin variational integrators, stationary points of
the discrete action are minimizers under a certain time-step restriction. In addition,
in Sect. 4 we will give a specific construction of a Lie group Galerkin variational
integrator for this type of problem, and demonstrate the expected convergence on
several example problems.

3.2 Stationary Points are Minimizers

A major assumption in both Theorem 3.1 and Theorem 3.2 is that the stationary point
of the discrete action is a minimizer. While in general this may not hold, we can show
that given a time-step restriction on /, that this condition holds for problems on SO (3)
for Lagrangians of the form

L(R.R)=tr (RTRJdRTR) —V(R).

This includes a broad range of problems. Furthermore, we establish a similar result
for problems in vector space in Hall and Leok [13], and it may be possible to combine
these two results to include a large class of problems, including those that evolve on
the special Euclidean group SE (3) = R3 x SO (3).

Again, the proof of the following lemma may seem daunting at first glance. This
is due the to fact that the Lagrangian maps curves in the tangent bundle of the Lie
group to the real numbers, and hence in order to exploit the vector space structure of
the Lie algebra, we must apply a mapping from the Lie algebra into the Lie group.
This mapping adds necessary complication; however, behind this complication is a
relatively straightforward idea: When the time-step is sufficiently short, the action of
the Lagrangian (16) can be approximated by the difference of between the integral
of a quadratic form on a curve through R? and the integral of a quadratic form on its
derivative. Since both quadratic forms are positive-definite, we can make use of the
Poincaré inequality to show that the integral of the quadratic form on the derivative
dominates the integral quadratic form on the curve itself, and this results in their
difference being strictly increasing around the stationary point, which implies the
stationary point is a minimizer.

Furthermore, since we are examining the stationary points on functionals that map
sufficiently smooth curves to the reals, we must appeal to functional analysis to provide
the machinery to complete the proof. This means that where finite-dimensional analysis
might use the standard gradient or Hessian, we make use of the first and second Frechet
derivative in order to extend the arguments about minimization. However, the overall
idea remains the same—in a broad sense, we are simply demonstrating that the integral
of one quadratic form dominates another.

Lemma 3.1 Consider a Lagrangian on SO (3) of the form
L(R R)=1r (RTRJdRTR) —V(R),
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where R € SO (3) and Jy is a diagonal matrix with j;; > 0foralli, and V is a smooth
function on SO (3). If a Lie group Galerkin variational integrator is constructed with
{¢i}!_, forming the basis for polynomials of degree n+ 1 and the quadrature rule is of
order at least 2n + 2, then the stationary points of the discrete action are minimizers.

Proof We begin by noting that we can identify every element of so (3), the Lie algebra
associated with SO (3), with an element of R3 using the hat map ~ : R3 = 50 (3),

a 0 —c b
bl=| ¢ 0 —-al. (17)
c —b a O

Hence, it is natural to consider the discrete action as a function on H'! ([0, hl, R3),
m

5460 £0) =2 L (L (E o). g La® (E n)).

where & (t) € H'! ([0, hl, R3). Let é (1) be the stationary point of Sy in the space

{ewig@en (10.01.7) 60 = 0.6 =],

which is exactly the type of space we seek to extremize the action over when con-
structing our discrete Lagrangian. Now, consider a perturbation to £ (1) in this space,
é‘ (t) + 6& (¢). Since é () is the extremizer over curves & () subject to the constraints
E(0) = &, £ (h) = &1, we know §& (0) = 0 and 8¢ (h) = 0, but it is otherwise arbi-
trary. Hence, we consider an arbitrary perturbation 6§ (¢) € H& ([0, hl, R3). Since Sy
is a function on H' ([0, 1], R?), we can Taylor expand around the stationary point:

Sa (§ -+ & +08) =54 (£.€) + DSy (£.€) [ (55, 88)]
1 . .
+ 5 D7Sa i) [ (6. 88)] [(55. 84) ]
where 1 (t) = A (1) & (t) + (1 — A (¢)) §& (¢) for some A () : [0, ] — [0, 1] and
DSy, D*S, are the first and second Frechet derivative of Sy, respectively. One can

think of the curve 1 () as being the infinite-dimensional analogue to the intermediate
point in the remainder of the familiar finite-dimensional Taylor theorem. Thus

S (E+ 06,6 +0¢) -5y (.6) = DSy (£.£) [ (56, )]
1 : .
+ 50784 (n. i) [ (85, 68)] [(55. 64)] .
Now, note that

DS, (£.€) (s, 56)] =
FoE'ﬂ
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for arbitrary §& (¢) is exactly the stationarity conditions for the internal stage dis-
crete Euler—Lagrange equations, and thus the first Frechet derivative vanishes at the
stationary point. Therefore,

v 3 . v ¥ 1 . .
Sa (§+86.& +88) =84 (§.8) = D?Sa (.7 [(55. 68)] [ (55, ).

We will examine D?S,. The second Frechet derivative of the discrete action is given
by

DS (§.€) [(86a, 88) | [(55s. 88) ] = h ibJVZL (§.€) [(8a (cjh) , 88 (c;h))]

Jj=1

[(68 (cjh) . 68 (c;h))] -

In order to examine the second Frechet derivative, we must examine the Hessian of
the Lagrangian. We will do this term wise. The Lagrangian has the form

L&) =K(E) -V (®)

where

K(E®,§®)=RE@ RE®)JaRE @) RE (1)
is the kinetic energy and V is the potential energy, and from this it follows that
VAL (5.8) [ 1= VK (6.8) [ 1= V2V (£.6) [ .
With careful analysis, the following bound can be established on V>K,

VEK (9 (1), 1 (1)) [ (85, 88) | [(85. 68)] = C:08 ()" 8€ (1) — C:88 ()" 88 (1)
(18)

for some constants Cz > 0and C¢ > 0. The computation of this bound is involved, and
including it here introduces a tremendous amount of complexity which may muddle
the proof of the lemma at first pass. However, it is also not trivial to conclude, and
hence its detailed derivation can be found in the “Appendix.”

We now turn our attention to the potential term, V (R (& (¢))). Since V and R (-)
are both smooth we know that the second partial derivatives of V (R (-)) are bounded,
and since V does not depend on 5 (1),

V2V (R (n (1)) [(85 (@), 86 )] [(85 1), 86 )] < Cvss " 86 (1) (19)
for a constant Cy. Thus, combining (18) and (19), we can bound V2Sy,
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V2Sq (n (1), 7 (1)) [ (88 (1), 88 ()] [ (88 (1), 8¢ ()]

> 1> b;C;0k (cjh)" 86 (cjh) — (Ce + Cv) 8¢ (c;h)" 85 (cjh).
j=1

Since, by assumption, §& (¢) and SE (1) are polynomials of degree at most n + 1,

o6& (t)T 6& (t) and Sé (t)T Sé (t) is a polynomial of degree at most 2n + 2, so the
quadrature rule is exact, and thus

h> bjCi8é (cjh)" 8& (cjh) — (Ce + Cv) 88 (cjh)" 8& (c;h)
j=I

h h
=Cg/ 8E ()T 8& (1) dr — (C¢ —i—Cv)/ s& ()T 88 (1) dr. (20)
0 0

8& (1) € H{ (10, h],R3), so we can apply the Poincaré inequality to see

h h
cé/ SE ()T 8¢ (1) dr — (Cg-l—Cv)/ s (07T 8& (1) dr
0 0

Cem (" T " T
e s (! 8¢ (t)dt—(Cg—f—Cv)/o 8 (t)! 8& (1) dt

C; "
- (hif — (Cs —i—Cv))/O EMT & @ dr

Cim C:m
. . .. é: . g .
which s positive solongash < | (o=Eomt Thus, given thath <,/ fo=tomt for arbitrary

(65 (1. 88 (1)
Sa (B +880),& 0 +6 ) -Sa (0. E£0) >0

which demonstrates that (é (1), é (t)) minimizes the action. O

It should be noted that the only use of the assumption that the approximation space
is polynomials of order at least n is when we use the order of the quadrature rule
to change the quadrature to the exact integral (20). Thus, this proof can easily be
generalized to other approximation spaces, so long as the quadrature rule used is exact
for the product of any two elements of the approximation space and the product of
any two derivatives of the elements of the approximation space.

3.3 Convergence of Galerkin Curves

Lie group Galerkin variational integrators require the construction of a curve
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such that

m

an (1) = argext ijL (gn (cjh) . &n (cjh)).
8n€GM" (g4 x[0,h].G) j—1
8n(0)=8k.8n (N)=gk+1

This curve, which we shall refer to as the Galerkin curve, is a finite-dimension approx-
imation to the true solution of the Euler—Lagrange equations over the interval [0, A].
For the one-step map, we are only concerned with the right endpoint of the Galerkin
curve, as

8k+1=8&n (h).

However, the curve itself has excellent approximation properties as a continuous
approximation to the solution of the Euler-Lagrange equations over the interior of
the interval [0, /]. Because Lie group Galerkin variational integrators are capable of
taking very large time-steps, the dynamics during the interior of these time-steps may
be of interest, and hence the quality of the approximation by these Galerkin curves
is also of particular interest. For example, see the numerical simulation of the three-
dimensional pendulum in Sect. 5, where the dynamics of the pendulum on the interior
of the time-step are sophisticated and interesting in their own right.

Ideally, these curves would have the same order of error as the one-step map. Unfor-
tunately, we can only establish error estimates with lower orders of approximation.
We established similar results in the vector space case, see Hall and Leok [13], and
observed that at high enough accuracy, there is indeed greater error in the Galerkin
curve than the one-step map. However, when comparing these curves to the true solu-
tion, typically the error introduced by the inaccuracies in (g, gx+1) dominates the error
from the Galerkin curve, and thus this lower rate of convergence was not observed in
practice.

Before we formally establish the rates of convergence for the Galerkin curves, we
will briefly review the norms we will use in our theorems and proofs. First, recall the
L, norm for functions over the interval [0, 2] given by

1
h »
Il p o, = (/0 [f1? dt)

and next, the Sobolev norm |||y 1.p ([0 47) for functions on the interval [0, /], given by:

1
_ p c | P P
1 wergonn = (1o + 1 2qonm) "

Also, note that for curves & (t) € g, |€ ()] = (£ (¢),& (1)) % We will make extensive
use of these definitions in the next three theorems.
We first present an error theorem which bounds the error in the Galerkin curve,
subject to conditions on the action. Again, while the notation for the theorem may be
Elol:;ﬂ
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slightly cumbersome, the idea is relatively straightforward: If the action is sufficiently
well behaved (we will define this more precisely in the statement of the theorem), then

(1) the bound on the difference between the exact discrete Lagrangian and the Lie
group Galerkin discrete Lagrangian can be used to bound the difference of the
value of the action evaluated on the true solution and the value of the action
evaluated on the Galerkin curve, which in turn

(2) can be used to bound the error of the Galerkin curve.

In this way, we use the error of the one-step map to bound the error of the Galerkin
curve.

Theorem 3.3 Under the same assumptions as Theorem 3.2, consider the action as a
Sfunction of the local left trivialization of the Lie group curve and its derivative,

. h d
Sy (7 (), 71(1) =/0 L(L @), L <I>(77(t)))

where L, ® (17 (1)) satisfies the Euler-Lagrange equations exactly. If at (ﬁ (1), 1 (t))
the action Sy (-, -) is twice Frechet differentiable and the second Frechet derivative
is coercive in variations of the Lie algebra, that is,

D% (7)1 ) [(68 .88 )] [(55 1) 88 0)]] = €1 15 O340

forall ¢ () € H(} ([0, k], @), then if the one-step map has error O (K"), the Galerkin
curves have error O (\/?n) in Sobolev norm ||-||y1.1 ([0.h])-

Proof We start with the bound (33), given at the end of the proof of Theorem 3.2 in
the “Appendix,”

L5 @k vt 1) = LY (g6, gi1,m)| < CoKY,

expand using the definitions of Lg (8k» 8k+1, h) and Lg (8k» 8k+1, n), and using the
assumption on the accuracy of the quadrature rule

CoKY = |LE (86 g 1) = LS (6, g )|

h d
> /0 L(Lgkd>(n ), 2 Lo ® G <t)>) dr
—Zb L (Lgk¢>(77 1), Lgk<1>(n (t)))
j=1
=

h d
/0 L(LngD(n @), Lgkﬂb(n (t))) dr

FoE'ﬂ
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— CK!

_/Oh L (Lgkd> Gy, Ly G (t))) dr
= |64 (7 (0.7 (1)) - & (n 0.7 )| - CeK.
We know from the proof of Theorem 3.2 that K, < Kj, and this implies
(Co+ Co) K2 = |8 (710, 710) = 8¢ (7). ) e
We now Taylor expand around the exact solution (F/ (1), F/ (t))

S (711, 71 (1) =4 (i1 (1. 71 (1) + DS (7 (1) 71 ) [i1 ()7 (). 7 () = 7 1)
1 . .
+30%60 0.5 ) [ (10 =700 =i 0)]
[((io-i0. a0 -ion)]. 22)
where v (7) is a curve in g. Now, note that D& (7 (t), 77 (t)) = 0 is exactly the
stationarity condition of the Euler-Lagrange equations. Thus, inserting (22) into (21)
yields
1 . .
(Co+C kI = 5D @ v ) [ (10 =70, 1 (0 =i 0))]
(i -70.i0-in)]
Cy
7

= ||77(f)—77(f)||W1 1([0;,]) (23)

where we have made use of the coercivity of the second derivative of the action.
Simplifying (23) yields

2(Ci+C 5 () — 7
(c—fg)ﬁ Z i @) =7 Ollwgon -

which establishes convergence in the Sobolev norm. O

Just as we proved a theorem about arbitrarily high-order convergence, Theorem 3.1,
that was analogous to the geometric convergence theorem, Theorem 3.2, we can estab-
lish an analogous convergence theorem for Galerkin curves with A-refinement.

Theorem 3.4 Under the same assumptions as Theorem 3.1, consider the action as a
Sunction of the local left trivialization of the Lie group curve and its derivative,

. h d
Gg(ﬁ,ﬁ)=/0 L(L ® (i), L <I>(n))
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If at (ﬁ, ﬁ) the action Gy (-, -) is twice Frechet differentiable and the second Frechet
derivative is coercive in variations of the Lie algebra as in Theorem 3.3, then if the

one-step map has error O (h"+1 ), then the Galerkin curves have error O (h%) in

the Sobolev norm ||-|| WL1([0,h])-

The proof Theorem 3.4 is nearly identical to that of Theorem 3.3, the only difference
being that the bounds containing K are replaced with bounds containing h" 1 in the
obvious way.

Like the assumption that the stationary point of the discrete action is a minimizer in
Theorems 3.2 and 3.1, the assumption that the second Frechet derivative of the action
is coercive might seem quite strong. However, we can show that for Lagrangians on
SO (3) of the form

L(R.R)=tr (RTRJdRTR) —V(R),

the second Frechet derivative of the action is coercive, subject to a time-step restriction
on h.

Lemma 3.2 For Lagrangians on SO (3) of the form
L(R. R) =1 (RTRJdRTR) —V(R),

there exists a C > 0 such that for h < C, the second Frechet derivative of &4 (-, ) at
(ﬁ ®),n (t)) is coercive on the interval [0, h].

The proof of this theorem is similar in spirit to the proof that the stationary points of
the actions are minimizers, Lemma 3.1, with the caveat that we now need to prove a
slightly stronger result. This is achieved by leveraging much of the work of Lemma 3.1,
and then carefully extending that analysis to achieve the stronger result, although at
the cost of a stronger restriction on &. Again, the proof of the theorem is involved
and can be daunting at first pass, and since it is conceptually similar to the proof of
Lemma 3.1, we will not present it here. However, it is sufficiently distinct from the
proof of Lemma 3.1 that it may be of interest in its own right, and hence it is included
in the “Appendix.”

4 Cayley Transform Based Method on S O (3)

Because the construction of a Lie group Galerkin variational integrator can be involved,
we will provide an example of an integrator based on the Cayley transform for the
rigid body on SO (3) and related problems. We will first construct the method and
then verify that it satisfies the hypotheses of Theorems 3.1 and 3.2, and in Sect. 5 we
will demonstrate numerically that it exhibits the expected convergence.
Additionally, discretizing the rigid body amounts to discretizing a kinetic energy
term that can be used in many different applications. It appears that discretizing the
kinetic energy term of the rigid body is more painstaking than the potential term, so
EOE';W
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we provide a detailed description so that others will not have to repeat the derivation
of this discretization for future applications.

4.1 Rigid Body on SO (3)

The Lagrangian:
L(R.R)=tr (RTRJdRTR) (24)

1
Jg = Etr[J] Iz —J
J =t [Jgl l3x3 — Ja, (25)

where R € SO (3) and J is the moments of inertia in the reference coordinate frame,
gives rise to the equations of motion for the rigid body. The rigid body has a rich
geometric structure, which is discussed in Lee et al. [20,21], Celledoni and Owren
[8], and Marsden and Ratiu [27]. In addition to being an interesting example of a
non-canonical Lagrangian system, it is a standard model problem for discretization
for numerical methods on Lie groups, and an overview of integrators applied to the
rigid body can be found in Hairer et al. [12].

4.2 Construction

To construct the Lie group Galerkin variational integrator, we will have to choose:

(1) amap ® () : s0 (3) — SO (3),
(2) a finite-dimensional function space M" ([0, 4], g), and
(3) a quadrature rule,

and to complete the error analysis, we must also choose

(1) ametric on so (3) (-, -),
(2) error functions eg (-, -) and ¢, (-, -).

For our construction, we will make use of the Cayley transform for our map @ (-),
Lagrange interpolation polynomials through so (3) for the finite-dimensional function
space M" ([0, h], g), that is,

n
M" ([0, h], g) = [s OIE @D =D qi¢i (.4 € R, ¢ (1)
i=1
is the Lagrange interpolation polynomial for ¢; ] ,

where © is that hat map defined by (17), and high-order Gauss—Legendre quadrature
for our quadrature rule. For the error analysis we will choose:

FolCT
s
@ Springer |03



Found Comput Math (2017) 17:199-257 229

eg (G1,G2) = IG1 — Gall,
ea (1. 9) = i1 =9

2

for arbitrary G1, G2 € SO (3) and n,v € R3, where the |I-]l, norm is understood as
arising from the |||, norm from the embedding space R3*3. We will discuss these
below, and elaborate on the motivation for these choices in our construction.

4.2.1 The Cayley Transform

To construct our Lie group Galerkin variational Integrator, we will make use of the
Cayley transform, @ (-) : so (3) — SO (3) which is given by:

P)=U-0UT+0O)".

The reader should note that we are using an unscaled version of the Cayley transform,
but for the purposes of constructing the natural chart, different versions of the Cay-
ley transform should result in equivalent methods. Furthermore, utilizing the Cayley
transform to construct the integrator is certainly not the only valid option; different
choices of maps, such as the exponential map, would result in equally valid methods.
We make use of the Cayley transform simply because it is easy to manipulate and com-
pute, is its own inverse, and because it satisfies our chart conditioning assumptions,
as we will establish shortly.

Lemma 4.1 Forn,v € so(3), so long as
2lnlla + vl < 1, (26)

the natural chart constructed by the Cayley transform locally satisfies chart condi-
tioning assumption, that is:

1
[P — DWW, =Ccn—v,n—)2
. . 1 . .. L
|Dy® (7)) = Dy® (D), < Cg(n—v.n—v)2 +C§ (i — b, 37 — D)7 .

If |ln — v, < €, assumption (26) can be relaxed to
Il +€ < 1.

The proof of this lemma amounts to a very long sequence of matrix inequalities, and
again for brevity and clarity’s sake we shall not include it here; it can be found in the
“Appendix.” It should be noted that as ||v], or |[5|l, approaches 1, Cg, Cg and C g
increase without bound. This amounts to a time-step restriction for the method; if the
configuration changes too dramatically during the time-step, the chart will become
poorly conditioned and the numerical solution will degrade. However, as long as
lvll, < Ceon and |0l < Cecon on each time-step for some C.,, < 1 which is
independent of the number of the time-step, these constants will remain bounded and
the natural chart will be well conditioned.
EOE';W
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4.2.2 Choice of Basis Functions

The second feature of the construction of our Cayley transform Lie group Galerkin
variational integrator is the choice of function space M" ([0, /], g) for approximation
of curves in the Lie algebra. Since the curves in the Lie algebra so (3) that we use have
a natural correspondence with curves in R through the hat map, constructing these
curves reduces to choosing an approximation space for curves in R3.

We make the choice of polynomials of degree at most n for M" ([0, h], g). We
choose polynomials because approximation theory and particularly the theory of spec-
tral numerical methods, see Trefethen [38], tells us that polynomials have excellent
convergence under both /4 and n refinement to smooth curves, and in particular, ana-
lytic curves. For the basis functions {¢; (f)}L]a we choose ¢; (t) to be the Lagrange
interpolation polynomial for the i-th of n Chebyshev points rescaled to the interval
[0, A], that is

oz (t—1))

@i (1) = =5
[To i (6 = 1))

fort; = % cos (%) + % While our convergence theory does not depend on the choice
of polynomial basis, there are two major benefits for this choice of basis functions. The
first is that these polynomials interpolate O and &, which greatly simplifies the compu-
tation of the discrete Legendre transforms DLy (R, Ri+1) and DaLg (Rx—1, Rx).
The second is that this choice of basis function results in methods which have inter-
nal stage equations that are more numerically stable in practice than other choices of
interpolation points, most likely because of the excellent stability properties of the
interpolation polynomials that are constructed from them. The interested reader is
referred to Trefethen [38] and Boyd [6] and the references therein for more details on
spectral numerical methods.

4.2.3 Choice of Quadrature Rule

The final selection we must make when constructing the integrator is a choice of
quadrature rule. We choose to use Gaussian quadrature, mostly because this quadrature
rule is optimally accurate in the number of points and because it is simple to compute
higher-order Gaussian quadrature points and weights by solving a small eigenvalue
problem. However, it is possible to use other rules, and we make no claim that our
choice is the best for our choice of parameters.

4.3 Discrete Euler-Lagrange Equations

While in Sect. 2.2.3 we presented a general form of the internal stage discrete Euler—

Lagrange equations in coordinate-free notation, direct construction of these equations

is probably not the easiest way to formulate a numerical method. This is because it

requires the computation and composition of many different functions, some of which

may be complicated (for example, working out Dy 4Dy P (D q:% Dy, o't) for the Cayley
Elol:;ﬂ
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transform is straightforward, but also slightly obnoxious). An alternative approach, to
which we alluded in Sect. 2.2.3, is to compute the discrete action in coordinates, and
then explicitly compute the stationarity conditions for this discrete action. We do this
here for the rigid body equations.

For the construction of the Lie group Galerkin variational integrator for the rigid
body, we make use of the following functions:

R () 1) = chb(ié"@ (r))
i=1
LR RO)=u(ROTRO RO RO)

m

La (R, Rig1) = ext h» biL (R, (cjh), Ry (cjh 27

d (Ri, Riy1) R, €GM" (Ry x[0.11.G) Z_:‘ J ( n( J ) n( J )) (27)
Ry (0)=Ri,Ry()=Riy1 1=

where £/ € R>. Since the curve R, (¢) is a function on n points in R3, denoting
g = (g1, &, &), we can write (27) as

Lg (R, Rk+1) = _ext h bi
L =1 (1 + & (th)||§)2

+ 1 6 e, 60)* + 130 Gar 65, 60%)

(1o € b 6

where
¢ (a. Ep, &) = &4 (cjh) + & (cjh) & (c;h) — & (cjh) & (c;h),

o (&, &4, &p) and ¢ (&p, &, &,) are defined analogously, and

I =" Ja)j

J#i
E (1) = is};@ (1)
() = (éa (1), & (1), & (1)) .
Forming the action sum as a function of the &/,

sulfe)) =13

2
= (1 s @)
(119 Cer 80, 6% + 12 (9, 6, 6% + 13 a6, 60)%)
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computing its variational derivative from £’ directly and setting it equal to 0,

o ([ o]

gives the internal stage discrete Euler—Lagrange equations,

=0,
e=0

nY b (14 013) [(lzw (&c» £ar 6))

j=1

2—1 . .
(—2 (1+1€13) 0 6 0. 69) Eath + Endh — sbasi)
-1 . .
+ (g (6, & £0) (—2 (14 1613) ¢ @ &, 80) Eath + cdh — scqb,-)
—1 .
+ (1 Ca 6, 6) (—2 (14 1€03) ¢ G 6. 80 0 + ¢,-)] =0 (@8

- )
h ij4 (1 + 11§ I|§) [(Iw (&cs&as p))
j=1

2 —1 . .
(—2 (1 + ||$||2) @ (8cs &a» §b) Epi +Eai — $a¢i)

1 .
+ (g (6. £ £0) (—2 (1+1613) 0 @66 8001 + a»)

—1 . .
+ (e (Ea, &, &) (—2 (1 + IISII%) ¢ (a &b, &) Endi + Ecdi — scqs,-)] =0
(28b)

m 2 1 )
n> b4 (1+1€13) [(Iw(sc,sa,sb»(—2(1+||s||%) qo(sc,sa,sb)aasim-)
j=1

-1 . .
+ (g (. £ £) (—2 (11E13) ¢ @b bc. ) Ecti+Eut —m,-)

-1 . .
+ (1 (a6, 50)) (—2 (1+1€13) 0 (G 65, &) £ty + b — sm)} =0,
(28¢)

fori =2,..., n — 1, and where we have suppressed the ¢ argument on all of our
functions. Solving these equations, along with the condition £! = 0 and the discrete
Euler-Lagrange equations

DiLg (Ri, Ri+1) + D2Lg (Rk—1, Ri) = 0, (29)
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which we will discuss in Sect. 4.3.1, yields R (7), the stationary point of the discrete
action. Using this stationary point, computing R (h) = Ry gives us the next step of
our one-step map.

4.3.1 Momentum Matching

As we mentioned in our general derivation of the discrete Euler—Lagrange equations,
(29) must be treated with care. We described in Sect. 2 an expedient method for
computing D1 Ly (Ry, Rr+1) so that the result is compatible with our change of natural
charts. We will provide an explicit example below.

We already know the expression for Dy Ly (Rk, Rx41) for the coordinates in the

current natural chart, the vector of the form (28a)—(28c), with i = 1. This is the map
%% described in Sect. 2.2.4. Now, we need to compute an expression for A; and %.

Given & = (€2, &), £0) and & = (&4, &. &), we compute A by

= (o) (&)
which gives in coordinates A = (Aq4, Ap, Ac),

L s el 6
a — 0 0

-1 +E£€a +€b§b +§c§c

_ —Ep — &) + EaED — £

— 1+ £Q&, + £ + £08,

L E & 48 &)
1480, + &), + 80,

Ab

Now, we recompute & in terms of A,

e (0(6) 0 0))

which, when expressed in coordinates & = (&,, &, &.), gives

}\a - 54(1) + )\cé,.:;? - Abf?

g —
T4 gD + ApED + AED
: Ao — ED 4+ A8 — A cED
b =
1+ 2aE0 4+ ApEY + 1cEQ
g P £+ hpEQ — haky
C

T 1A AED 4 2pED 4 2 EY
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So, to compute D1 Ly (Rk, Ri+1) = (g%, g%, %%), we can take the easily com-

puted expression % and apply a change of coordinates,

oLy dLg 0&, oLy 0&p oLy 0&.
0ha  0E, 9, T 98, 00, | 0E. 92
dLg dLg 0&, oLy 0§, dLg 0&.
Dhy 0B, Ohp | 0B, 04y | 0E. O
dLg _ 0Lg 38,  9Lg 38 n dLg d&.

Ohe 0, Oh.  0F, OA.  OE. OA.

which is the momentum matching condition expressed so that it is compatible with
the change of natural charts.

5 Numerical Experiments

Thus far, we have discussed the construction of Lie group Galerkin variational integra-
tors and established bounds on their rate of convergence. We will now turn to several
numerical examples to demonstrate that our methods behave in practice as our theory
predicts.

5.1 Cayley Transform Method for the Rigid Body

In Sect. 4, we discussed in great detail a specific construction of a Lie group Galerkin
variational integrator for the free rigid body based on the Cayley transform and poly-
nomial basis functions. Based on the convergence results from Theorems 3.1 and 3.2,
we would expect our construction to converge geometrically with n-refinement and
with high order based on the number of basis functions used with i-refinement.

Using MATLAB, we implemented the Lie group Galerkin variational integrator
described in Sect. 4, using a finite-difference Newton method as a root finder. We used
the parameters

Jg = diag (1.3,2.1,1.2)
RO) =1

RT (0) R (0) = (2.0, 219, 1.0) .

To establish convergence, we first computed a numerical solution using a low-order
splitting method with a very small time-step, and once we established that the Lie
group Galerkin variational integrator’s solution and the splitting method’s numerical
solutions agreed, we used a Lie group Galerkin variational integrator solution withn =
25 and & = 0.5 as a high-order approximation to the exact solution, and established
convergence to this solution. We made this choice of parameters for our approximate
exact solution because it appeared that for this choice of parameters, the residual from
the nonlinear solver was the dominant source of error, and neither 4 nor n refinement
Elol:;ﬂ
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Convergence with N-Refinement
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Fig.1 Geometric convergence of the Lie group spectral variational integrator based on the Cayley transform
for the rigid body. We use a constant time-step 2 = 0.5. Note that the Galerkin curves have the same error
as the one-step map, even though they have a theoretical lower rate of convergence

improved our numerical solution. For all convergence experiments, we integrate to a
final time of = 50 and measure the absolute error at the final time.

The reader should note that, in the figures which follow, we use N to denote the
number of basis functions used to create the polynomial approximation space. Thus,
when interpreting the results, it is important to recall that n = N — 1, as the maximum
degree of the polynomial in the approximation space is one less than the number
of basis functions for that space. Hence, when observing convergence, our theory
predicts that an integrator based on N = 3 basis functions, and hence n = 2 degree
polynomials, would exhibit O (hz) convergence in the error.

The results, which are summarized in Figs. 1 and 2, establish the rates of conver-
gence predicted in Theorems 3.1 and 3.2. With n-refinement, we see that our methods
did indeed achieve geometric convergence, as can be seen in Fig. 1. However, unlike
the vector space method (see Hall and Leok [13]), we did not observe the difference in
convergence rates of the continuous approximation and the one-step map. We suspect
that this is because until very high accuracy is achieved, the inaccurate boundary con-
ditions due to the one-step map error dominates the continuous approximation error,
and the threshold at which the continuous approximation error is greater than the one-
step error is related to the time-step. While we can take extremely large time-steps
with our vector space constructions, when working in Lie groups the time-step length
is limited by the natural chart, and hence we never observe the lower convergence rate
of the continuous approximation.
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Convergence with h—Refinement
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Fig. 2 Arbitrarily high-order convergence of the Lie group Galerkin variational integrator based on the
Cayley transform for the rigid body. Recall that N is the number of basis functions (or Chebyshev points—
these are the same) used in the construction, and hence the maximum degree of the polynomials in the
approximation spaceisn = N — 1

We also examined convergence with A-refinement, as can be seen in Fig. 2. We
observed the predicted rate of convergence for our constructions (recalling that n =
N — 1), and for even N (and hence odd n), we even observed a higher than expected
rate of convergence of n + 1.

While it is not perfectly conserved, the energy behavior of our method is oscillatory
and remains bounded even for very long integration times, as can be seen in Fig. 3.
This type of behavior is typical for variational integrators.

Considering the geometric invariants related to the rigid body, we see that the Cayley
transform based method has excellent conservation properties. In Fig. 4, we recreate
one of the classic depictions of geometric invariants for the rigid body using a Galerkin
variational integrator. This figure depicts the intersection of the two hypersurfaces in
momentum space given by the two geometric invariants C (y) = % Z?:l yl.2 and
H(y) = % Z?:l Il._1 yl.2 where y is the angular momentum of the rigid body. These
invariants correspond to the norm of the body fixed angular momentum and the energy,
respectively. Discussions of these invariants and comparable behavior of other methods
can be found in Marsden and Ratiu [27] and Hairer et al. [12] (specifically, see Hairer et
al. [12] for a comparison to other numerical methods).The black lines, which represent
the evolution of the numerical trajectory of our method in momentum space from a
variety of different initial conditions, remain constrained to the surface—just as they
would in the true solution.
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Energy Behavior of Rigid Body
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Fig. 3 Energy behavior of the Lie group Galerkin variational integrator based on the Cayley transform for
the rigid body. This is from a simulation starting at #yp = 0.0, and using the parameters n = 12, h = 0.5 for
the integrator

1 -1

Fig.4 Conserved quantities for the Lie group Galerkin variational integrator based on the Cayley transform
for the rigid body. This is from a series of computations using the parameters n = 8, and 7 = 0.5, from
a variety of initial conditions. Note that the trajectories computed by the Lie group Galerkin variational
integrators, which are the black curves, lie on the intersections of 21-3:] yl.2 =1, Z?:l Il._l yl.2 = 2, which
are the norm of angular momentum and energy, respectively
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5.2 Cayley Transform Method for the 3D Pendulum

For a second numerical experiment, we examine the 3D pendulum. The 3D pendulum
is the rigid body with one point fixed and under the influence of gravity, and its
Lagrangian is:

R :
L(R R) =t (RTRJ4RT R) +mge Ro
Jg =diag(1,2.8,2)
p=0,0,1)7

where p is center of mass for R = I, m is the mass of the pendulum and g is the
gravitational constant. We consider two sets of initial conditions, the first,

RO)=1

RO R(0) = (0.5,-0.5,047,
which is a slight perturbation from stable equilibrium, and the second

R (0) = diag (—1, 1, —1)

RO R(0) = (0.5,-05,04)7

which is the pendulum slightly perturbed from its unstable equilibrium.

We construct the variational integrator for this system using the Cayley trans-
form. This involves adding the term V (& (1)) = mge3TLgkd> (& (1)) p to the discrete
action in Eq. (27), and finding the stationarity conditions of this new discrete action,
which gives us the new internal stage discrete Euler—Lagrange equations. These
have the same form as equations (28a)-(28c), with added terms for the poten-
tial.

For the first set of initial data, which are near the stable equilibrium, we see exactly
the expected convergence with both /4 and n refinement, as is illustrated in Figs. 5
and 6. Furthermore, we see bounded oscillatory energy behavior over the length of
the integration, as in Fig. 7. Again, we integrate to a final time of + = 50 and measure
the absolute error at the final time.

For the second set of initial data, this system evolves chaotically, so convergence of
individual trajectories is not of great interest. What is more important is the conserva-
tion of geometric invariants as the system evolves. As can be seen from Figs. 8 and 9,
the energy of the system is nearly conserved, even with very aggressive time-stepping.
Of particular note is that even though there are many steps where the solution under-
goes a change that approaches the limit on the conditioning of the natural chart, the
energy error remains small.
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Convergence with N-Refinement
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Fig.5 Geometric convergence of the Lie group spectral variational integrator based on the Cayley transform
for the 3D pendulum for a small perturbation from the stable equilibrium. We use the time-step 7 = 0.5.
Note that, once again, the Galerkin curves have the same error as the one-step map
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Fig. 6 High-order convergence of Lie group Galerkin variational integrator based on the Cayley transform
for the 3D pendulum for a small perturbation from the stable equilibrium. Recalling that N — 1 = n, note

that in this case, our integrators outperform our lower bound, as they exhibit O (h”“) convergence
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Energy Behavior
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Fig. 7 Energy behavior of the Lie group Galerkin variational integrator based on the Cayley transform for
the 3D pendulum for a small perturbation from the stable equilibrium. This is the behavior of an integrator
constructed with parameters n = 8, time-step 7 = 1.5. Note that the error is both small and oscillatory, but
not increasing

6 Conclusions and Future Work

In this paper, we have presented a new numerical method for Lagrangian problems on
Lie groups. Specifically, we used a Galerkin construction to create variational integra-
tors of arbitrarily high order, and also Lie group spectral variational integrators, which
converge geometrically. We demonstrated that in addition to inheriting the excellent
geometric properties common to all variational integrators, which include conserva-
tion of the symplectic form, and conservation of momentum, that such integrators
also are extremely stable even for large time-steps, can be adapted for a large class of
problems, and yield highly accurate continuous approximations to the true trajectory
of the system.

We also gave an explicit example of a Lie group Galerkin variational integrator
constructed using the Cayley transform. Using this construction, we demonstrated the
expected rates of convergence on two different example problems, the rigid body and
the 3D pendulum. We also showed that these methods both have excellent energy and
momentum conservation properties. Additionally, we provided explicit expressions
for the internal stage discrete Euler—Lagrange equations for the free rigid body, which
form the foundation of a numerical method for a variety of problems.

6.1 Future Work

Symplectic integrators continue to be an area of interest, and there has been consid-
erable success in developing high-order structure-preserving methods and applying
such methods to relevant problems. While we have developed a significant amount of
the theory of Lie group Galerkin variational integrators, there is considerable future
work to be done.
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-2 ) tis 8.2365

Fig. 8 Dynamics of the numerical simulation of the 3D pendulum constructed from a Lie group Galerkin
variational integrator. These dynamics were constructed from an integrator with n = 20, 2~ = 0.6. The
black dots each represent a single step of the one-step map, and the solid lines are the Galerkin curves. Note
that some of the steps are almost through an angle of length 7, which is the limit of the conditioning of the
natural chart

6.1.1 Choice of Natural Charts

In our construction, we chose the Cayley transform to construct our natural chart. While
this choice made the derivation of the resulting integrator simpler, it also introduced
a limitation on the conditioning of the natural chart. A possible extension of our
framework would be constructions based on natural charts constructed from other
functions. An obvious choice is the exponential map, which was the choice of chart
function used in earlier works that proposed this construction. A comparison of the
behavior of integrators constructed from other choices of natural chart functions would
be interesting further work.

6.1.2 Novel Variational Integrators:

One of the attractive features of our work is that we establish an optimality result
for arbitrary approximation spaces. Because of this, our results hold for a variety of
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Energy Error of 3-D Pendulum

T

t

Fig. 9 Energy error of the dynamics depicted in Fig. 8. The large jumps in error are associated with
time-steps that almost violate the conditioning limits of the natural chart

different possible constructions of variational integrators. It would be interesting to
investigate the behavior of variational integrators constructed from novel approxima-
tion spaces, such as wavelets, or for variational integrators that make use of specialized
function spaces, such as spaces that include both high and low frequency functions
for problems with components that evolve on different timescales.

6.1.3 Larger classes of Problems

In this paper, we have focused most of our attention on the rigid body and problems
that evolve on SO (3). However, there are many examples of Lie group problems that
evolve on other spaces. Our analysis suggests that the Galerkin approach would be
effective for these problems. It would be interesting to examine Galerkin variational
integrators for problems that evolve on other Lie groups, and apply our methods to
other interesting applications.

We established the necessary estimates for convergence of a Lie group Galerkin
variational integrator for Lagrangians of the form (16) and with the Cayley map. How-
ever, neither of these results rely on the fact that we are on the Lie group SO (3). In
particular, Lemma 3.2 for the Lagrangian will generalize to any separable Lagrangian
on a matrix Lie group with a kinetic energy that is left or right invariant, and Lemma
4.1 for the Cayley map extends to any quadratic matrix group. This includes important
Lie groups such as the Euclidean group SE (3), the special unitary group SU (n), the
Lorentz group O(1, 3), and the symplectic group Sp(2n). Additionally, by adopting
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the approach described in Section 4.2 of Lee et al. [22], Lie group Galerkin varia-
tional integrators for such matrix Lie groups could be generalized to their associated
homogeneous spaces, such as the n-sphere S”, the Stiefel manifold Vi (R"), and the
Grassmannian Gr(r, n).

The connection between discrete variational mechanics and discrete optimal con-
trol is described in Ohsawa et al. [36], so optimal control problems on quadratic matrix
groups and their associated homogenous spaces can also be studied. These include
trajectory generation problems for robotics, autonomous vehicles, variational interpo-
lation of camera pose in computer animation problems, and optimal pulse design for
approximating a desired unitary operator in quantum computing.

Other possible directions include generalizing the results of this paper to the setting
of discrete Hamiltonian variational integrators, as introduced in Lall and West [19],
and Leok and Zhang [25], or extensions to problems with nonholonomic constraints,
as discussed in Cortés and Martinez [10], Fedorov and Zenkov [11], McLachlan and
Perlmutter [32], and Kobilarov et al. [18]. Additionally, stochastic variational integra-
tors have been studied in Bou-Rabee and Owhadi [4,5], and it would be natural to
consider the synthesis of such methods with Lie group variational integrators.

6.1.4 Parallel Implementation and Computational Efficiency

Perhaps our method’s greatest flaw is that it requires the solution of a large number of
nonlinear equations at every time-step. This problem is further exasperated by the fact
that assembling the Newton matrix at every time-step requires the repeated application
of a high-order quadrature rule. While the fact that our method is capable of taking very
large time-steps helps to overcome this computational difficulty, it would be interesting
to see how much our method could be accelerated by assembling our Newton matrix
in parallel.

6.1.5 Multisymplectic Variational Integrators

Multisymplectic geometry, as described in Marsden et al. [29], has become an increas-
ingly popular framework for extending much of the geometric theory from classical
Lagrangian mechanics to Lagrangian PDEs. The foundations for a discrete theory have
been laid in Lew et al. [26] and Vankerschaver et al. [39], and there have been significant
results achieved in geometric techniques for structured problems such as elastic-
ity, fluid mechanics, nonlinear wave equations, and computational electromagnetism.
However, there is still significant work to be done in the areas of construction of numer-
ical methods, analysis of discrete geometric structure, and especially error analysis.
Galerkin type methods have become a standard in classical numerical PDE methods,
popular examples include finite-element, spectral, and pseudospectral methods. The
variational Galerkin framework could provide a natural framework for extending these
classical methods to structure-preserving geometric methods for PDEs.

Acknowledgements This work was supported in part by NSF Grants CMMI-1029445, DMS-1065972,
CMMI-1334759, DMS-1411792, DMS-1345013, and NSF CAREER Award DMS-1010687.
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7 Appendix
7.1 Proof of Theorem 3.2

In Sect. 3.1.2, we stated Theorem 3.2 but did not provide a proof. This is because the
proof is essentially the same as that for optimal convergence, with slight and obvious
modifications. For completeness, we will provide the proof here.

Theorem 7.1 Given an interval [0, h], and a Lagrangian L : TG — R, suppose
that g (t) solves the Euler—Lagrange equations on that interval exactly. Furthermore,
suppose that the exact solution g (t) falls within the range of the natural chart, that
is:

8(t) =Lg® (1))

for some ij € C% ([0, h], g). For the function space M" ([0, h], g) and the quadrature
rule G, define the Galerkin discrete Lagrangian Lg (g0, g1) — Ras

m
LG — L . b .
9 (g0, g1, 1) e S omo h > biL(gn(cjh). &n (cjh))

e (0)=g0.ga(M=g1  J=!
m
h=1

where g, (t) is the extremizing curve in GM" (gg x [0, h], G). If:
(1) there exists an approximation 1 € M" ([0, h], g) such that,

for some constants C4 > 0 and Cy > 0, 0 < K4 < 1 independent of n,
(2) the Lagrangian L is Lipschitz in the chosen error norm in both its arguments,
that is:

IL (g1, 81) — L (82, 82)| < La (e (g1, 82) + €a (81, £2))

(3) the chart function ® is well conditioned in eq (-, ) and e, (-, -), that is (9) and
(10) hold,
(4) there exists a sequence of quadrature rules {G,}°°1, G, (f)=h Z’]nl] b, f (c,,_l.h)

n=1’

~ foh S (t) dt, and there exists a constant 0 < K4 < 1 independent of n such that,

h My
‘A L (gn (1), &n (1))dr — hzbnjL (gn (anh) s &n (anh)) . CgKg
=
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for any g, (t) = Lgy® (§ (1)) where § € M" ([0, h], g),
(5) the stationary points of the discrete action and the continuous action are mini-
mizers,

then the variational integrator induced by Lg (g0, g1, n) has error O (K ;’) for some
constant K independent of n, 0 < K; < 1.

Proof We begin by rewriting the exact discrete Lagrangian and the Galerkin discrete
Lagrangian:

‘Lf (g07 glvn) - Lg (803 g17h)’

= /Oh L(g. g) dr — h %b,,jL (gn (Cn_,h) . &n (C"_/h)) ’

j=1

where we have introduced g,, which is the stationary point of the local Galerkin
action (30). We introduce the solution in the approximation space which takes the
form g, (1) = Ly, @ (ﬁ (t)), and compare the action on the exact solution to the action
on this solution:

h ) h .
/L(g,g)dt—/ L(gn,g,,)dt
0 0

/OhL(g,g)—L(gn,én)dr

Now, we use the Lipschitz assumption to establish the bound

h . h . .
/0 (3.8) L (8 &) dts/O Lo (g (3 &) +ea (& 1)) at

h
_ /0 Lo (eg (Lye® (@) . Ly, ® (7))

+ea (Do Loy Dy (7) . Daiy Lo D5 (1)) ) a,

and the chart conditioning assumptions to see

/Oh L (@.8) — L (&0 in)

h
< / Lo (CGCAK;; + CgCqK" + cgcAK;;) dt
0

— L, ((CG + Cg) Ca+ cgcm) K"
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This establishes a bound between the action evaluated on the exact discrete Lagrangian
and the optimal solution in the approximation space. Considering the Galerkin discrete
action,

my npy
B gL G &) < h > by L (80 )
j=1 j=1

h .
< / L (gwn, g,,) di + CyK"
0

h
< / L(2.8)di+CoKi+La ((Co+CY) Ca+CoCar) K
0
(3D

where we have used the assumption that the Galerkin approximation minimizes the
Galerkin discrete action and the assumption on the accuracy of the quadrature. Now,
using the fact that g (r) minimizes the action and that GM" (go x [0, 2], G) C
C*([0.h1, G),

nmpy . h .
hzbnjL(gns qn) 2/0 L(gn, gn) dt_CgKg

J=1

h
2/ L(g,g)dt—CgKg,’. 32)
0

Combining inequalities (31) and (32), we see that,

h Mp . h .
/O L (3, 8)dr —CoKy Shzbn,-L(g’n,én) 5/0 L(g.g)dt + CoK}
j=1

+ Lo ((Co+C) Ca+ CoCal) K
which implies

Mp

Ah L (é_’, §) dr—h E bn_,'L (é;n’ gn) < (Cg+La ((CG+Cg) CA+C9C‘21)) K?
j=1
(33)

where K; = max (KA, Kg). The left-hand side of (33) is exactly |L“iE (go, g1, h) —
LS (g0, g1,n)|, and thus

\Lf? (80. g1, 1) — LY (80. g1.m)| < (cg + L, ((cG + cg) Ca+ cgcm)) K.
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This states that the Galerkin discrete Lagrangian approximates the exact discrete
Lagrangian with error O (K ;1), and by Theorem (1.1) this further implies that the
Lagrangian update map has error O (K:‘) O

7.2 Proof of bound from Lemma 3.1

In the proof of Lemma 3.1, we stated but did not prove the bound (18)

VEK (9 (1), 1 (1)) [ (85, 88) ] [ (85, 88) ] = C:68 ()" € (1) — Cz8 (1) 88 (1) .
We provide the proof of this bound below.
Proof Considering K, note that
REO) RE®)=DE @) VO (E@)E®)

and hence as a function of E (1),

KED)=EO"VOE @) @EW®) Ja®E @) VO EW®)E ).
Jg is a diagonal matrix with (Jy, J2, J3) on the diagonal, and because @ (& (7)) is

an orthogonal matrix, ® (£ (1)) J;® (£ (1)) has the eigenvalues (J;, J», J3). Further-
more, ® (-) is a diffeomorphism, which implies V® (-) is non-singular, so

EM'VOE@) ®E W) Ja®E @) VO E0))E @)
> Tin | VO € 1) E 0]
> Jmin lomin (0] [|€ (’)”3

where Juyin = min ({J1, J2, J3}) and oy () is the value of VO (E (t)) with smallest
magnitude. Since |opiy ()] is a continuous function of ¢ and |oyiy (£)| > O forall # over
the compact interval [0, /], there exists a constant C, > 0 such that |opyiy (1) > Cx
for all ¢ € [0, ]. Finally, we note

3’K T
o (1), 7 (1)) [884] [88]

=28£IVo (1) @ (n (1) Ja® (n (1) VO (5 (1)) 8,
and hence

I’K , R r
98 (@), 7 (1)) [68] [68] = 2JminCo8E" 88 (34
EOE';W
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Now, considering the full term V2K (n (1), 7 (1)) [ (8, 6€)] [ (68, 5&)], we see that:

2k

. 0°K
VK (n (1), (1)) [ (88, )] [ (88, 88)] = 352 (n (1), 7 (1)) [88][8€]

agag

2k

°K caro
+ E (@), 7 @) [s5][s¢], (35)

where we have made use of the symmetry of mixed second derivatives. K is smooth

in all of its components, and hence there exists C;,, > 0, C; > 0 such that

32K

9EDE
82
s (n (1), 7 (1) [8E1[86] > —C48&7 8¢. (37)

(1), 1) (1)) [88] [8€] = —C,,06" 88 (36)

Defining C), = 2JyinCy, inserting (34), (36), and (37) into (35) gives

VZK (n (1), 17 (1) [(8€, 8€)] [ (85, 8€)]

> Cp8& ()7 8 (1) — Cdé (1) 88 (1) — C488 ()T 88 (1)
= %aé )7 8& (1) + %aé ()T 8E (1) — Cwdé ()7 88 (1)
— Ca88 ()T 85 (1)

Completing the square, we see that

c, . . c, . . .
7”65 07" 8& (1) + 7”65 (17 8 (1) — CdE (1) 88 (1) — C488 ()7 88 (1)

T
_Cpop T s Ve V2Cn
= 2&0)5an+(\@ 2T, )
VCr V2C,
V2 2,/Cp
c2 r
(cd+2 )as ()" 8 (1)
2
CCpope g2 Cp .. V2C,, c2
=l ol;+ fasm—zmas(w ( Zcp)nas(z)nz.

Fo C 'ﬂ
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Making use of the trivial bound that for any a, b € R3, |la — bll% > 0, we see

Jc,

Yrse o -
V2 2,/Cp

Cpyo: 2 2 )
> s ol - ( ch) 185 (013

= Cp86 ()" 88 (1) — Ce58 ()" 88 (1)

CZ
(cd + —) 188 (013

C .
S [ss 03 + e

for constants Cé > 0, C¢ > 0, where

Cp

C: = >
C2
Ce =Cq+ ——

2C,

This bound allows us to conclude

VEK (n (1), i (1) [ (88, )] [ (88, 88)] = C:é ()T & (1) — Ce6 ()T £ ().

7.3 Proof of Lemma 3.2

In Sect. 3.3, we stated Lemma 3.2 but did not prove it. We provide the proof below.

Lemma 7.1 For Lagrangians on SO (3) of the form
L(R R)=rtr (RTRJdRTR) —V(R),

there exists a C > 0 such that for h < C, the second Frechet derivative of &g (-, ) at
(77 (1), 77 (t)) is coercive on the interval [0, h].

Proof First, we note that for this Lagrangian
D*&4 (i (1), 71(1)) [ (88 (1), 88 ()] [(8& (1), 8& (1))]
h d ) .
= /0 V2L (Lgk<b (@0, Lo ® (0 (t))) [(8& (1), 88 ()] [(8€ (1), 8 (1))] dt

From the proof of Lemma 3.1, we know that

viL (Lgkcb @ (1)), Lgkd> (1 (r))) [(8& (1), 88 (O)] [ (8 (1), 88 ()]
> C:88 ()" 88 (1) — (Cz + Cv) 88 (1) 88 (1)

C: . . C: . .
= 7555 07 8& (1) + 7‘55& ()7 8€ (1) — (Ce + Cv) 86 )T 8€ (1),
FoE'ﬂ
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and hence

D*&4 (i1 (1), 71 () [ (58 (1), 88 ()] [ (58 (1), 8¢ ()]

hCé R hCé R T
Z/o 75& ! 8¢ (t)dt+/o 785 (1) 88 (t) — (Ce + Cy) 88 (1) 8& (1) dt.
(38)

Applying Poincaré’s inequality, we see that

h C; . . h
/OTSSS(I)T(SS(I)dt—/O (Ce + Cv) & ()T 88 (1) dt
2
- Cgi'[

~ 2h?

C: 2 h
:( ;}Z —(C§+CV))/0 s¢ (07 8& (1) dt. (39)

h h
/SE(I)TSE(I)dt—(Cg—i—Cv)/ s& (07T 8¢ (1) dt
0 0

Replacing the last two terms in (38) with (39), we see

D& ((i1. n)) [ (88 (1), 88 (1) ] [(88 (1) . 88 (1)) ]

2

C: h . . C: h
3—5/ 35(;)T55(r)dr+( Ll —(C5+Cv))/ 86 ()T 8¢ (1) dt
2 Jo 2h2 0

C; Cim?
£ st (2 3
=5 188 Ol 2oy +( o~ (Ce+ Cv))HSS 72000

We now apply Holder’s inequality

||fg||Ll([o,h]) = ||f||L2([o,h]) ||g||L2([o,h])
to derive the bounds
|55 (@) HLI([O,h]) < VI ||5€ @) ”LZ([O,h])

188 Ol L1 qo.npy < VA NSE Ol 200 »

and hence,

D*&g ((i1. 1)) [(88 (1) . 88 ()] [(85 (1) . 88 (1))]

C: . 1 { Cin?
£ 2 §
s 158 O 11 qon + E( e (Ce + Cv)) 1€ D171 q0.11,

(G 1 (G’ 2 (1)
zmin| o\ g (Gt Cv) (”55(””L‘<[0,h1>+”(SS(I)HL‘([OJID)
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C; 1{Cin? 1
: § 3
= min (E Z( o~ (Cet CV))) (5)
. 2
(185 Ozt gom + 138 Ol 140

C: 1 {C:n?
. é § 2
> min (E’ o ( e (Ce + CV))) 188 Oy 0.

Cim?
. . . .. E
which establishes the required coercivity result solongas 0 < h </ 57~—=-~ i) O

7.4 Proof of Lemma 4.1

Finally, in Sect. 4.2.1, we establish Lemma 4.1, which shows that the natural chart
based on the Cayley transform is well conditioned. We provide the proof of this below.

Lemma 7.2 Forn, v € so (3), so long as

2nlly +1vl2 < 1, (40)

the natural chart constructed by the Cayley transform locally satisfies chart condi-
tioning assumption, that is:

1
1D () — @ W)lly < Cg (n— v, —v)2
. . 1 . .. L
|Dy® (i) — Dy® (0) |, < Cgn—v.n—v)2 +CF (7 — b, 5 — V)2

If |ln — v, < €, assumption (26) can be relaxed to
il +€ < 1.

Proof Throughout the proof of this lemma, we will make extensive use of two inequal-
ities. The first is the bound:

ja+o7| < -nEe,) ™ (4D

if |[Ell, < 1, and the second is the bound:

2 -1
e —a] =i o (- fae]) @
p p p
which generalizes (41). We begin with

o =@l = |- +p™ == +n~'|

=|a-ma+n—a-pa+n?!
EOE';W
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U=+ = =n a7
=|a=ma+n = +n]

L =m = =1+~
=|a-m[c+n—a+n T rw-na |

d=nfa+n™ —a+v?]| +|v-na+v| .
43)

IA

Considering the term [v — n] (1 + v)~!, we make use of (41) to see

[ =ma+»=| < tv—nls | +n7"
<A =1l in—vl,. (44)

Next, considering the term || ) [(1 + 7])_1 -+ v)_l] “2’

[a=m[a+n™=a+v?]| swr=nb|a+n - ad+n7!|

=[1—-nl ”(1+v+(n—V))_l—(1+”)_1H2'

45)
Applying (42), with E =n—vand A =1+ v,
[a+v+m—wm™ —a+n
<ty |a+o [ (1= Jusna-w] ) e

But
= +n - v)H2 =1-|a+ v)—1H2 G — vl
> 1= (=il o —wl,

which implies

(=Ja+vra—w] )" = (1-a- " In-w)
and

2
[a+v7| = a2,

FolCT
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SO

oo [ (= fos o a-n])”
= A=) (1= =)™ 1o - V)llz)_l

<=1l (A = wlly) =l = vllp) ™"
==l (=1l —ln—vi,) " (47)

The triangle inequality gives
I —vllz < lnlla + v

and thus

L=l = In = vl = 1 =2lnlh = vl
-1 —1
(1= tnlly = Il = vlla) ™ = (1 =2l = vl) ™" (48)
So applying (48) to (47) gives,
2 —1 _
[a+o™ | (1=|a+n™ o] ) = a=i™ (0 =20mh=1vi)
(49)
then applying (49) to (46) gives,
[a+v+ =" = a0 < In=vl Q=i ™ (=2l =vi)
(50)

and finally applying (50) to (45) yields

A= |T+n = +v7!
2

— -1
< I =l (= vl ™" (1 =21l = Ivl) ™l = vl
-1 — -1
< (L=lmll2) ™ A = wl)™" (1 =20l = Ivl2) " = vl (51

Substituting (44) and (51) into (43), we see

LIORT IO
= [A= 1™+ (= i)™ A=l ™ (1 =20l = 1a) ™ i = vl

Hence, so as long as 2 ||n]| + ||[v]| < Ceon < 1

[® () — P Wy = Cqlin—vl
EOE';W
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where
—1 -1 -1 -1
Co = [ =i ™ + (L= linl) ™" (1 = )™ (1 = 2lmll, = 1) ~'].

If we make the stronger assumption that |7 — v||, < €, we can weaken the assumption

to simply [[n]l, + € < Ceon < 1 and ||V][, + € < Ceon < 1. As we expect the error

between the two curves in the Lie algebra to be orders of magnitude smaller than the

magnitude of the Lie algebra elements, this is a reasonable assumption to make.
Next, to examine H Dy® (1) — Dy ® (V) ||,, we consider the definition

Dxd(Y)=-YU+X) '=I-X)U+X)'YaT+Xx)".
Using this definition,
|Dy@ () — Dy @ (0],
= |- —d =T i d
+ou+vrﬁ+a—uu1+w*ﬁu+vrw2
SH&U+UY1—ﬁU+nTw2
+HU—vﬂI+w4ﬁU+wY4—U—nﬂ1+m*ﬁu+nij

Considering

o +n =i+
= Hw ) =R+ T = U+ ’7)71H2
—Js=arar i o -]
= |a 7| = o+l |+ 07 = a7

e . -1
< (A=l ™ =Dl + il ((A=1vlz) (1= vl = v=nll2)) " Il = vll>,

where we have made use of (50) to bound || T+v) ' =—d+n! H2 Now, consid-
ering the second term, we first note,

[a—va+nvasn —a-pa+nia
= |emia+vT —omia+n| .
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Using this, we see

lewmva+w T —omid+n!|
=[emia+n-omia+n
oW+ —omid+n7!|

< Hq>(v)i)(1+V)_l —oWvd +77)_1H2

+lewia+nT —emid+n| . (52)
For the first term in (52),
[ewsa+v " —omsa+n|
=|ewifa+v—a+n|,
=10 I3l | +w ™ =+~
< Dol (= Il (L= ol = v =) = vl (53)

where we once again have made use of (50) to bound || T+v)y "= +n! || , and
the fact that @ (v) is orthogonal to set ||® (v)|, = 1. Now, considering the second
term in (52),

dMVUI+mT e+ =@V -empUT+n"
2 2

<@V —dmnl, H(I +m! H2

(54)
and additionally,
@ )b —@m il =[P W) b—D @b+ Dmd—Dmil,
<Ne ) =@l 10l + 1D Mz 16—l
< Cg 10l In = vllp + 15 =l (55)
Combining (53), (54), (55) in (52) yields
| Dy® (1) = Dy® (D) |, < Cglln — vy + C§ 1l = 1l
with constants
-1
Cg=(1=1Ivlp = llv—rnls)
. —1 . _ .
(1 (1 = i)™ + 1912 (1 = 1wl ™") + Co 191
C{=1+0—1vIn".
FolCTM
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To complete the proof of the lemma, we need to establish a bound on the matrix two-
norm from the metric on the Lie algebra. For arbitrary algebra element &, standard
vector and matrix norm equivalences yield

J¢[, < V3¢ = vauen <3nen, =3¢, &)’

which completes the proof. O
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