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Discrete variational Lie group formulation
of geometrically exact beam dynamics

F. Demoures - F. Gay-Balmaz - S. Leyendecker -
S. Ober-Blobaum - T.S.Ratiu - Y. Weinand

Abstract The goal of this paper is to derive a structure preserving integrator for geo-
metrically exact beam dynamics, by using a Lie group variational integrator. Both spa-
tial and temporal discretization are implemented in a geometry preserving manner. The
resulting scheme preserves both the discrete momentum maps and symplectic struc-
tures, and exhibits almost-perfect energy conservation. Comparisons with existing
numerical schemes are provided and the convergence behavior is analyzed numerically.

1 Introduction

The goal of this paper is to derive a structure preserving integrator for geometrically
exact beam dynamics formulated on Lie groups. We use the Lagrangian variational
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formulation of the continuous problem to obtain a Lie group variational integrator that
preserves the symmetries and symplectic structure at the discrete level, and exhibits
almost-perfect energy conservation.

The geometrically exact theory of beam dynamics was developed in [59] and [60].
This approach generalizes the formulation originally developed by [53,54] for the
plane static problem to the fully 3-dimensional dynamical case. It can be regarded
as a convenient parametrization of a three-dimensional extension of the classical
Kirchhoff-Love rod model due to [2]. The equations of motion of geometrically exact
beams are obtained by applying Hamilton’s principle to the Lagrangian (kinetic minus
potential energy) defined in material representation and expressed uniquely in terms
of convective variables (velocities and strains).

In this paper, we take advantage of this geometric approach to deduce a discrete vari-
ational principle in convective representation, thereby obtaining a structure preserving
numerical integrator. The discretization is done both spatially and temporally in a man-
ner that preserves the geometric Lie group structure of the problem. Such integrators,
based on a discrete version of Hamilton’s principle for conservative mechanical sys-
tems, are called variational integrators [50]. The associated numerical scheme, given
by the discrete Euler—Lagrange equations, is symplectic and momentum-preserving
and has an excellent long-time energy behavior. The performance of the newly derived
method is illustrated by means of numerical examples including the comparison to
other methods, discussing similarities and differences with regard to convergence
behavior and computational efficiency.

Based on different variational formulations (e.g., Hamilton, Lagrange—d’ Alembert,
Hamilton—Pontryagin, etc.), variational integrators have been developed for classical
conservative mechanical systems (for an overview see [39,40]), forced [31] and con-
trolled [52] systems, constrained holonomic systems holonomic [43,45] and nonholo-
nomic systems [33], nonsmooth systems [19], stochastic systems [11], and multiscale
systems [44,63].

Based on [51], discrete Euler—Lagrange equations for systems on Lie groups, and
the associated discrete Lagrangian reductions have been carried out in [7,8,48], and
further developed in [37] and applied to many examples. These integrators are referred
to as Lie group variational integrators. The essential idea behind such integrators is
to discretize Hamiltons principle and to update group elements using group opera-
tions.

In the case of the beam, the configuration Lie group is infinite dimensional. It
contains the parametrization of the centroid line together with the orientation of cross-
sections. In order to apply Lie group variational integrators to this case, we first spa-
tially discretize the problem by preserving the Lie group structure.

We also develop an alternative variational integrator for beams, based on the
approach used in [10] for systems on Lie groups, following [26]. This approach
involves the choice of a retraction map to consistently encode in the Lie algebra
the discrete displacement made on the Lie group.

Modeling geometrically exact beams as a special Cosserat continuum (see e.g.,
[3]) has been the basis for many finite element formulations starting with [59,62]. The
formulation of beam dynamics as a Lagrangian system immediately raises the question
of the representation of the rotational degrees of freedom and their kinematics, which



can, on the one hand, be treated by a local parametrization of the the Lie group SO (3)
or, on the other hand, by using a redundant configuration variable which is subject to
constraints.

Many current semi-discrete beam formulations avoid the introduction of constraints
by using rotational degrees of freedom, see, e.g., [25,27]. However, it has been shown
by [14], that the interpolation of non-commutative finite rotations bears the risk of
destroying the objectivity of the strain measures in the semi-discrete model. This
can be circumvented by the introduction of a director triad, which is constrained
to be orthonormal in each node of the central line of the beam; thus it forms the
columns of the rotational matrix. The spatial interpolation of the director triad leads
to objective strain measures in the spatially discretized configuration (even though
the interpolated directors might fail to be orthonormal). This idea is independently
developed in [55] and [5]. [56] offers an overview on the effects of different inter-
polation techniques concerning frame invariance and the appearance of singularities.
Furthermore, this subject is elaborated in [4,9,24,28,29]. The constrained formu-
lation is particularly popular when the beam is part of a multibody system, where
further constraints representing the connection to other (rigid or flexible) compo-
nents are naturally present. Additional popular formulations are the so called absolute
nodal coordinates formulation based on works of [57,58] or formulations in terms of
unit quaternions [34,35]. Recently, Lie group formulations are becoming more and
more important in multibody dynamics; see, e.g., [12,13]. To the authors’ knowledge,
none of the work on beam dynamics simulation uses a discrete dynamics approach
which is variational both in time and in space. However, [30] derives a purely sta-
tic discrete equilibrium for Cosserat beams using a discrete variational principle in
space.

Outline of the paper. In the first part of this paper we review the geometrically exact
theory of beams in the continuous setting. In particular, we present the equations of
motion via Hamilton’s principle which is of central importance for this paper. Then,
we explain the Lie group structure underlying the continuous model, and carry out
the spatial discretization in a way that preserves both the Lie group structure and the
objectivity of the original model. After recalling basic facts about Lie group varia-
tional integrators and the associated discrete momentum maps, Legendre transforms
and Lagrange—d’ Alembert principle, we derive the Lie group variational integrator,
and the alternative version based on Lie algebras, for the beam. In particular, we com-
pute the associated discrete momentum maps and consider the effect of external forces
at the discrete level. In the last section the performance of the two derived Lie group
integrators is demonstrated by two numerical examples. The first example is a standard
benchmark problem consisting of a beam with concentrated masses at the middle and
the boundary nodes and additional external forces. The simulation results are verified
based on a comparison with the discrete solution obtained by an energy-momentum
preserving time stepping scheme with finite elements in space [41]. Based on a sec-
ond example simulating the dynamics of an initially deformed beam, a numerical
convergence analysis is performed for all three methods.

Before closing this Introduction, we recall below some basic facts concerning
Lagrangian mechanics, both at the continuous and discrete levels.



Lagrangian dynamics and momentum maps. For a given a Lagrangian L : TQ — R
defined on the tangent bundle 7' Q of the configuration manifold Q, the Euler—Lagrange
equations are obtained by applying Hamilton’s principle to the action functional
associated to L. Symmetries are given by Lie group actions @ : G x Q0 — 0,
(g,9) + P¢(q) under which the Lagrangian is invariant. In this case, the Noether
theorem guarantees that the associated momentum map J : 7*Q — g*, given by

(), &) = (g, 60(@)) ageT"Q, Eeg ey

see [1], is a conserved quantity, where g denotes the Lie algebra of the Lie group G,
g* its dual, and the vector field £y on Q is the infinitesimal generator of the action
associated to & € g, that is,

d)exp(sé) (CI) s

e=0

. d
§o(q) = %

where exp : g — G is the exponential map of the Lie group G.

In presence of an external force field, given by a fiber preserving map F : TQ —
T*Q, Hamilton’s principle is replaced by the Lagrange—d’Alembert principle (see
e.g., [49])

T T
5/0 L(q(t),ér(t))dﬂr/0 F(q(1),4())-8qdt =0,

where F(q, q) - 8q is the virtual work done by the force field F with a virtual dis-
placement &q. This principle yields the Lagrange—d’Alembert equations

d oL 9L .
— == =F(q. 9.

dt 9qg  0q
Discrete Lagrange—d’Alembert principle. A complete presentation of discrete Lagr-
angian mechanics, discrete momentum maps, and discrete Noether theorems is given
in [50]. We shall now review some of these aspects, by mainly focusing on the discrete
Lagrange—d’ Alembert principle.

Suppose that a time step At has been fixed, denote by {t/ = jAt | j =0,..., N}
the sequence of time, and by ¢y : {t/ };V:o — 0, qa(t)) = g/ adiscrete curve. Let
Ls:0xQ— R, Ly = Ly(g’,q/*") be a discrete Lagrangian which we think of
as approximating the action integral of L along the curve segment between ¢/ and
g’ T The discrete Lagrange—d’Alembert principle seeks discrete curves {g/ }?/:0 that
satisty

N-—1 N—
5> Laq.q¢ ™+ (F,,l_(qj,qj+1) -8’ + Ff(q’,q""") -861”1) =0, (2)
j=0 =0

~

for variations 8¢/ vanishing at endpoints, where the two discrete Lagrangian forces
F ;t : Q x Q — T*Q are fiber preserving maps such that the second term above is



an approximation of the integral fOT F(q, q) - 8q dt of the virtual work. One gets the
discrete Euler—Lagrange equations with forces

DiLa(q’, ¢/ ™) + DaLa(g’ ™ ) + Ff (' g+ F ¢/ T =0, (3)

for j = 1,..., N — 1. In the forced case, the discrete Legendre transforms are defined
by

F™ La(q’. ¢'*") := DaLa(q’ . ¢"™) + Ff (¢/.¢"T) € T¥,, 0 @
F™La(q’. q'*") := =DiLa(q’.q'*") = F; (q'.q'*)) € T, 0.

The discrete Euler-Lagrange equations with forces can be equivalently written as
FfrtLaq'=", ¢y =F " La(g’, ¢/*"), forj=1,...,N—1.

Given the discrete forces F*, and a Lie group action @ : G x Q — Q, the discrete
Lagrangian momentum maps J Zr, J f; 1 0 x Q — g* are defined by

I (g7 7). &) = (DaLa(q? . ¢/ + FH(g/ . ¢/). 60 (q7™h) )
Ji /g7t &) = (=DiLa(q’, ¢’*") = F~(q7, ¢'™1), §0(q)).
Note that if the discrete curve {g/} =0 verifies the discrete Euler—Lagrange equations
with forces (3) then we have the equality

@) =35 @) g, forall j=1,...,N—1. 6)

If the discrete Lagrangian Ly is G-invariant under the action ®2xC of Gon Q x Q,
and if F; (g7, ¢/*1) - £0(q”) + Fj(q«’; g/t - £0(g/T!) = 0 then the two discrete
momentum maps coincide, de =] fd =: de, therefore from (6), we obtain that

J fd is a conserved quantity along the discrete curve solution of (3), that is,

I, @ q" =01, ¢)), forallj=1,...,N—1. (7
This result is referred to as the discrete forced Noether’s theorem.

Approximate energy conservation. In absence of forcing, the main feature of the
numerical scheme (¢/~!, ¢/) — (g7, ¢’*") given by solving the discrete Euler—
Lagrange equations is that the associated scheme (¢/, p/) — (¢/*', p/*!) induced
on the phase space 7*Q through the discrete Legendre transform defines a symplec-
tic integrator. Here we supposed that the discrete Lagrangian L, is regular, that is,
both discrete Legendre transforms F*L,, F~ Ly : O x Q — T*Q are locally iso-
morphisms (for nearby g/ and ¢/+1). The symplectic character of the integrator is
obtained by showing that the scheme (7!, ¢/) — (g7, g/*') preserves the discrete



symplectic two-forms .QLid = (FELy)*2can, Where 2.4y is the canonical symplec-
tic form on T*Q, so that (g7, p/) — (¢/*!, p/*1) preserves 2.4, and is therefore
symplectic, see [39,50].

It is known (see [23]), that given a Hamiltonian H, a symplectic integrator for H
is exactly solving a modified Hamiltonian system for a Hamiltonian H which is close
to H. So the discrete trajectory has all the properties of a conservative Hamiltonian
system, such as conservation of the energy H. The same conclusion holds on the
Lagrangian side for variational integrators (see, e.g., [39]). This explains why energy
is approximately conserved for variational integrators, and typically oscillates about
the true energy. We refer to [23] for a detailed account and a full treatment of backward
error analysis for symplectic integrators.

2 Lagrangian dynamics of a beam in R3
2.1 Basic kinematics of a beam

We review below the kinematic description of a beam in the ambient space R> follow-
ing [59], see also [60]. The static version of the beam model summarized below goes
back essentially to [54] who modified the classical Kirchhoff-Love model to account
for shear deformation.

The configuration of a beam is defined by specifying the position of its line of
centroids by means of a map ¢ : [0, L] — R? and the orientation of cross-sections
at points ¢ (S) by means of a moving basis {d;(S), d2(S), d3(S)} (sometimes called
directors) attached to the cross section. The orientation of the moving basis is described
with the help of an orthogonal transformation A : [0, L] — SO(3) such thatd;(S) =
ASE;, I = 1,2,3, where {E|, E,, E3} is a fixed basis referred to as the material
frame. The configuration of the beam is thus completely determined by the maps ¢
and A in the configuration space

Q=cC® ([0, L1, SOQ3) x R3) 5® = (A, ¢).

If boundary conditions are imposed, then they need to be included in this configuration
space. For example at S = 0, one can consider the boundary conditions ¢(0) =
0, A(0) = Id, that is, the point ¢ (0) of the line of centroid is fixed (e.g. stays at
the origin) and the cross-section at the point ¢ (0) is fixed. One can also impose the
condition ¢’(0) = AE3, for an arbitrary A > 0, which means that the line of centroid
at ¢ (0) is orthogonal to the plan defined by E| and E;. At the other extremity S = L
similar boundaries conditions can be imposed.

The time-evolution of the beam is described by a curve @ (t) = (A(¢), ¢(¢)) € Q,
in the configuration space. The material velocity Vg is defined by

d . .
Vo(S.1) = —@(S.1) = (A(S.1). §(S.1).



and thus belongs to the tangent space T4 Q to Q at @. Before defining the convective
angular and linear velocities, we first recall some notations concerning the Lie algebra
of SO(3).

Notations. We denote by s0(3) the Lie algebra of S O (3) consisting of skew symmetric
matrices endowed with the Lie bracket [A, B] = AB — BA. Throughout the paper
we use the standard Lie algebra isomorphism ~: (R?, x) — (s0(3), [, 1), called the
hat map and defined by

Q! 0 -3 02
=22 |>02= 22 0 -')]. (8)
3 -2 0! 0

We have the identity Ad4$2 = AS2.

2.2 Lagrangian of the beam

The Lagrangian L : TQ — R of the geometrically exact beam has the expression

A 1 L 2 T
LA, ¢, A, ¢) = 5/0 (Mly P40 Jw)ds

L L
- /0 Wi (2, [)dS — /0 (€. $)dS. ©)

where
o=ATA and y =AT¢

are the convected angular velocity and convected linear velocity, respectively, and
Q=ATA" and T = AT¢'

are the convected angular deformation gradient and convected linear deformation
gradient, respectively.

The first integral in (9) represents the kinetic energy of the beam and is obtained by
integrating the kinetic energy of the material points over the whole body. It is assumed
that the mass density is a constant py and that the mid-line ¢ passes through the center
of mass of the cross section, given by a compact subset A C R? with smooth boundary.
The constant M = pg x area(A) is the distributed loads per unit length, and J is the
inertia matrix in the body fixed frame defined as

— 2
sim= [ mleE R dglae



The rotational part of the kinetic energy can also we written in terms of @ as

L
%/ Tr (67 Jy@) dS, where Jy = / po (§'E1 + 67E2 ) ("B, + SZEZ)T dg'dg? (10)

0 A
is the (non-standard) diagonal inertia matrix, also called Euler tensor.

The second term in (9) is the bending potential energy, written in terms of the
stored energy function ¥;,,. We assume that the unstressed state is undeformed, that
is, we have ¢/(S,t = 0) = E3 and A(S,t = 0) = Id, for all S € [0, L]. With these
assumptions, the stored energy reads

1 L
i (A, §) = 5/0 [((r—E)"Ci ("~ Ep) + 27 G2 ds, (11)

where we defined the matrices
C, :=Diag (GA1 GAy EA) and C,:=Diag(EL} EI, GJ)

of elasticity coefficients. Here A} = Ay = A = area (A) is the cross-sectional area of
the rod, 1 and I, are the principal moments of inertia of the cross-section, J = I1 + I
is its polar moment of inertia, E is Young’s modulus, G = E/[2(1 + v)] is the shear
modulus, and v is Poisson’s ratio. This internal energy is used in [61] and [17], taking
into account that the thickness of the rod is small compared to its length, and that the
material is homogeneous and isotropic.

The third term in (9) is the exterior potential energy created by a conservative force
q per unit length.

Note that the first two terms of the Lagrangian are invariant under the left action of
the group SE(3), given by (A, ¢) — (R, Vv)(A, ¢) = (RA, v+ Ro).

Stresses. The stresses along the beam are defined by

. Wiy
n:=
or

=Ci(I" — E3), 12)

where the E|- and E>-components are the shear stresses and the Ez-component is the
stretch stress. The momenta along the beam are defined by

_ alpint
a2

m: = (02, 13)

where the E{- and E;-components are the bending momenta, with respect to the
principal axes of the cross-section, and the E3-component is the torsional moment.

2.3 Equations of motion

The equations of motion are derived by applying the by computing the Lagrange—
d’Alembert principle to the Lagrangian (9) and with given external forces F : TQ —



T*Q, F = (M, §). They read

[Jd)+a)xJa)+C1(F—E3)><F—.Qsz.Q—Cz.Q’zA_li)ﬁ (14)

Mé — (AC{(I" = E3)) +q=3F
with boundary conditions
(I' =E3)[s=0 =0, (I"—E3)ls=, =0, £(0)=$(L)=0.

Here the condition (I" — E3)|s—y = 0 means that the mid-line remains orthogonal to
the cross section at point ¢ (0) at all time. The condition £2(0) = 0 means there is no
bending nor torsion at the end boundary. Note that different kinds of forcing is pos-
sible like dead loads, configuration-dependent follower forces or velocity-dependent
dissipative forces.

We note that, if we remove the forces, the equations (14) can be written as follows

Jot+toxJo+nx I —2xm—-—m' =0,
M¢p — A(2 xn) — An' +q =0,

where m and n are the stresses and the momenta as defined in (12) and (13). These
are the statements of balance of angular, mass and linear momentum in the convective
description, as in [60]. We refer to [18] and [20] for more details concerning the
Lagrangian reduction process involved in the formulation of geometrically exact rods
and to [46] and [21] for the geometric description of the convective representation in
nonlinear elasticity and its associated Lagrangian variational formulation.

3 Lie group variational integrator for the beam
3.1 The Lie group structure

The goal of this section is to develop a Lie group variational integrator for the beam.
This can be done by identifying the configuration space Q of the beam with the
infinite dimensional Lie group G = C*°([0, L], SE(3)), with group multiplication
given by pointwise multiplication in the group SE(3), that is (Ay, ¢1) (A2, p2) =
(A1 A2, ¢1 + A192). The convective velocity can be written as

(@, 7) = (A, )" (4, §). (15)

Itis important to observe that, in this setting, if boundary conditions have to be imposed
on the configuration space, they have to preserve the group structure. For example,
both boundary conditions considered in Fig. 1 preserve the group structure of G.



Fig. 1 Illustration of the boundary conditions: A(0) = Id, ¢(0) = 0 (left), and A(0) = Id, ¢(0) =
0, ¢'(0) = E3 (right)

3.2 Spatial discretization

Discretization of the variables. We decompose the interval [0, L] into A subintervals
=[Sy, Sqr1] of length Igx = S, 11 — S,;. We denote by 7 the set of all elements K
that subdivide the interval [0, L]. The configuration of the beam at the node a is given
by Ag = A(Sq) and X, = ¢(Sa)-
Given the configurations (A,, X,) and (A,+1, Xg+1) of the beam at the nodes a and
a + 1, we consider the following interpolations over the subinterval K

S ~ S
Ap(S)|k = Aaexp (gl//a) and @n(S)|x = X4 + §Axa, (16)

where S € [0, Ix], AX; := Xq4+1 — X4 and exp(@a) = AaTAaH. Note that we con-
sistently have A, (Ix) = Ag+1 and X, (Ix) = X441. This interpolation was considered
by [14] in order to obtain a spatial discretization that preserves the objectivity of the
strain measures £2 and I".! Note that, for simplicity, we parametrize the element K
using S € [0, [k ] instead of S € [S,, Sy+1]-

The associated convected variables @y, (S), 5 (S), §h(S), and I}, (S) are obtained
by using the approximations ¢y, (S) and Ay (S) instead of the original variables ¢ (S)
and A(S) in their definitions. We thus get

on(S) = Ap(S)T An(S),
Yr(S) = Ap($)T ¢ (S) = Ap(S)T (kg + SA%,/ k),

2u(S) = Ap(S)T A1,(S) = Y/ Ik,
() = Ap($)T¢,(S) = An($)T Ax,/ k.

7)

Note that by considering S = 0 and S = [k, we obtain that at each node the relation
(15) between the material and convected velocities is preserved, that is, w, = AZAL,,
Wa+1 = Aa+1Aa+], and ]/a = Ag)‘(a, Ya+1 = AZHX(H] .

We use the notation Ax = (Ag, Augr1)!, Xg = (X4, Xa41)7, and similarly for
Ak, Xk, 0k, ¥k , to denote the variables associated to an element K with nodes a and

a—+1.

' Considera superposed rigid motlon in (A, ¢) glven by the transformatlon (A ¢) (RA, v+ R¢), where
R e SO@3),andv e R3. Since AT Agq1 = A Ag41 and A AXy = A AXg, the strain measures are
unchanged by this transformation.



The boundary conditions in Fig. 1 are given by Ay, = Id, x4, = 0, 0or Ay, = Id,
Xqy = 0, Axyy = AE3, A > 0.

The discrete Lagrangian. The spatially discretized Lagrangian is obtained by inserting
the variables considered in (17) and Ay, @, in the continuous Lagrangian (9) and by
considering the trapezoidal rule approximations.

For the kinetic energy, we make the following approximations on an element K of
length Ik :

Ix

1 Ik
5 Miy)1%as = - (Ival® + e ?)
0

1 [l Ix
5/0 (wh(S)TJa)h(S)) ds~ (ijwa + wZHJwaH) .

Concerning the potential energy, the expression obtained by using Ay, and ¢y, instead
of A and ¢ is denoted by

Vk (Ag, Xk) :=/KV;,(S)dS,

where V,(S) := Yinr (AR(S), on(S)) + eyt (01 (S)). We approximate the potential
energy Vi with the expression Vg defined by

/
Vi (Ag,Xg) i= 7’< Vh(0) + Vi (k)
T
IR (ar 2% g} o, (a7 B¥ g,
4 lx lx

AX, T AX, 2
+ (AZH x E3) G (A;r]? - E3) + (IK—)Z(%)TCz%}

l
+5 (8. %a) + § (Qat1. Xas1) - (18)

where we recall that Ax, = X,4+1 — X4, and @a = exp’l(AZAaH). In this last

expression, the exponential map can be approximated by the Cayley transform cay :
g — G defined by

A=cay(2)=(1-2/2)"" (I1+2/2) (19)
with inverse 2 = cay_l(A) =2(A=D(A+ DL

As a consequence, the spatially discretized Lagrangian L : TSE(3)> — R over
an element K of length I, is given by

L Ik . .
LAk k. Ak k) = M (Iall® + [%a117)



Ik
+ (a)aTJa)a +w§+11wa+1) — Vi (xg, Ag). (20)

The spatial discrete Lagrangian L of the total system is obtained by summing over all
the elements K, thatis L = >, .7 L. Assuming that all elements K have initially
the same undeformed length /x and taking care of boundary nodes a = O and a = A,
we get

Co lg . Ik
L ((Aa, Xq, Ag, Xa)ae/\f) = Z (EM”XLIHZ + ngjwa)

acint(N)
Ik
+ Z( Mkl + - waa)
acdN
— D Vk(k. Ag), 1)
KeT

where A denotes the set of all nodes, N = {0, A} is the set of boundary nodes, and
int(N) ={1,..., A— 1} denotes the set of internal nodes.

Discrete stresses. Similar with (12) and (13), the discrete stresses along the beam are

defined by ny, := 3})!’ Ci (I, — E3). Given an element K, the associated discrete

stress is defined by
A
(C1 (Aa ) + C; (Aa+ Xa )) .
Ix

(22)
The discrete momenta along the beam are defined by my, := BV" = C,42y,. As before,
the discrete momenta associated with K read

| =

1
ng = E(nh(o) +n,(g)) =

1
mg = E(mh(o) +my(Ix)) = Covba/ Ik (23)

3.3 Lie group variational integrators
3.3.1 Discrete Lagrange—d’Alembert equations on Lie groups

Lie group variational integrators, originated in the work of [51], were developed in
[7,8,48] for the numerical treatment of mechanical systems on finite dimensional
Lie groups, by using a discrete analogue of Lagrangian reduction. These methods
were further developed and exploited in [37]. In this approach, given a Lagrangian
L : TG — R defined on the tangent bundle TG of a Lie group G, the discrete
trivialized Lagrangian L£;(g/, f/) : G x G — R is defined such that the following
approximation holds:



i+

Lagl, fIy~ /  L(g(). 4.

t]

where g(7) is the solution of the Euler-Lagrange equations with g(t/) = g/ and
g(tithy = gitl = gJ £J_ For simplicity we use the notation £7, := L4 (g’, f7).

As recalled in the Introduction, the discrete Lagrange—d’ Alembert principle is for-
mulated with the help of discrete Lagrangian forces ch =F*(gl, g/t :GxG —
T*G. In the case of Lie group variational integrators, we reformulate F} in terms
of g/ and f/ as follows. We define the discrete forces }fit : G x G — T*G
by Fy (8" f1) = Fy (87, 8'"") € T},G and Fj (g™ f1) := Fj(s/.87™") €
Tg*j +1G, where g/*! = g/ fJ. From (2) and using these definitions, we deduce that
the discrete Lagrange—d’ Alembert principle for Lie group variational integrators is

N—1 N—1
5D Late S+ D0 [Fa el 1) sgT + Ff @7 1) - 5g7 | =0,
j=0 Jj=0

for all variations §g/ vanishing at endpoints. The variational principle &, = 0 yields
the discrete Lagrange—d’ Alembert equations

(@)D L) — AdY; ((f-’)—lijLg) + (YD)
+H T FF @ Y+ DT F @ ) =0
with g/ = gj_lfj_l, (24)

see Proposition 3.2 in [7]. Note that given (g/~!, f/=1), we obtain g_j =g/l fi-l
from the second equation, and we solve the first equation to find f/. This yields a
discrete-time flow map (g/~!, fi™Y e Gx G +— (g/, f/Ye GxG, j=1,...,N.

Notations for Lie groups. Left and right multiplications by g € G are denoted by
Lg, Ry : G — G, Lo(f) =gf, R;(f) = fg.The tangent lifted actions T'Lg, T Ry :
TG — TG are sometimes denoted as gvy := TLy(vy) and vyg := TRy (vy) for
simplicity, where vy € T'G. Similarly, the cotangent lifted actions 7*L -1, T*Ry-1 :
T*G — T*G is denoted by gy := T*Ly-1(ay) and ayg := T*Ry-1(ay), ay €
T*G, for simplicity. This notation is used in (24).

Discrete Legendre transforms. Recall that, in the forced case, there are two discrete
Legendre transforms FF*L; : G x G — T*G associated to a discrete Lagrangian
La(g’, g/th), see (4). We write the Legendre transforms in terms of the discrete
Lagrangian L4(g/, f7) used for Lie group variational integrators, by using the fol-
lowing relation between L, and L4, namely,

La(g’, f1) = La(g’, g/t with g/™' =g/ f/. (25)



From (4), we obtain that the forced discrete Legendre transforms FF%L,:Gx G —
G x g* are

FPc) = (7 ap) and FFL) = (¢, (rh)). (26)
where ]/: , are the discrete body momenta in presence of forces defined by

@) = @+ FOTVES G
=(UNT'DuLy+ @ TS @ )
()™ =) = H ' Fr ¢l £ 27)
= () Dy L)+ AdL, L (D L))
— @) F & ).
The discrete Lagrange—d’ Alembert equations can be equivalently written as
FFroi~t =F7c), i g7 =g and (f Dt = ().

Discrete momentum mappings and subgroup actions. Recall from (5) that, given the
discrete forces F*, a discrete Lagrangian Ly (g7, g/*') and a Lie group action of G
on Q, two discrete momentum maps J fdi : O x Q — g* can be defined. In the present

case, we shall choose a subgroup H of G and consider the action of H on G by left
translation. Using the relation (25) and the expression (5), we get

3oy (67 1) = i (A (D7D £7) + AL (6 DT FE G 1))
35, @l 1) = i (<Adl ) (@07 Dy L)) + Ady o ()7 Dy L))
—Adi o (€)' F @ D))

where i* : g* — b* is the dual map to the Lie algebra inclusion i : h — g. We note
that we have the relations

35 (8 D) =i (Al @) and 37, (80, £ =i (AdT, L (rh)7)
28)

between the discrete momentum maps and the discrete Legendre transforms and that
the discrete Lagrange—d’ Alembert equations imply the relation

I @ Y =05 (0L ) (29)

in h*. The quantities Ad’(kngrI),1 ((n;_-)*‘) and Adz‘gj),1 ((n})_) are referred to as the
discrete spatial momenta in presence of forces.



We note that in the special case H = G, the relation (29) is not only implied by the
discrete Lagrange—d’ Alembert equations, but is equivalent to them.

If the discrete Lagrangian £, is H-invariant and if the discrete forces are orthogonal
to the group action, then the two momentum maps coincide: J E; =] E; =:J Zd, and
(29) yields the discrete forced Noether theorem

I L Y =05 8 ). (30)

Example G = SE(3). We compute the relation (28) for the Lie group SE (3) because
of its importance in beam dynamics. We identify the Lie algebra se(3) = s0(3) © R3
of SE(3) with R? x R? by using the hat map (8). Via this identification, the adjoint
action reads Ad(4,¢)(u, v) = (Au, Av + ¢ x Au). Identifying the dual space se(3)*
with R3 x R3 via the usual pairing on R, the coadjoint action reads

Ad’("A’@,l(m, n) = (Am+ ¢ x An, An). (31)

The discrete body momenta (JT;_-)jE read (7[;_-)_ = (1 ;_-)_, (F]]_.-)_) and (n;_-)+ =
(ITE)F, (If)™), where (IT))* are the discrete angular momenta and (I'7)* are

the discrete linear momenta. Using the notations g/ = (A7, x/), f/ = (F/, H/) €
SE(3), the relations (28) read

I, (AT X)), (FILHD)) = AdE oy (TR (5D )

— (AjH(H;_-)JF +.Xj+l % .A'/'+1(F]];.)+, Aj+l(1~]]_'_)+)’
JE, (A X)), (F/, HT)) = Ad7 iy (TR (Tp)7)
= (AT~ +x] x AL, AL(TH).

3.3.2 Symplecticity of the properties of the discrete flow, without forces

As we already recalled, the numerical scheme (g/~!, g/) — (g/, g/*!) given by
the discrete Euler—Lagrange equations yields a symplectic integrator (g/, p/)
(g/*!, p/*1y on T*G by using the discrete Legendre transforms F*L,(g/, g/*1).
This implies the same property for Lie group variational integrators, namely, the
numerical scheme (g7, u/) — (g/t!, u/*1!) induced on G x g* by using the discrete
Legendre transforms F* £, (g7, f/) is symplectic relative to the trivialized canonical
symplectic form on G x g*, see [7,48].

As a consequence, the trivialized Hamiltonian 4 : T*G >~ G x g* — R obtained
from the continuous Lagrangian L : TG — R by Legendre transform is approxi-
mately conserved, that is, the sequence h(gj , ,uj ), j =0,..., N oscillates about the
true value of the Hamiltonian.

Remark 1 Asinthe continuous case, the discrete symplectic form will not be preserved
in the presence of forcing.



3.4 Alternative discretization on Lie groups

In this subsection we present a variational integrator for mechanics on Lie groups based
on [10,26,32]. We will later apply this variational integrator to the beam. This inte-
grator is obtained by choosing a local diffeomorphism 7 : g — G in a neighborhood
of the origin and such that 7(0) = e. Examples for t are provided by the exponential
map or the Cayley transform. The approach will involve the right trivialized derivative
d®t of t defined by

dfz&) g — g, dRe© ) = (Ter () v, (32)

where T:7 : g — Ty(e)G is the derivative of 7. The right trivialized derivative of 7!
is defined by d®t=1(£) (1) = Tt~ (ng), where g := (). It is readily checked that
dRr=1(¢) = (dRz(£))~!. For example, this right trivialized derivative of T was used
in [10] to develop a variety of integrators of variational partitioned Runge—Kutta type
for Lie groups.

Let L : TG — Rbe aLagrangian defined on the tangent bundle 7' G of a Lie group
G.Let .Z; : G x g — Rbe adiscrete Lagrangian defined as an approximation of the
action functional over one time step, namely, we have

i1

Lugl gh) ~ / ~ L(g@), g(1)at, (33)

t]

where g(#) is the unique solution of the Euler—Lagrange equations such that g =g
and g(r/*') = g/*! and where

T(Argh) = (g/) gl (34)

We assume that the time step is small enough so that (g/)~!g/*! is in a neighborhood
of the identity element of G where the map 7 is a diffeomorphism.

In terms of the discrete variables (g/, £/), the discrete Lagrange—d’ Alembert prin-
ciple (2) reads

N-1 N-1
8 Lalel €+ Y [Friel 60) - sgT + Fp (e 80) - 87| =,
j=0 j=0

for all variations §g’/ with §g° = d8g" = 0, where F~(g’/,&/) € Tg*jG and

Fr(g/tl &) e Tg*j 1 G are the discrete external Lagrangian forces. These discrete
forces are chosen in such a way that the second term in the variational principle is
an approximation of the virtual work done by the force field in the continuous case.

Using the notation 1/ = (g/)~'8g/, we have the variations

g/t =g/ (Adr(Atgj)nj+1) T(AtED)



ArseT = dRe (Ared) (=07 + Adpaen ).

Then, since n° = »"V = 0, the discrete variational principle §&, = 0 yields the
discrete Lagrange d’ Alembert equations

W= AL T = @) (DgieLae! €) + (817 (Fy (87, 6D)
+g) T (F(g7.877h) (35)
w =L (@R (Are))" (D Lu(g! 7)), g/t = glt(ArED),
where (dRr_l(E))* : g* — g* denotes the dual map to d®z~1(¢) : g — g.
Since forces are present, one has to incorporate them in the discrete Legendre

tral_lsfo_rms and the discrete momentum maps, as in (4). In terms of the discrete variables
(g/, £7), the forced discrete Legendre transforms F/*L; : G x g — G x g* are

FIHL(e €)= (¢ AdE 0 + 7D (77 67 69)))
F/=La(el 87 = (87,1 = (817" Dy Zate! 67 — ()7 Fy (81 6D)).
Let H C G be a subgroup, with Lie algebra b, and consider its action on G by left

translation. The forced discrete Lagrangian momentum maps J j : G x g — bh*, for

g/ € Gand &/ € g, are computed by using the formula (5), where one has to express
it in terms of the discrete variables (g/, £/) instead of (g/, g/*1). We obtain

L@l 87y = A (A nd + @7 (F @ 6D)).
Tl 80 =i Ad (10— @) Dy Zatel 8 - (617 F (g1 6D)),
(36)

where i* : g* — bh* denotes the dual map to the Lie algebra inclusioni : h — g. Note
that discrete the forced Euler-Lagrange equations (35) imply the equality

TR e = a8l 6, (37)
If the discrete Lagrangian .%; is H-invariant and if the discrete forces verify the
condition (F~ (g7, &7), ng’) + (F*(g/ ™, &7), ng/™) = 0, for all n € b, then the

two discrete momentum maps coincide: J };7 = j;r =: J¢,. Therefore, by (37), we
obtain the discrete forced Noether’s theorem

T, (8 80y = Ty (g7 E77Y, forallj=1,...,N —1, (38)

as in (7).



Remark 2 (Discrete body momenta) Recall that for mechanical systems on Lie groups
the spatial and body momenta associated to a momentum o, = dL/9¢ € T*G are
respectively given by g = ozgg_1 and mp = g_lotg, so that we can write mp =
Ad;yrs. Note also that the momentum map associated to left invariance reads Jz :
T*G — g%, Jo(ag) = agg™
we have mp = AdZ,JL(oeg).
At the discrete level, the discrete body momenta are defined by analogous formulas,
namely n;;t(gj JE) = Ad; ; J;d (g/,&7), and the discrete Euler-Lagrange equations

and thus coincides with the spatial momentum so that

(35) can be written in terms of nBi as
mh @ e + (@) T Fl gl e = 580 8D — (8) T Fug? €. (39)

3.5 Lie group variational integrator for the beam
3.5.1 Time discretization

Using the same notation as before, given a node a, the discrete time evolution of this
node is given by the discrete curve (A{; , X'C’;), j=0,..., NinSE(3).Thediscrete vari-
ables g/ and f7 = (g/)~!g/*! associated to this node are (A%, xJ) and (F/, H}) :=
AT x T = (DT Al (DTt - xD)) € 50() xR, where,
in the last equality, we used multiplication in SE(3). We denote the time-step by
At =t/ — 771 supposed to be of uniform length.

In terms of these variables (Fa] , Hy J ), we make the following approximations:

y NT (A AL\ Rl -1
wa—(A/) A,/,%(A{,) a a)_ fa 3
At At
et — I\ pi
A!) o~ (AJ) Xa —Xa)_ fHa
y ( Xcl a At At

With this approximation, the kinetic energy due to rotation, ata € K, is

(40)

g A

t oy i l . .
Tr (@40 @") ~ 2T ((F = 1) Ja(Fd = 19)")

= ZZTTr ((13 - FJ)Jd)

The discrete Lagrangian Lf( approximating the action of the Lagrangian Lg in (20)
during the time step At is therefore

J _ J J
EK— E {—4 ; +—2 ; —AIVK(AK,XK). 41

ack



The discrete action sum, which approximates the continuous action over the time
interval [0, T'], is computed as follows

Gu((Ad.xa) = D > Lk

KeT 1<j<N
N—-1 j j
_ IlﬁMnHa’n2 g, T = Fafwd)]
a0 120 2 At At
N—-1 j j
> Ik MIHGI® | 1k Tr((s = Fy)Ja)
. 4 At 2 At
j=0
N—-1 j
Ly & A L b Te(Us = Fy)Ja)
, 4 Ar 2 At
j=0
=2 2 AV (A xk). “2)
KeT 1<j<N

3.5.2 Lie group variational integrator

The discrete evolution is obtained by applying discrete Hamilton’s principle to the dis-
crete action (42). Equivalently this consists in computing the discrete Euler—Lagrange
equations for each node a. From (24), we get the following systems of discrete Euler—
Lagrange equations

1 1
TEL (g ( Fi~ L Dy Ly )
ALy TR ) ( 1La Dy Ej)
+Te L(A(j;’x_‘é) (DA[,l'ﬁ,ll, ngﬁt/l) =0, (43)

for all a € N, where Lj denotes the dependence of the discrete action G, on

(Aa, X}, Fa] , Hy J ), similarly for LJ . Recall that we denote by  the set of all nodes,
by N = {0, A} the set of boundary nodes, and by int (N) = {1, ..., A — 1} the set
of internal nodes. The equations are slightly different for a € int(N) and a € ON.
Indeed, for a € int(N) the discrete Lagrangian £ is

Ik MIH]I® | Te((3 — F’)Jd>
J &
Lh= 2+l ~ > arvg ( ) (44)
K>a
whereas, for a boundary node a € 9N, it reads
 Ix MIH]?  Ig Te((3 — F)Ja) ;o
§=— — - At ( ] ’). 4
La 4 At * 2 At Z Vi “5)

K>a



Note that in (44) the sum in the last term involves two spatial elements K, whereas in
(45) the sum involves only one subinterval.

Remark 3 (Duality pairing) We recall that we identify the dual space s0(3)* with so(3)
via the natural pairing of R%, i.e. (V, W) :=v-w = § Tr (V/ W), where ~: R? — 50(3)
is the hat map defined in (8). The tangent space at A € SO(3) reads TySO(3) =
{A£ | & € 50(3)}. We identify the cotangent space T{ SO (3) with T4 SO (3) using the
left-invariant pairing (o4, Va) = %Tr (aﬁ VA). With this identification, the cotangent
lift of left translation reads

(4,9 (@a, @.V) = T*Liag(@a, ¢, V) = (4T as, ATv) € 5¢(3). 46)

Discrete Euler—Lagrange equations. For any matrix M, let M = (M — MT) 2
its antisymmetrization. Below we shall use the following identities:

\%

- %Tr (MWE) — (M™Y. ¢ and ((va)<A>) %w xv, (47

forall &, v,w e R3 and 3 x 3 matrices M.
A long, but straightforward computation, using (18), the discrete action sum (42),
and the discrete Euler—Lagrange equations (43), yields the following equations:

(A) Discrete Euler—Lagrange equations for rotations:

(i) Interior nodes a ¢ {0, A}

lK . . \Y . . \Y
A (P = FE ga) = S (Flaa = JaFDT) = AUz

(48)

K
At
where at r = t/ we have
U, := (Aa) "' D4, Vi
1 AX,_ 1 AX,
= —C (AT _By) x AT Axg_y 4+ =€y (ATE2E — K5
K 2 Ik

X AT Axg + (1+AT A )7]@@ —2I) Y
a a lK a+141a 2WVa a

1 — ~ WYY
+E((<A§_1Au+1)—lcm1(21—%1)A§_1Au) ) - (49

(ii) Leftnodea =0

Ik
2At

Ik

- - v
(dad™ = O aa) = 50

. . vV
(Fida = JaFDT) " = At Uy,
(50)



where at t = t/ we have

T AXO

= (A())_1 Dy, Vg = C1 (AO I — E3) X AgAX()

—l—l—(((l—i-AITAo) Cayo (llfo—ﬂ)) ) . (51)
K

(iii) Rightnodea = A

. - Ix
JF{ = (RO 0a) = 25 (Flaa = JaF)T) = arUAl,

K (
2At 2A

(52)

where at = ¢t/ we have

TAXA 1

= (Aa) ' Da Vg = [Cl ( —E3) X Af‘AxAl]

1 T P -~ T W\
+— (((Aho 44+ DT Cvan @1 = Fan Al 4a) ) L 53)
K
(B) Discrete Euler—Lagrange equations for positions:
(i) Interior nodes a ¢ {0, A}

1

lgM i IgM
K A S _ K A J= = —At Aava|1:zl' (54)

—— AX
At Y A
where at r = t/ we have

AaVa = DxuVK

Ax 1 AX
= —(Aa G (A7 =24l gy + 5 (~4)C1 (4] T~ Es
lK lK

AX,_ AX,
+§(AH)C1 (AZ I ! —E3)+ (— Aa+1)Cl( at+177 Ix _E3)

+lkq. (55)

(ii) Leftnodea =0

ZKMA j IgkM

A% S Ax) T = — At AgVol,_,) (56)



where, at t = / we have

1 AX
AoVo := Dy Vg = 5(—A0)C1 (Ag?() - E3)

1 7 AXg 15
—(—A)C —E 2q. 57
+2( 1) 1( Te 3)+ 2q (57)
(iii) Right node a = A
kM ; kM
——AX) — —— AX), = —At AxV 58
2Ar AT QA7 AVA| (58)

1 AXA_1
AaVy = DXAVK = E(AA_I)CI (AA | — Ie —E3)

7 AXA-

1
+§(AA)C1 (AA

I
- E3) + ?Kq (59)

Note that the equations for translation and rotation are coupled via the known quantities
at past time nodes and hence they can be solved for the unknown configuration in a
fully decoupled way. The later equations can be solved explicitly for the unknown
translation while an iteration is necessary to solve for the unknown rotation (see
Sect. 4 on numerical examples for further details).

Remark 4 (Discrete versus continuous) We compare the discrete equations of motion
to the continuous equations (14). Given F, - (A{;)TAZJFl as a relative rotation of
cross-section associated to node a between times 7/ and 7/*! we note that the first
line of equations (48)—(52) divided by the time step At is the discrete analog of the
term Jw + @ x Jw of (14). This is consistent with the analog term arising in the
discrete Euler—-Lagrange equations for rigid bodies obtained by Lie group variational
integrators, see [36]. The right hand side of (48)—(52) corresponds to the contribution
of the discrete potential force at time #/. By comparing with (14), we observe that the
right hand side is the discrete analog of the potential term in (14). The same holds for
a comparison of (54)—(58) to the second equation in (14).

3.5.3 Discrete body momenta and Legendre transforms

In the case of the beam, the discrete momenta are (7/)* = ((n({ )E . (né)i)

where (7 )i are the discrete body momenta corresponding to the node a € N. Each

of these momenta read (1} )i = ((I1; J VE (I J y+), where (I7) J ) are the discrete body
angular momenta and (I, J YE are the discrete linear body momenta. From (27) we
know that these discrete momenta are given by

()™ = (T~ () = =T7 Ly o, (D Lh Dyl

+Ad* T)L

o i i
(FJ.H))=1"¢ "~ (Fg.Hy) (DFJE‘“ DH,-JE“)



@)t = ahH*t. aHh

=T€L LJ l HJ IEJ 1)

j—1 i—1 1
(F ,H )( Fl~

Their concrete expression is easily obtained from the computations in Sect. 3.5.2.
In particular, as we already mentioned, there are some slight differences between the
formulas for interior nodes and for boundary nodes.

The discrete Euler-Lagrange equations (48)—(52) can be equivalently written as

IH" =™, aeN
while the discrete Euler—Lagrange equations (54)—(58) can be equivalently written as
T hHt =), aeN.

Recall from (26) that the expressions of the momenta appear in the discrete Legendre
transforms, whose a-component read

(F~L)a = (AL %)), (T ™, (I
F+ LIy = (AL x)(FL, HY), ()™, (T '),
3.5.4 Invariance and discrete momentum maps

From the expression (41) of the discrete Lagrangian of the beam, we obtain that it
is H-invariant if and only if the potential Vg is H-invariant. From (18), we see that
when the conservative force q is absent, the Lagrangian is left-S £ (3)-invariant under
the action @ given by

Piam (A xDaen) = (AAL v+ AxDen,

Note that this action is the left translation by the subgroup SE(3) C SE(3)" (diagonal
inclusion). The Lie algebra inclusioni : se(3) — se(3)N reads i (£2,v) = (£2, V)aeNs
and its dual map is given by

i* (M, Taen) = D My, Tu) € se(3)".
aeN

Using the general formula (28) relating the discrete momentum maps for left transla-
tion by subgroups and the discrete body momenta, together with the formula (31) for
the coadjoint action for SE(3), we get

sz«Af',xf'),(Ff,Hf)):i*((Ad gt (AT ) N)

= (Z ATt g A Y Aé“(rj)*).
aeN aeN



Similarly, we get

Yz, (AT X)), (F1, HT)) = (Z AT ™ + x4 x AT ™. > Az;(nf)).
aeN aeN

By the general theory developed earlier, these momentum maps coincide since the
discrete Lagrangian is S E (3)-invariant.

The discrete Noether theorem (30) ensures that when the discrete Euler—Lagrange
equations (48)—(58) are fulfilled, then J -, is conserved in se(3)*, i.e.

I, (A xD), (FI,HY)) =, (AT xd 7, (FI7Y BITY)
We denote
W, I ) := I, (A XT), (F7, HYY) (60)

the discrete angular and linear momentum map.

In general, the presence of external forces breaks the S E (3) symmetry. For example
if we consider the gravity force q, = —m,gE3, then the discrete Lagrangian is S'-
invariant under the S'-action

Py (Al XDaen’) = (©xpOEs) AL, expOEs)x]acn

In this case, the Lie algebra inclusioni : R — se(3)" reads i () = (9@3, 0)gen, and
its dual map is given by

i* (Mo Ta)aen) =EB3- D M, € R.
aeN

Applying the same formulas as above, the discrete momentum maps are

YE (AT X)), (P HT) =B > A ah ™+ x0T s Al
aeN

I (A X)), (FI, HT) = B3+ D" AT, + x5 x AL(T)™.
aeN

As above, these two momentum maps coincide and the discrete Noether theorem
ensures its conservation.

3.5.5 Approximate energy conservation
The spatially discretized energy is given by the Hamiltonian H associated to the

Lagrangian (21) via Legendre transformation. We work with the trivialized expression
of H given by



1 1 _
H (Aa»Xa, as Ta)aeN) = D (ZZK—MMFQHHE(J 1nafna)
acdN

1 |
+ > (Z_M||F””2+Z_(J 1na)Tna) + D> Vk(xk, Ak).  (61)
acint(N) K K KeT

3.5.6 Initial conditions

Suppose that the initial configuration of the continuous system on G is given by
(g(0), £(0)) € G x g. In order to solve the discrete Euler-Lagrange equations

g =gl and (/T =),

we have to initialize them by choosing g” and f°. Given the initial conditions
(g(0), £(0)) we define g° := g(0), (70" =: %(g(O), £(0)), where L is the con-
tinuous Lagrangian, and f is defined by solving the equation

oL
' DpLas 10 = 3¢ 8050,

where the left term of the equation is defined in (27).
3.5.7 External torques and forces

As we mentioned in Sect. 3.3.1, external forces can be incorporated in the variational
integrator by using the discrete Lagrange—d’ Alembert variational principle. A spatial
discretization yields expressions F'((Ag, X4, Aa, Xg)aeN )a at each node. The time
integral of the virtual work

T
JAD IV IR INCI I
0 4eN

done by these forces in the Lagrange—d’Alembert principle is then approxi-
mated via temporal discretization by an appropriate choice of the expressions
FF(AT xITY (FI, HY)), and F; (A7, x7), (F/, H')),. Here, for simplicity,
we restrict to one-point quadrature by choosing 7 (A, x/*1) (F/ HI)), =
(0,0) and

Fq (AT,x), (F1, HT)q
= At (M7 (A7, x7), (FT, B, 85 (AT %), (FT 1)),

an element of T(*A i j.SE(3). According to what was recalled in Sect. 3.3.1, in presence
a ’Xll

of external forces, the discrete body momenta (17({ )* and (Faj )* are modified as
follows



my )t =1t

SE=aht
107 = ()™ = At(AD IS (AT, xD), (FI, HY))
L) =T = AnAD TS, (AT X)), (FT, HY)).

(
(I'z
N (62)
(I
The discrete Lagrange—d’ Alembert principle yields the equations

(ME )" =T )" and (DT =TF )7
or, using (62), by

(TN = (1))~ — Ar(A) ' (AT xI), (Fi, HY))
(LT =)™ = Ara) 3, (AT xD), (FI, HT)).

In absence of external forces, one recovers the discrete Euler-Lagrange equations
(48)—(58).

3.6 Alternative variational integrator for the beam

In this subsection we develop the variational integrator for the beam, by applying the
alternative approach developed in Sect. 3.4.

3.6.1 Time discretization
The discrete Lagrangian ., J , defined on SE(3)N*! x se(3)N*+!, approximating the

action of the Lagrangian Lk in (20) over the interval [/, +7F1], for elements K of
length /g, is

2 . ; . .
g +<w4>TJwé}—AtVK(A§<,x§<), (63)

j Ik
J
Ly = At 1 E {
ack

where, following (34), we define the dlscrete veloc1ty é‘a = (a)a , ya) € se(3) in terms

of the discrete Lie group elements ga = (AL, x)),and g]—H (AH_] ]+1) e SE(3)
by

argl =7 (@h~"'el™)
o (b al ah T axd), (64)

At (wh, )

where 7 : s¢(3) — SE(3) is alocal diffeomorphism in a neighborhood of the identity,
with t(e) = 1. As in [32], we shall use the local diffeomorphism

R
(o, y) = (cayo(w) d ca}ll(a))y) ’



where cay is the Cayley map of SO(3), see (19). It is a local approximation of the
exponential map of SE(3), which is given in terms of the exponential map of SO (3)
by

R
exp(w, y) = (eXpO(w) d exl;(w)y).

Using (19), we can show that dRcay(w) : R® — R3 is given by

2
dRcay(a))y —— QL+ w)y.
4+ wl?

The matrix representation of the inverse of the right trivialized derivative d¥ =1 (w, y) :
R? x R3 — R? x R? becomes

I — jo+ ;llwa 03 i| ©5)

dRcay N (w, y) = {
—sL-j0)y L-j

Since we are using the pairing (i, 7), (@, ¥)) = p-@+n-y betweense(3) ~ R3xR3
and its dual se*(3) ~ R? x R3, the matrix of dRcay ™! (w, )* is the transpose of (65).
One can also use for t the Cayley map of SE(3) given by

wy—1
cay(w, y) = (cay(a)) ([ B 7) }')-
0 1

The discrete action, which approximates the continuous action over the time interval
[0, T, is therefore given by

N—-1 N—1 ) ) N—1 ) )
Ga= D D L= Ar%" > Zwa&aﬁwm%" > (I8, &)
KeT j=1 a#0,A j=0 j=0
i N—-1 N-1 ) )
Ao > el e —ar 3T Y Vi (k. x ).
j=0 KeT j=1

where & ::(a),{, Y and J: R3 x R? — R3 x R3 is the linear operator with matrix

J 0
Jz(o MI3)'

By evaluating the potential term Vg at time ¢/, in the discrete Lagrangian (63), the
dependence of the discrete action G, on (x}, A}, H], &) reads



(i) Interior nodes a ¢ {0, A}

2= Ak (J]Ea,éa — A > Vg (A;'(,x;'(), (66)

K>a

(ii) Boundary nodes a € {0, A}

2= a K (J]Ea,éa —Ar > Vg (A;;,x;;), (67)

K>a

where in the potential term we choose the elements K containing a.

3.6.2 Alternative discrete Lagrange—d’Alembert equations

Discrete forces. Given the discrete Lagrangian %, as defined in (66) and (67), we
choose the following discretization of the forces

Frad™ xi™h, @, y7) = 0,0)
Fyg((ALx). (@, y7))
= Ar (M (Ad.xD). @y ). §, (AdxD). @ y7) € TF,  SEG),
(68)

where 91, and §, are respectively the exterior moment and force applied in node a.
This choice is consistent with the approximation we made for the potential term.

We now give the discrete Lagrange—d’ Alembert equations (35), for a given diffeo-
morphism 7 : s¢(3) — SE(3) in a neighborhood of the origin such that 7(0) = e.

Discrete Euler—Lagrange equation for the left boundary a = 0. The equations read

. A/)—l(&n/)— UO
—u) + Ad* Y = At
o+ AL i (AD' G- Vo)l
. , j . , .
J Ik (qRe-1(Ar g o Ty JH (AL ES
Mo 3 ( T ( Eo)) M}’(j) s 80 gof( 'i:())a

tJ

(69)

with Ug given by (51) and V by (57). Recall, g = cay’1 (AgAl) and AXp = X| —Xg.
The discrete body momenta are

w5 (80 5) = d*(AE)Mo and 75 (g], %O)—At(VO)JrMo



Discrete Euler—Lagrange equation for the right boundary a = A.The equations read

i -1 (A)~tem)) (UA)
Ba+ AL o +At((A’) ‘(S’)‘) A va

)

t=tJ

(70)
P O N f Jw, j+1 j
Mi = TK (dR-[ (At .‘31{1)) (My?:)’ gi = gAt(At s,{;)a

with Uy given by (53) and V4 by (59). Recall, Yy4—1 = Cay_l(Ag_lAA) and
AXp_| = XA —X4_].
The discrete body momenta are

(gAssA)_ (Al‘sj M/A and nB(givgﬁ):At(VA)—i_ A

Discrete Euler—Lagrange equation for a node a ¢ {0, A}. The equations read

o . -1 (AD ' (M) (U)
Ha kAL g +A[( (Ad)- 1(&)‘) T,

’

=)

. B LN J(()] 1 . .
wh =1k (R tareh) (79 ). el = glrared),
My

with U, given by (49), V, by (55), ¥ = cay ' (A Agi1), Ya—1 = cay 1 (AL Ay),
AXy_1 =Xg — Xq—1,and AX,_ | =X, — X4 1.
The discrete body momenta are

_ _ J
(gassa) (At& )ﬂaa nB(gav%-a) (Ar) (Va)+ﬂa'

Discrete momentum maps. We note that when q = 0, then the discrete Lagrangian
(63) is invariant under the left action of SE(3). When q # 0, say q =
qu, then the discrete Lagranglan is only invariant under the S'-action given by

- (AL, xa) (exp(QEq)A exp(9E3)Xa) where 6 € R. From the expres-
sion (36) we deduce that the discrete momentum maps associated to the SE(3)
action read

J}ij((Aja Xj)v (a)lv }’I)) ZZHGN Ad(A] ]) ll'La
J;;;((Aja x/), (@, )’j)) = (Zae/\/' Ad(AJ xiy- 1”“ (72)

=Dy gy Zal(AT X, @],y )l xh ™ = (M, §4) Al xD).

To obtain the discrete momentum maps associated to the S! action, one sim-
ply multiplies the above expression by the vector (E3,0). Note that the term



D ,i X,-).fd((Aj, x), (@', y7)) (AL, x})~! appearing in the discrete momentum map
can be explicitly written as

Dy yy iy ZalAT X)), @y adoxh ™ = —Ad? (UL V)

J —
(Ag.x)~!

(A}.x3)

_ (Ag,'Uz,' +x) x AIVI AZ;Vé) ,

where the expressions of U,, V, are given in (49), (51), (53), (55), (57), and (59). This
formula holds for both boundary nodes and interior nodes.

As recalled in (38), these discrete momentum maps (either in the S' or SE(3)
symmetric settings) are preserved if the discrete forces are absent or are orthogonal to
the symmetry group action.

3.6.3 Approximate energy conservation

The trivialized expression of the discretized energy is given by the Hamiltonian J#
associated to the Lagrangian (63) given, in terms of the convected discrete velocities
Wa, Ya> by

H (Aav ¥a, @a. YadaeN) = D IZK (M17a]* + @7 J@0)
acdN
+ > lﬁ(M [yal* + @07 Jou) + X Vitxk, Ak (73)
. 2 a a a ’
acint(N) KeT

3.6.4 Comparison with other methods

Our scheme is obtained by applying a variational integrator to a semidiscretization of
the configuration space and the Lagrangian of the beam. In this sense, it is similar with
other approaches, such as, e.g. [13,25,41]. However, the specificity of our approach
lies in the fact that both the space and time discretizations are realized in a “Lie group
preserving way” which implies that the symmetries of the original problem are pre-
served by the discretization. This allows us to define the discrete notions of angular and
linear momentum maps in a consistent geometric way [50] and to obtain their exact
conservation. Another benefit of our approach is that, since it preserves a Lie group
structure, the spatial discretization in (16) can be easily combined with any Lie group
methods for the temporal discretization, such as the ones in [10,26], including the
Runge—Kutta—Munthe-Kaas methods. Regarding the spatial discretization, any inter-
polation Ay (S), ¢n(S) of (Ag, X4)aen that preserves the objectivity and the SE(3)
left action, can be used without altering our results. It can then be followed by any of
the temporal Lie group methods mentioned above. Our setting is therefore potentially
useful to derive higher order schemes.

Approaches to dynamic beam simulation being inherently different from Lie group
methods, are already mentioned in the introduction. In particular, [5,34,35] use redun-
dant coordinates like quaternions or director triads. To describe the rotational degrees



of freedom, they need to be subject to constraints, leading to differential algebraic
equations of motion that are treated, e.g., with index reduction or projection meth-
ods. An advantage of our approach is that it does not need the introduction of any
additional constraint ensuring that the scheme preserves the Lie algebra of rotations,
since this property is naturally guaranteed through the use of Lie group variational
integrators. Furthermore, different spatial discretizations, e.g., using a staggered grid
in [34], or finite elements in [5], or using a spatially discrete Lagrangian (21) as in
this work, yield different mass matrices which influence the numerical results. For
example, for the variational case, the mass is lumped into the nodes resulting in a
diagonal mass matrix, while the finite element semidiscretization of space yields a
tridiagonal mass matrix. Since the goal of [34,35] is different than the one pursued in
this paper, the authors do not provide any information concerning the symplecticity
of the algorithm, the conservation of the symmetries (momentum maps), and of the
energy. They choose to discretize the ODE, whereas, in our approach, we discretize
directly Hamilton’s principle in a way that preserves the Lie group symmetries, which
ensures the symplecticity as well as the preservation of momentum maps.

We would like to mention that it is also possible to carry out a spacetime covariant (as
opposed to spatial followed by temporal) Lie group preserving discretization of beam
dynamics. Such a variational discretization has been carried out in [16] following the
multisymplectic discretization of [47]. This approach allows for symplecticity in both
the space and time evolutions, as well as a discrete version of covariant Noether the-
orem (that implies the classical one). However, imposing both the covariance and the
“Lie group preserving” properties allows for less freedom for the choice of the spatial
and temporal discretizations, than in the setting developed in the present paper. There-
fore, it appears that both approaches have their own advantages. Note that through
the discrete field theory point of view, some specific developments were introduced,
such as the asynchronous variational integrators [38] and the semi-discrete variational
integrators [15].

4 Numerical results

In this section, we numerically analyze the derived variational integrators by means of
two numerical examples. To this end, we implement three different integrators: first
of all the Lie group variational integrator for the beam given by equations (48)—(59),
secondly the alternative variational integrator for the beam given by equations (69)—
(71) and thirdly an energy-momentum preserving time stepping scheme with finite
elements in space as described in [41].

4.1 Implementation details
4.1.1 Lie group variational integrator for the beam
For the implementation of the Lie group variational integrator, we have in equations

(54)—(59) an explicit update to determine Ax), while (48)—(53) are an implicit expres-
sion of the form



(FlJg— Ja(FHT) =2

In order to solve this equation for F] € SO(3), (the vector a and the symmetric
matrix J; being given), we use a Newton iteration based on the Cayley transformation
as described in [37] (Sect. 3.3.8). In the following we denote the variational Lie group
integrator by ‘lgvi’.

4.1.2 Alternative variational integrator for the beam

The alternative integrator we proposed in Sects. 3.4 and 3.6 involves the choice of a
local diffeomorphism in (34). Once this diffeomorphism is chosen, no further approx-
imation is needed to derive the scheme, in contrast with the first integrator, which
involves an approximation of the velocity (40). The implementation is based on (69)
(70) and (71), each cons1st1ng of three equatlons For a given group element ga,
given Lie algebra element & ~!and given ), juJ is determined by the first equation
as an explicit update. A Newton iteration is performed to solve the second equation for
&/, and finally, the group element is updated to g/ by the explicit update in the third
equation. In the following we denote the alternative variational integrator for by ‘lavi’.

4.1.3 Energy-momentum preserving time stepping scheme with finite elements in
space

For a comparison, the same problem is simulated using a well established energy-
momentum preserving time stepping scheme with finite elements in space as described
in [41]. For further energy-momentum conserving simulations of geometrically exact
beam dynamics using a finite element space discretization see e.g. [55]. In [41], the
kinematics are represented via a constrained configuration variable, discretized with
linear finite elements in space and the time discretization of the resulting constrained
Hamiltonian system is performed via a G-equivariant discrete derivative introduced by
[22]. In the discrete setting, the discrete null space method with nodal reparametrization
is applied which reduces the computational effort and improves the system’s condition,
see [42]. The resulting discrete trajectory is exactly energy and momentum conserving
(both quantities conserve their initial values up to the tolerance employed in the Newton
iteration, which is in contrast to the good energy behavior of variational schemes
where finite energy oscillations are present), but it is not symplectic. Theoretical
analysis shows that the scheme converges with second order in space and time. In
the following we denote the energy-momentum preserving time stepping scheme with
finite elements in space by ‘feem’.

4.2 Beam with concentrated masses

As a first example we consider a geometrically exact beam with a concentrated mass
m at the middle node and concentrated masses M at the boundary nodes and with a
three-dimensional loading acting on the concentrated masses (as depicted in Fig. 2).
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Fig. 2 Beam with concentrated masses

This is a standard benchmark example which has been previously addressed e.g.
in [6] with slightly different loading. The beam is initially aligned along the Ej3-
axis and undeformed. For this problem, the following parameters are used: beam
length L = 2, concentrated masses M = 10 and m = 1, mass density o = 1,000,
square cross-section with edge length a = 0.05, Poisson ratio v = 0.35, and Young’s
modulus E = 10”. We consider this problem without external potential forces, such
that [T,y (¢) = 0.

The temporally bounded external loading has the form

F.(t)= f(O)P; fork=1,2,3
with

P, =P3; = —1.0E; + 1.6E, — 1.2E3
P, 1.0E; — 1.6E> + 1.2E3

and the function

100 (1 — cos (%)) for ¢ < Tioad
0 for t > Tioad

f(t)={

for Tipag = 0.1. No other external loads are present in this example. Furthermore, the
beam’s initial translational velocity is linearly distributed as

. 1
@(S,0) =P, P= E(I.OEl + 2.0E2 + 3.0E3)



with the function

5y [4-16S/L  for S<L/2
=1 10416 S/L for S> L2

and the initial rotational velocity $2(S, 0) is zero.

For all three methods, two simulations are performed until the simulation time
T = 0.9. The first simulation is based on a constant time step Az = 10~% and an
equidistant spatial discretization of the central line of the beam by A = 22 beam
elements which corresponds to an element length Al =[x = % for all elements K.
The second simulation uses the constant time step Az = 107 and A = 66 beam
elements.

An impression of the motion and deformation of the spatially discretized beam
is given in Fig. 3 by snapshots of consecutive configurations for a simulation using
the variational Lie group integrator with A7 = 107 and A = 66. The elements of
the beam are colored by a linear interpolation of the sum of the norms of the stress
resultants ||ng || + ||mg || in the elements K = 1, ..., 66, as defined in (22), (23).

For the discretization based on At = 107> and A = 60, all three integrators
provide similar beam motions. The similarity of the results can be observed Fig. 4
(right), which shows the time evolution of five selected nodes. However, for a more
rough discretization with At = 107* and A = 22, the numerical solution do not
coincide anymore (see Fig. 4 (left)). Whereas Igvi and lavi show similar behavior, the
solution of feem differs.

Also, the evolution of the energy and the stress resultants differ between the methods
for simulations with Ar = 1074, A = 22.In Fig. 5, the energy ((61) for 1gvi and (73)
for lavi), the angular momentum and linear momentum ((60) for 1gvi and (72) for lavi)
of the beam are depicted for the three methods. The evolution of the stress resultants
ng (shear stresses and stretch) and mg (bending moment and torsional moment) in
the spatial elements 1, 12 and 22 is depicted in Fig. 6. It can be observed that lgvi
and lavi compute a stronger deformation, in particular concerning the extension stress
ng 3. This yields a larger deformation energy compared to the feem, thus a smaller
kinetic energy and a larger exchange of energy between the kinetic and the potential
parts is predicted by the variational schemes.

All methods show a very good behavior concerning their structure preserving prop-
erties: as expected, from the discrete Noether theorem (Sect. 3.5.4), the two compo-
nents (angular and linear) of the discrete momentum map J 2, associated with SE(3)-
invariance are preserved up to numerical accuracy after the external loads vanish at
Tioad = 0.1. Also the total energy of all schemes is conserved after this time. However,
the value of the total energy differs between the variational schemes and feem due to
the different space discretization, in particular, the mass matrix differs, see Sect. 3.6.4.

Energy, linear momentum, angular momentum, and stress resultants for the finer
discretization (Af = 107, A = 66) for all three methods are depicted in Figs. 7 and
8, respectively. All three methods show similar behavior for this time and space dis-
cretization. Note that for the fine discretization, all methods show the same qualitative
behavior which has been predicted by the feem already using the coarse discretization.



(aurquo 213y 10[09) 99 = = > ur
! 9=V 'c 01=1
¢ vV qm 1AS] Surs "0°9€°0 ‘60"
' [3utsn {7.°0 *9€°0 ‘60°0} > / J& UONLWLIOJSP pue
pue uonow ) Jo sjoysdeus :SSSLW PAILNUIIUOD IIM
M weoq € 81

BT

NN

2L'0=}

60°0 =}



(eur[uo am3y 10[02) 99 =V ‘¢_O1 = IV W51 'TT =V ‘;,_01 = IV 27 "S3POU Paloa[as dAY JO UOTIN[OAD :SISSEUI PIENUOUOD I Wed  { “BI

awn awn
600 800 00 900 SO0  $00 €00 200 100 % 600 800 00 900 SO0 ¥00 €00 200 100 %
T T T T T T T T T T T T T T T T T T
110
420 =}
3 I}
a o
® o
° o
v ®
leo 8 g
3 3
> @
=1 2
1¥0
7)1 =] [p— 490 WNE| =i =
[ p—— 6] = = = 1¥0
woay wiesy
22N 10000 1P

99 {oN G031 1P



IPPIAL "IARL YT TT =V “y 01 = }V 10} (10}30) WMUSWOW TESUI] PUE (2/ppius) WUaWOW te[nsue (dor) A510u9 JO UONN[OAD :SISSEUI PAJENUDdU0D YIIM Wedq  § “3Iq
1

(ourTuo 2131y J0]00) WY 1y 81y “IAS]
1 1
M K M
L ob bR L ob
N s s
3 3 3
§ § g
g o B B
3 3 3
E] ] E]
3 3 3
3 3 .3
2 2 2
z Z Z
3 3 3
o
e
.. joe-
\ \
bl Ve
3 Sl 8 Sl 8
H L3 L@
< . = . <
B} oo B o B
3 3 3
g g g
o= 3 o= 3 o= 3
3 3 3
2 2 2
© 5 <5 © 5

@
3
2

<

<

2
3
3

g

<




(Su1puo 213y 10[00) WY Y51y “AS] APPYA AR 42T TT =V *y,_01 = IV
J0J 7T 11 ‘1 SIUSW[O UI (U01J0q) JUSWOW [EUOISIO} PUE BUSWOW Surpuaq om) ‘(doz) yojemns pue sassans Jeays 0m) JO UONN[OAD (SOSSBW PAJLNUIOU0D PIM wedq 9 *Sif

G0 w0 s 90 s vo w0z vo G0 w0 s 90 s yo w0z vo
o o
o i
- 4 -3
o £ o £
.2 .2
e e
' '
G0 w0 s 5 s vo ez vo G0 w0 s s s vo ez vo
H H H
2z oo
) B '
G0 w0 40 w0 s vo sz vo G0 w0 40 s s vo ez vo G0 w0 40 0 s vo sz vo
og- os- oo~
oo . . o= 5 o= 3
o O PP A OA e o8 S faTA o8
3 S INION fen M NSO SN 3 PR NALNE 3
¢ T erzt 2 I §
El El fw— El
o 3 o 5 . o 3
oz oz P oz
, ) '
60 w0 s 90 so  vo sz vo G0 w0 40 90 so  vo ez o 60 0 40 s _so  vo sz o
g 2 2
= sxtpeo & & &
H H H
s £ g g
H H H
oot & @ 3
ooss
21 wewsro 21 wewele 24 wewere
B i
v G0 w0 40 90 _so  vo sz o 60 0 40 90 _so  vo sz o
- - -
- § . -5 . o -5
o, fs g L R ST
2 2 , fida AL A Y, 4 DRI T A W i IS é
s 3 Y 3 X o 2 3
¥ |4 W |4 W e 4
e 5 - 5 3 . £
k3 kS B
v - v
) ' '
60 w0 s 90 _so  vo s 20 vo 60 80 0 90 _so  vo sz o 60 0 0 90 so  vo sz o
ooo1-
s & 2 2
AlanaanfalfAnA L n s udnf 8 8 8
VA AL M AR AAAY <<r\<< s B g g
oo 3 3 3
oost

1 wewaie L wowepe 1 wewej



(auruo 21n3y 10[0d) WY 1y 31y IAJ]
IIPPIA "IARL HT 199 =V ‘¢_(1 = 1V 10J (1010q) WNUIWOW TESUI[ PUE ‘(2]ppiut) WNMUAWOW TenSue ‘(do) 319U JO UOTIN[OAS :SISSEUI PAENUIIUOD UM Weag L “Si

' V
60 w0 0o _s0 _so vo g0 20 w0 60 w0 r0 _s0 _so w0 w0z w0 60 w0 0o _s0 _so_vo g0 2o w0
o o o
R e R
oz 3 oz
2 2 3 52 2
2 2 B
o 3 oe 3 oo 3
H E 3
Q%3 3 3
o
s
--- os
y ' V
60 s s s so w0 s0 zo w0 60 w0 s so  so w0 _so 2o vo 60 w0 s s so v s0o zo  ro
" o o " o
\ o \ o \ o

wmuowow senbue
wnewow einbue
§
wmuowow senbue

B1oua

fBioua




(ourfuo o3y 10[00) WA JyF1Y TAS] PPN "TARL HoT 99 =V ‘01 = IV
10J 99 ‘g€ ‘T SIUQWRQ Ul (14070q) TUSWOW [BUOISIO) PUB BIUSWIOW SUIPUAq 0M) ‘(do7) Ydjons PUB SISSAI)S Jeays om) JO UONN[OAD :SISSBUI PAIRIUIIUOD Y)IM Wwedq § “SI

f w0 s w0 s w0 w0z 1o G w0 s w0 s v w0z 1o
- - o
-5 = =
-2 -2 -
o & o & o &
5 H 5
. g L2 .2
3 3 3
' )
G e 0 90 50 'so w0z o G w0 s s 5o ' vo w0z o
o1~
A 2 2
2 8 005~ &
H H o3
£ £ s £
oost
o
i ' '
® w0 0 w0 so w0 w0z v f w0 s w0 s w0 w0z 1o G w0 s w0 s w0 w0z 1o
g & ¢
2 2 g
H H H
k3 E 7
'
2 e 005~ @
2 El El
@ @ o &
H H H
£ £ s £
7 3 o0 &
ost
- - -
i i -5
& & &
o & o & b &
2 g 2
g - g g
3 ] S
. . .
! '
G w0 s s 5o ' vo w0z o G w0 0 w0 s ' w0 w0 20 o
. 2 B
g & H
H g H
: H H

T T



Thus, for a fine enough grid, all methods converge to the same numerical solution.
This is confirmed by the following numerical convergence analysis.

All three methods show an excellent long term energy behavior. Small oscillations
are visible for Igvi and lavi, while feem yields exact energy conservation, see Fig. 9.

4.3 Numerical convergence analysis

For the convergence analysis of variational integrators, techniques based on a varia-
tional error analysis using the exact discrete Lagrangian are typically used, see e.g.
[50] and [52]. In this work, we restrict ourselves to a numerical convergence analysis
and we investigate the following simple example scenario: We consider a geomet-
rically exact beam lying in the (E1, E3)-plane with an initial deformation given as
follows: the beam describes a circular arc with opening angle ZT” and it is com-
pressed to 75 % of its original length L. The beam is free to move in space and has
zero initial velocity. Again, an equidistant spatial discretization is used. We choose
the following parameters: beam length L = 2, mass density o = 1,000, square
cross-section with edge length a = 0.05, Poisson ratio v = 0.35, and Young’s
modulus £ = 10* For all three methods we investigate the convergence behav-
ior to identify convergence rates and similarities and differences in their numerical
results.

The numerical convergence analysis concentrates on two aspects. First of all,
each method is analyzed separately with regard to the convergence for time grid
refinement at constant space resolution, the convergence of space grid refinement
at constant time resolution and with regard to the convergence for the simultane-
ous refinement of the space time grid and convergence rates are deduced numeri-
cally. While the first two experiments illustrate the convergence of the variational
time integration and the variational space integration for finite dimensional sys-
tems, i.e. for the ODE case, respectively, the latter illustrates the convergence of
the variational space time integration for the PDE case. Secondly, the differences
between the methods are analyzed showing that the solution of one method does
converge to the solution of another method and deduces the rate. Finally, the dif-
ferent behavior concerning the computational efficiency of the three methods is
illustrated.

4.3.1 Convergence of each method

For each method, we perform simulations with the following number of elements
A = 16,32, 64,128,256 and time step Ar = 1.6 - 107*,8-107,4 - 1073,2 .
1073, 107>, The simulation time is 7 = 0.06 in all comparisons. The relative error
&rel for a simulation result is computed by the discrete L-norm of the relative error
between the actual simulated configuration g and a given reference configuration g™
To this end, the nodal relative error of a configuration gé = (Al,x)) at a time and
space node is computed by the 2-norm, resulting in the matrix of relative error |
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j_ lga — gt Sa)ll2
(ereD)a = :
llgret(t/, Sa)ll2

each row containing the relative error at one time node for all spatial nodes. The
relative error for a complete simulation result of the whole beam’s motion during a
time interval [0, T'] is given by

€rel = ||&relll p vV AtV Al
where ||.|  is the Frobenius norm.

Convergence in time for fixed number of elements. For a fixed number of elements, we
simulate the beam with decreasing time step Af to analyze the numerical convergence
w.r.t. time grid refinement. Since the analytic solution is not known, we compute a
reference solution with small time step for each method in the following way: the
reference solution is computed with the same method, the same Al, and Ar = 1073,
This is done for all element lengths. In Fig. 10, the relative error for the three methods
is plotted logarithmically over the time step At for each element length Al. The
convergence rates are approximately 1.6 for lavi and 1gvi, and 2.3 for feem. Note that
by fixing Al, the convergence analysis corresponds to a convergence analysis for an
ode-system w.r.t. A¢. For all three methods, we would expect a rate of 2.0, thus, our
numerical results almost confirm this rate (also note that we have no real solution as
reference which may lead to slightly different orders).

Convergence in space for fixed time step. For a fixed time step, we simulate the beam
with decreasing element length Al to analyze the numerical convergence w.r.t. space
grid refinement. The reference solution is computed with the same method, the same
At,and A = 256. This is done for all time steps. In Fig. 11, the relative error is plotted
logarithmically over the space step Al for each time step Af. The convergence rates
are approximately 1.5 for lavi and Igvi, and 2.0 for feem.

Convergence in space and time simultaneously. Now we decrease the time and space
step simultaneously in the same way. For each method, the reference solution is com-
puted with the same method using Ar = 107> and A = 256. This is done for
(At, A) = (1.6 - 1074,16), (8 - 1073,32), (4 - 1075, 64), (2 - 1072, 128). The rel-
atives errors are given in Fig. 12. Since the space error dominates, the convergence
rates behave in the same way as the convergence rates in space, and are thus approxi-
mately 1.5 for lavi and Igvi and 2.0 for feem.

4.3.2 Differences between the methods

Next we analyze the convergence behavior between different methods. The trajectories
obtained by the three methods are computed for fixed Al and Atz. This is done for all
time steps and for all element lengths. For (Af, A) = (1.6- 1074, 16), (8 - 1073, 32),
(4-107>,64), (2-107>,128), (1- 107>, 256) the relative errors are plotted in Fig. 13
versus At (versus space step Al gives the same pictures). The solution of one method
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Fig. 14 Computational efficiency for each method. Left computational time versus time step. Right relative
error versus computational time (color figure online)

does converge to the solution of another method with a rate of 1.6. 1gvi and lavi lie
much closer together than feem. This is to be expected, since they have the same
space discretization and the same mass matrix whereas feem uses a different space
discretization.

4.3.3 Efficiency of each method

We store the computational time for different discretizations in time and space for each
method. In Fig. 14 (left), the computational time versus the time step (versus space step
gives the same picture) is plotted logarithmically. The general trend is as excepted: for
finer grids the computational time increases. lgvi and lavi are both faster than feem,
lgvi is even slightly faster than lavi. However, note that feem is a fully implicit method
(solving a nonlinear coupled system for the complete beam) whereas lgvi and lavi
solve a (partly explicit) system for each node. For lavi and Igvi the computational time
behaves approximately quadratic w.r.t. the time step (or space step, respectively), for
feem the computational time behaves approximately cubic, especially during the first
refinement steps. In Fig. 14 (right), the relative error versus the computational time
is plotted logarithmically. The reference solutions for the computation of the relative
error are chosen as in Sect. 4.3.1. Again, the general trend is as excepted: for more
accurate approximations more computational time is required.

4.3.4 Concluding remarks

The numerical experiments illustrate that the two Lie group variational integrators
yield quite similar simulation results, even for relatively coarse discretizations. Fur-
thermore, the convergence rates are approximately of order 1.5 in space and in time.
In contrast to that, the energy-momentum preserving time stepping scheme with finite
elements in space shows space and time convergence rates of order 2.0. On coarse
grids, the latter method’s results differ from the first two methods’ results substantially,
while the results of all methods approach each other for grid refinement. Concerning
the computational efficiency, the Lie group variational integrators are generally faster



than the energy-momentum preserving time stepping scheme with finite elements,
with the first Lie group integrator being the fastest.
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