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Abstract

This paper is concerned with the solvability of implicit time-stepping methods for simulating the
dynamics of multi-body systems. The standard approach is to select a time-step based on desired level
of accuracy and computational efficiency of integration. Implicit methods impose an additional but
often overlooked requirement that the resulting nonlinear root-finding problem is solvable and has a
unique solution. Motivated by empirically observed integrator failures when using large time-steps this
work develops bounds on the chosen time-step which guarantee convergence of the root-finding problem
solved with Newton’s method. Second-order geometric variational integrators are used as a basis for
the numerical scheme due to their favorable numerical behavior. In addition to developing solvability
conditions for systems described by local coordinates, this work initiates a similar discussion for Lie
group integrators which are a favored choice for floating-base systems such as robotic vehicles or molecular
structures.

1 Introduction

This work considers the solvability of implicit low-order numerical integrators for multi-body systems with
respect to the choice of integration time-step. Our main focus is on geometric variational integrators [1,
15], i.e. integrators which by construction preserve the following physical invariants of the continuous
system: symmetries due to conservation laws and associated momentum evolution, configuration space
structure such as arising in freely rotating rigid bodies, symplectic phase-space structure. Integrators
that respect such variational properties exhibit improved numerics and remedy many practical issues in
physically based simulation and animation [2]. In addition, they provide good energy conservation over
exponentially long simulation times for non-dissipative systems. When non-conservative forces are present,
symplectic structure preservation results in a much-improved treatment of damping that is essentially
independent of time step [3]. Our focus on such integrators is also motivated by their successful application
to multibody systems [4, 5, 6, 7, 8, 9, 10].

Variational integrators could therefore be used as a basis for developing computationally efficient
algorithms by choosing large time-steps while still retaining desired accuracy. A standard approach is to
select the time-step to achieve a desired local or global integration error (e.g. see [11, 12, 13] in the context
of variational integrators and [14] for the general setting of implicit method). But there is also another
key condition that must be satisfied, i.e. the algorithmic solvability of the resulting integrator. This is a
key issue since almost all variational time-stepping methods for nonlinear systems are implicit and require
the solution of potentially complex nonlinear equations. To the author’s knowledge, the issue of implicit
integrator solvability and its connection to time-step selection has not received enough attention despite
the wide use of error-based adaptive time-step selection methods. This turns out to be in fact a central
issue for gaining efficiency since, as we show, the success of the numerical root-finding method depends
on enforcing strict bounds on the chosen time-step. To illustrate this point, consider Figure 1 showing
the integration of a simple three-link multi-body system using a symplectic forward Euler method [15].
Based on this empirical evidence there is a clear threshold of the chosen time-step h somewhere in the
range h € (0.125,0.5) seconds above which the integrator always fails due to divergence of the employed
Newton’s method. This upper bound could become much lower and thus impose stricter time-step limits
as the system increases in complexity.

The main goal if this paper is therefore to obtain formal bounds on the chosen time-steps h to guarantee
solvability of the implicit integrator update. Presently, we obtain such bounds for multi-body systems



evolving in a generalized coordinate space @ = R™ (as described in Section 4) that are not subject to
unilateral constraints, e.g. from intermittent contacts or collisions. The second goal of the paper is to
extend those methods to geometric Lie group integrators for floating-base systems with configuration space
Q = SE(3) x R™, where m = n — 6 denotes the number of internal degrees of freedom from movable
joints (Section 5). A number of methods have been developed to take advantage of the differential-
geometric and Lie group structure naturally present in multi-body dynamics for numerical integration
purposes [16, 17, 18, 19]. For our purposes, we are interested in a coordinate-invariant treatment of
evolution in the Euclidean group SE(3) to avoid singularities and associated time-step restrictions as
well chart switching necessary with coordinates such as Euler angles. The resulting algorithms exhibit
surprisingly accurate numerical behavior even at large time-steps. The convergence properties developed
for coordinate spaces do not directly apply to Lie groups and need to be considered in a more extensive
study. Initial observations for the simplest case of a single rigid body and encouraging results related to
time-step regularity conditions are presented in Section 3.

2 Background on variational Integrators

A mechanical integrator advances a dynamical system forward in time. Such numerical algorithms are
typically constructed by directly discretizing the differential equations that describe the trajectory of
the system, resulting in an update rule to compute the next state in time. In contrast, variational
integrators [1] are based on the idea that the update rule for a discrete mechanical system (i.e., the time
stepping scheme) should be derived directly from a variational principle rather than from the resulting
differential equations. This concept of using a unifying principle from which the equations of motion
follow (typically through the calculus of variations [20]) has been favored for decades in physics. Chief
among the variational principles of mechanics is Lagrange D’Alembert’s principle which states that the
path ¢(t) (with endpoint q(to) and q(¢1)) taken by a mechanical system subject to forces f(t) satisfies
the wvirtual work principle § Sz; L(q,q)dt + S:; f(t)dq(t) =0, i.e., the state variables (g, ¢) evolve such that
any variation of the time integral of the Lagrangian L of the system (equal to the kinetic minus potential
energy) must result from the work done by the force f.

Practically speaking, variational integrators based on Lagrange D’Alembert’s principle first approxi-
mate the time integral of the continuous Lagrangian and the integral of forces by a quadrature rule. This
is accomplished using a “discrete Lagrangian,” which is a function of two consecutive states qx and qr+1
(corresponding to time ¢y and tx41, respectively):

Latawaee) ~ [ " L), ).

and “discrete forces” fq according to

trh41
F7 (@ Qgrs ur, wk1)0qk + f3 (Qr, Ghats Uk, Uki1)0qri1 & J‘ T (q(t), 4(t), u(t))oq(t),

tk
where the function f(q,q,u) defines generalized forces including control inputs u acting on the system
and the discrete left and right forces f; and f], respectively, approximate the virtual work on the left
(resp. right) section of the interval [tg,tr+1]. A discrete variational principle can now be formulated over
the whole path {qo,...,qn} and control inputs {uo,...,un} defined by the successive position at times
tr = kh. This discrete principle requires that

N-1 N-1
3 Lalae, ar+1) + D [ (ks @y iy w1 )3an + £ (qs Qo1 s wrr1)0qus1] = 0, (1)
=0 k=0

where variations are taken with respect to each position qx along the path. Thus, if we use D; to denote
the partial derivative w.r.t the " variable, we must have

DyLa(gk—1,qk) + D1La(qe, qr+1) + i (@e=1, @, u—1,ur) + fi (ks Qor1s Uks ukt1) = 0 (2)

for every three consecutive positions gk_1, gk, qr+1 of the mechanical system. The relationship (2) is
known as the discrete Fuler-Lagrange (DEL) equation and defines an integration scheme which computes
gr+1 using the two previous positions g and gx—1 and given forces wg—1, Uk, Uk+1-
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Figure 1: Simulation of a conservative three-link system at three different time-steps. The simulation is qualitatively correct
for all time steps below h = 0.125 seconds but suddenly breaks down at higher time-steps. It turns out that this is caused either
by crossing singular points of the implicit integrator Jacobian or by divergence of the employed Newton’s method. This work
seeks a priori conditions based on the dynamical model to find bounds on h avoiding such problems.
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Simple Example. Consider a system with continuous, typical Lagrangian of the form L(g,q) =
14" M-V (g) (V being a potential function) and subject to control forces only, i.e. f(g,q,u) = u. Define
the discrete Lagrangian using the trapezoidal rule

La(qr, qr+1) =g [L (qk7 W) +7 (Qk+1, W)] .

with discrete forces defined by
h

Fa (ar, @rvr, ur, wirn) = Suk, S (@ry Gy, g, ugr) = 5 Uk+1
The resulting update equation is:
41— 2 -
g Lett thk+qk 1 = o — VV(qs),

which is a discrete analog of Newton’s law MG = u — VV(q). This example can be easily generalized
to systems with configuration-dependent mass matrix M(q) or to systems with constraints leading to
variants of the update equation.

3 Geometric integrators for the rigid body

We first consider geometric integrators for a single rigid body as one of the simplest mechanical system

with nonlinear dynamics. The goal is to illustrate two typical geometric integrators and discuss regularity

conditions required for their solvability. These results will then be generalized to multi-body systems.
The standard continuous equations of motion of a controlled rigid body is given by (see e.g. [21])

R=Ro (3)
Jow =Jw x w+ u, (4)
where R € SO(3) is the rotation matrix, w € R® is the angular velocity, J is the 3x3 inertia tensor and u are
the given control inputs. While it is possible to express the body rotation using coordinates such as Euler

angles a more numerically convenient approach is to perform numerical integration on the configuration
manifold directly. For instance, the simplest first-order Euler method on SO(3) would take the form

Ri+1 = Ry exp(hwit1), (5)
W1 = wi + AT Jwr X wi 4+ uk), (6)

where exp : R® — SO(3) is the exponential map defined by

3 1'7 LAJ:O 7
D) ={ Ty smlety | memete g "

with I denoting the identity matrix and the map = : R* — s0(3) (with so(3) begin the space of 3x3
skew-symmetric matrices) defined by

0 —ws w3
o= w3 0 —wi | . (8)
—w2 Wi 0

The integrator (5)—(6) explicitly updates the next state (Rg41,wk+1) given the current state (R, wy).
The method is more accurate than a coordinate-based Euler method and does not require coordinate
chart switching [22]. Nevertheless, similarly to any other Euler method it is only first-order accurate and
has poor numerical stability which becomes especially pronounced at large time-steps h.



3.1 Implicit second-order methods

A numerically superior integrator results from implicit second-order formulation, for instance based on
trapezoidal or midpoint collocation. As an example, a trapezoidal collocation of the dynamics (4) will
result in the semi-explicit integrator

Ri41 = Ry exp(hwi+1), (9)
h
J(wr+1 — wg) = 3 (Jwr x wi + Jwpt+1 X wrs1) + hug, (10)

known as the trapezoidal Lie-Newmark (TLN) integrator [15, 23]. The dynamics update (10) can be
equivalently written as
A(hwk+1)Tka+1 —_ A(—hwk)Tka = huk

where the matrix A(w) is defined by
Aw) =1 — %a

and is regarded as the truncated (to first-order) right-trivialized derivative inverse [23, 24] of the exponen-
tial map, i.e. dexp(w)™" = A(w)+O(|Jw|?). In contrast, a very similar method employing the untruncated
derivative is actually a variational symplectic integrator obtained using a Lie group version of the discrete
variational principle (1) known as the discrete Euler-Poincare principle (see [1, 25, 26, 23, 27]).

An example of such a symplectic Lie group integrator known for its efficiency and ease of implemen-
tation [23, 27] is defined by

Ri41 = Ricay(hwy1), (11)

[deayr, .17 Jwrt1 — [deay Ty, 1" Jwr = ha, (12)

where the Cayley map cay : R® — SO(3) approximates the exponential map and is defined by

4 @

while the right-trivialized tangent inverse is defined by

~ T
deay ']=T1 -2 +9“ 14
[deay, '] 5T (14)

One of the special properties of the symplectic integrator (11)-(12) is that it preserves the spatial mo-
mentum Ji & J(kh) given by Ji = Ry [dcaijwk]Tka in the absence of forces, i.e. when u; = 0.

Time-step selection and solvability. The numerical behavior, preservation properties, and asso-
ciated backward error analysis of these methods has been established [28, 22, 15, 23, 2]. The resulting
favorable numerical behavior permits the use of larger time-steps h while maintaining desired accuracy
and stability. But how large can h be? To answer this question we next study regularity conditions of the
most common iterative method, i.e. Newton’s method, which translate to a maximum time-step selection
rule required in order to guarantee solvability of the integrators.

3.2 Newton’s method and time-step bounds

Either the collocation or the symplectic methods require the solution of nonlinear discrete dynamics
equations, in particular equations (10) or (12), respectively. This can be formulated as the solution of
the nonlinear equations egin(wk+1) = 0 Or €symp (Wr+1) = 0 given by

et (W) = [I + g@] Jw — ¢k, (15)

where ¢;, € R? is given and defined by

cr = A(=hwy) " Jwy + huy,
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Figure 2: Comparison of maximum time-steps h allowed by the trapezoidal collocation integrator and the symplectic integrator.
Both analytical upper bounds are shown as well as empirically computed upper bounds resulting in singular Jacobians (and
integrator solution failure) from 50000 Monte Carlo experiments with varying inertia J and velocity w.

and

_lr.ts R
esymp (W) = +§w+Iww Jw — di, (16)

where d. € R? is given and defined by
dy = [dcay:}lwk]Tka + huy.

While it is possible to apply a number of numerical root-finding methods including polynomial and
continuation methods, we focus on Newton-like methods since they generalize to the more complex multi-
body setting. Newton’s method solves the equation e(w) = 0 using an initial guess w which is then iterated
according to w = w — [De(w)]~'e(w), where De(w) is the Jacobian of e(w) which must be invertible. The
Jacobians of the two methods are given by

Deun(w) = I — 250 + 201, (17)
and
Desymp() =3 — 23 + 260 + BTl + 2wy, (18)

and are positive definite and invertible at h = 0. We next compute the range of time-steps h for which
the Jacobians remain invertible. First note that it is not difficult to show ! that

~ 1
01 < Lel(or —o )1,
where o_ and o4 are the minimum and maximum eigenvalues of J. Therefore, we have
h
Deun(@) 2 o=~ Lwl(or — )| 1,

or equivalently Dey (fu) will be always positive definite and hence invertible if the time-step is chosen
according to 0 < h < h¢in(w) where the upper bound is defined by

o0 (i.e. time-step unrestricted) if either k =1, or ||w|| =0

hun(w) = { 4 otherwise,

i (19)
(r=1)[wll

1A = B for any matrices A, B € R"*" if and only if 27 Az > z™ Bz for all z € R™.



where k = 2 > 1 is the condition number of J. When k =1 (i.e. a spherical body) or when |lw| = 0 we

have trivially_ Deyn, = J and there are no restrictions on the time-step.
The symplectic integrator Jacobian Degymp(w) satisfies

h 1
Dewymnp () > [a_ P lor = o) + 2 el? (o- _ 1a+)] I

and will remain positive definite and invertible all time-steps 0 < h < hsymp(w) where the upper bound
is defined by

hsymp (w) = k—1—/K2+14k—63 (20)

_ o (i.e. time-step unrestricted) if either x < 47 —7, or |w| =0
otherwise.

(8—2r)[w]

Figure 2 illustrates these bounds by plotting the dependence of h|w]| on the condition number k. The key
point is that the lower the condition number and the lower the velocity magnitude |w| the higher time-
step can be chosen. Note that the symplectic integrator appears to have a wider region of convergence
and, unlike collocation, there are no restrictions on the maximum time-step for bodies with condition
number k = 3.58 or smaller. Furthermore, empirically the number of failed solutions is a small fraction
of the singular cases for the collocation scheme. In general, though both methods are suitable for very
efficient and long-term stable integration as long as the time-step h is chosen to satisfy the respective
bounds (19) or (20).

4 Variational integrators for mechanical systems in gener-
alized coordinates

We next consider the more general setting of mechanical systems in minimal generalized coordinates, i.e.
describing the the system joint angles and pose. The equations of motion of multi-body systems can be
derived using a Lagrangian in the typical form

L(g )= 30" M(a)i~V(a),

where M(q) is a positive-definite mass matrix and V is a potential function. The system is also subject
to generalized forces f(q, ¢, u) in the form

fla,q,u) = f*(q,9) + B(g)u,
where f* encodes any internal and external forces e.g. due to damping or friction and u € R® are the

control forces. Our focus is on second-order variational integrators obtained using the discrete Lagrangian

h
La(qr, qu+1) = 5 [L(qk;ve+1) + L(gr+1,ve41)]

where the discrete velocity vr € R™ is defined by

2o 9k —qk-1
Vg = Tv
and discrete forces set to
_ h i h
Ja (qk, Qrr1, Uk, Ukt1) = §f(qk,vk+17uk)7 Ja (qr, Qv vk, ukt1) = §f(qk+17vk+1,uk+1)-

This choice of discretization is based on trapezoidal quadrature approximation and as we will show results
in a simpler integrator amenable to easier analysis compared to other methods of the same order such as
midpoint quadrature (that is not to say that the midpoint rule is inferior).



Discrete Equations of Motion. The general discrete Euler-Lagrange equations (2) when applied
to the mechanical systems result in the implicit integrator

1

21V (@) + M(gesn)os = 5[M (@) + M(ao)lon

[(In ® v ) VM (qr)vr + (I ® va+1)VM(Qk)Uk+1} +hVV(qr) (21)

| S

[f(qk7 Vk, Uk) + f(qu Vk+1, Uk)]
where the tensor product notation A ® B is defined (see e.g. [29]) according to

a11l3 e a1n13
A®B = : . :
an1B - annB

and the matrix gradient VM and hence the expression (I, ® v7)VM are defined as

oM T oM
2q1 2q1
. T
vM=| : |, (Tev)vM=
oM T oM
qn oqn

Equivalently, the matrix (I,, ® vT)VM can be expressed in coordinates according to

n
OMy;
[(In®UT)VM]ij = TZJU&
=1 9%
where 4,57 = 1,...,n are the matrix row and column indices, respectively. The relationship (21) is
expressed more compactly as
1 1
5[M(ar) + M(qr + hvrtr)]vesr — 5 [M(gr-1) + M (gr]oe + hbk(vk, gk, ve+1) = hB(qr)uk, (22)

2 2

where the discrete bias by is defined by

1
bi (Vks Qry V1) = — 1 |:(In ® vk ) VM (qi)vx + (In ®U£+1)VM(Qk)Uk+1] + VV(gr) (23)
23

- %[fz(%,vk) + % (qr, ve11)]-

The integrator (22) can be regarded as the discrete analog of the continuous equations of motion in a
standard form (e.g. [30, 31])

M(q)§ + b(q,4) = B(q)u,
where the corresponding continuous bias term b(q,q) = C(q,4)d + 9(q) — f*(g,q) encodes Coriolis and
centripetal forces defined by the matrix C, gravity forces g, and other forces f*.

4.1 Implicit time-stepping using a Newton algorithm

The integrator (21) is solved in terms of the next velocity vi4+1 using a numerical root-finding procedure,
typically a second-order method such as Newton’s method equipped with regularization and line-search
procedures. Our goal is to find the root of the equation er(vi+1) = 0 corresponding to the relationship (21)
with the mapping e; : R™ — R™ defined by

x(v) = 2 (M) + Mlge +ho)Jo = 2 [M(@e1) + M@)o+ hlbe(vr, 0 0) = Blaou].— (24)

The Jacobian of ey (v) is

Dew(v) = L[M(gs) + Mlgstho)] + o [V M (gt ho) (T ® ) — (1 @vT)VM(gs) ~ Daf*(ar,v)], (25)

N =



where the matrix gradient transpose paired with the tensor product should be understood as

AngT T
vMT(I®v) = [ Ml ... e, ] .
Note that one of the main practical advantages of using a trapezoidal variational formulation, in addition
to its numerical stability, is the relatively simple expression for the Jacobian (25). This is not the case if
the midpoint rule were used which would involve the unwieldy term VZM
Newton’s algorithm starts by setting the unknown v to an initial value and iteratively updates it to
v + d where the Newton step d is defined by

d = —Deg(v) 'er(v).

We will restrict our analysis to this “pure” version of the algorithm which also employs the previous
velocity as an initial value, i.e. the first iteration begins with v = vi. The algorithm is summarized
below.

Algorithm 1: vg 1 < Newton (vg, gk, ux)

10« v

2 choose time-step h

3 while v has not converged do
Compute d € R™ such that [Dey(v)]d = —ex(v) using (24) and (25)
ve—v+d

4 return v

We next study the convergence properties of this algorithm. This will be accomplished by assum-
ing certain regularity conditions of the dynamical model and deriving time-step bounds to guarantee
convergence.

4.2 Convergence of Newton’s method

In order to guarantee solvability of the integrator it is critical to ensure that the time-step h is chosen
small enough to ensure convergence of Algorithm (1) or in other words that the true solution can be
traced from the initial guess v = v,. This problem has been studied previously [32] for implicit time-
stepping methods under general regularity conditions. For mechanical multi-body systems these results
need to be extended since it turns out that the Jacobian Lipschitz “constant” normally employed in the
Kantorovich-type results [32] is actually a function of the time-step and the current state which requires
additional development.

To establish the formal bounds it is necessary to assume the following regularity conditions of the
dynamical model:

Assumption 1. Assume that the dynamical system model satisfies the following bounds:

mi(g)] < M(q) < Ima(q) (26)

1M (g) — M(q + w)|| < Lo(q)|w] (27)

VM (a)" (In ® )| < ta(9)v] (28)

VM (g +w) = VM @] (I @ )| < ta(a) o] ] (29)

1D25%(q, v)|| < (@) 0]l + €4(q) (30)

1D2f%(g,v) = D2f*(g,v + d)|| < [€s()|[v]| + €6 ()] ]| (31)
for some known non-negative functions mi,ma,fo,l1,..., 4l : @ = Ryo for any v,w,d € R™. Further-
more, assume that there is a set U  Q and constants mai,m2,fo, ..., Le = 0 such that for all g€ U:

mi <mi(g), ma(q) Sma, Lolg) <l ..., Lo(q) <ls.

The bounds defined in (26)—(31) are used to obtain regularity conditions which are necessary to
guarantee convergence of Newton’s method. In particular, the following quantities will be computed in
order to construct a convergence proof:



e bound on time-step h to guarantee non-singular Jacobian Dey(v) for a given v € R"

e bound on |ex(vx)| and Jacobian inverse |Des(vi) ™| at first Newton iteration, i.e. when v = vy,
e bound on h so that Deg(v) is invertible for all all Newton iterations staring with v = vy,

e Lipschitz bound on the Jacobian Dej(v)

This list constitute the steps to be taken in order to construct a Kantorovich-type proof of convergence.

4.2.1 Jacobian Regularity.

The most basic requirement for convergence is that the Jacobian Dej, defined in (25) is non-singular, a
condition established as follows.

Proposition 1. Assume that the conditions (26)-(31) hold. The Jacobian Dey(v) is non-singular for
every time-step h such that 0 < h < h(qr,v) where the upper bound is defined by

. @) ol + Lalan)]? + 8Eqo)[o]Pms — £5(qn) o] — La(ar)
h(qr,v) = 205 (qr)|v|?

(32)

Proof. First, note that at h = 0 we have Dex(v) = M(qr) > 0, i.e. the Jacobian is positive definite?.
Therefore, h can be increased as long as Dej, remains positive definite and hence invertible. Next we add
and subtract the term VM7 (I, ® v) to Dey in (25) and since the matrix

VM (I, ®v) — (I, @ v )VM

is skew-symmetric it will not affect the Jacobian positivity. Hence we have

Der(v) = Z[M(qr) + M (g + hv)] + g [VM(q + )T (I, ®v) — VM (q)" (I, @ v) — Daf" (g, v)]

_h
2

N~

(33)

= max |ma(qx) — g|\v|\50((1k)7ml] [£2(qr)Blv ] + £s(qr) o] + La(ar)]

where max(-, -) takes the maximum of either the local bound at gx or the global bound m; of the mass
matrix. For simplicity, we will employ the global bound so that Deg(v) > 0 when h is chosen so that

C2(qe) [ol*h® + [ (i) o] + £a(g)]h — 21 < 0

which is satisfied when h < h(qx,v) where h is the quadratic equation root defined in (32). Note that in
case when £2(gx)|v]| = 0 we have the simpler form

- 2m
hge,v) = —— =
(@00) = ol + falan)

Finally, whenever the denominator is zero there are no restriction on the time-step, i.e. h(gx,v) = co. O

Linear Damping Forces. Note that the Jacobian regularity bound can be improved when the
velocity-dependent terms in the external forces f*(q,v) are the form —Kwv for some matrix K > 0. The
quadratic condition would then be

O2(qi) [o]*h* + [€a(qr) — ka]h — 21 <0,

where k1 > 0 is such that k1] < K with respect to the chosen norm | - |.

2any matrix (including non-symmetric) A € R"*™ is positive definite if 27 Az > 0 for all € R™ such that = # 0

10



4.2.2 Bounding Newton’s method iterates.

Next, we establish bounds on the error function e and inverse Jacobian Dej evaluated at the first Newton
iteration, i.e. when v = v,. These bound will then be used in computing the the region of convergence of
Newton’s method determined by the first search step.

Applying the assumption (27) twice the following relationship holds

1
5 [M(gr + hor) = Mg — hve)]ve < hto(qr) vk |,
and a bound on the residual ej, evaluated at v = vy can be established according to

lex (vi)|| < hlo(qr) vk |® + hllbk (vk) — B(gr)ux]|

(34)
e hLo(qk, vk).
Similarly, the Jacobian satisfies the following bound
[Dex (o)l < iz + b | Bl + 5 [ D2f(ge o)
k()| < M2 vkl + 5 1D25 (g, ve (35)
2 my + hL1(qk, vk),
while its inverse is bounded according to
1 1
| Dex(vr) '] € ——————— (36)

mi1 — hl1 (qk, Uk) ’

Note that similarly to (33) it is possible to obtain a tighter bound by using min[ma(gx) + % vk [[€o(gr), me]
in place of M2 in (35) and (36) with minimal modification; we employ the simpler mo for clarity.
The first Newton iteration search step dp € R™ is defined by

do = —[Dek (Uk)]_lek (vk).

A convergent Newton algorithm will then perform iterations in the vicinity of the starting value v = vy,
in the sense that all iterates v will be contained in the set By £ B(vk + do, |do|), i-e. the ball at point
vk + do with radius |do|. More formally, the set B(v,r) c R" for a given scalar r > 0 is defined as

Bv,r)={v+d||d| <r}.

The following property related to the magnitude of subsequent iterates can be established:
Lemma 4.1. Let assumptions (26)—(31) hold and assume that the time-step h is such that Bo < U. All

Newton iterates v € R™ are then bounded according to

2hL0 (qk, Uk)

g L ' 37
”v” ”Uk” m1_hL1(qkavk) ( )

Proof. Assuming the Jacobian Dey(v) is invertible for all v € By, all consequent iterates v will remain
inside By which means that

< vk + dol + [ do]|

< vkl + 2| do]
< |

okl + 21 Dex (vr) " lex (v)],

ol

and (37) follows from (34) and (36). O
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4.2.3 The Newton-Kantorovich Condition

So far we obtained condition (32) on h guaranteeing that the Jacobian Dey is invertible. The computed
upper bound h(gk,v) is a function of v so it is actually not possible to use this bound to guarantee
regularity for all Newton iterations a priori, i.e. before executing the algorithm, since obviously v will
change at each iteration. But since know that ||v| is bounded such an a-priori condition is obtained using
the upper bound (37) by selecting h so that ¢x(h) < 0 where

2hLo ] 2hL
¢ (h) = b [uukn + ml—if(iLl] h* + [63 : <||vk\| + ﬁ) + 64] h—mi, (38)

where all functions £; and L; are evaluated at (qk,vk). This is now a fourth-order polynomial in h and
the upper bound denoted by hy, is set to the smallest positive root of ¢r(h).
Next, we establish a Lipschitz condition on the Jacobian. We have, for some d € R™:

IDer(v -+ d) — Dex(w)] < gIM(as +ho +d) = Mgy + o)
+ 2 |OM (a1 + ho+ )T (1@ (@ + ) — VM (ge + ) (T @)
—(I®d")VM(qr) — Daf*(qr,v +d) + DQfm(qk,U)H (39)
< B[+ 200 + ol + 500 o] + folan)] 1]

£ h[La(qr) + Ls(ax) |v]] d]-

In order to obtain a Lipschitz bound independent of the velocity v it is necessary to employ bound (37)
on |lv| which leads to

IDex(v+ ) = Den(o)] < | a(an) + Lalaw) (Joul + 2250000 jay

1 — hLi(qr, vk
_ h[Lzﬁ’Ll + L3”Uk ||7’77,1] + h? [2LOL3 — L1Lo — L1L3||’UkH] ”d“ (40)
mi1 — hlq
. hLs+K°Ls 1|
mi1 — hl ’

so that the factor in front of |d| can now be regarded as the required Lipschitz constant of the Jaco-
bian [32].

Choosing h < hy where hy, is the smallest positive root of ¢(h) guarantees that the Jacobian is
invertible for all Newton iterations assuming the method was initialized with v = wvg. This bound can
now be combined with the actual sufficient condition for convergence. As a result, a stricter bound will
be obtained that is sufficient to guarantee a successful solution.

Proposition 2. Assume that conditions (26)~(31) hold and that the time-step h is such that ¢x(h') <0
for all B € [0, h] or equivalently assume that h < hi. Furthermore, assume that Bo < U for all h < hy.
Newton’s algorithm then converges super-linearly to a unique solution inside By if the time-step h is chosen

so that (k') <0 for all b’ € [0, h] where

¥(h) = h*(2LoLs + L}) + h*(2Lo L4 — 3m1 L3) + h(2m;L,) — mj. (41)
Equivalently, convergence is ensured if the upper bound on h is set to the smallest positive root of (h) = 0.
Proof. To ensure convergence, the Newton-Kantorovich theorem [33] requires that

hLs+ h%Ls

Deit (v <
— [Dei;” (v do

1
57 (42)

where the first term corresponds to the Jacobian Lipschitz term (40). Note that
|Deic (wellldoll < [ Dei ™ (v)lex (v |

hLo(qk, vi)

< = )
[m1 — hL1(qx,vi)]?
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using the computed bounds (34) and (36), which is then substituted into (42) to obtain ¥ (h) < 0.
Since this condition is trivially satisfied for h = 0 the upper bound is the smallest positive h for which

W(h) = 0. O

5 Variational Lie Group Integrators for Multibody Systems

The integrators developed in Section 4 are based on generalized coordinates ¢ in the Euclidean space
R™. The configuration space @ is actually only locally isomorphic to R™ in the sense that any choice
of rotational coordinates such as Euler angles cannot globally cover the space of rotations using a single
chart. Most floating-base multi-body systems have a configuration space Q = SE(3) x R™ with ¢ = (g,7)
where g € SE(3) is the pose of a chosen base body and r € R™ are the joint angles or shape variables.
Such representation is sufficient for tree-topology multi-body systems with m internal (i.e. from movable
joints) degrees of freedom. A more general graph-topology system with loops is modeled by selecting a
spanning tree and enforcing loop constraints using additional multiplier variables. Our goal is to develop
geometric variational integrators for such systems which evolve intrinsically on the configuration space
Q. These integrators can be regarded as an extension of the single rigid body integrators described in
Section 3 to general multi-body systems. We first focus on the standard continuous setting and then
develop the corresponding geometric structure-preserving integrators.

5.1 The Continuous Setting

The configuration of a tree-topology multi-body system is defined as ¢ = (g,7) € SE(3) x R™ with velocity
given by v = (£,7) € R®™™ where g € SE(3) is the 4x4 pose matrix describing the base body orientation
R e SO(3) and position = € R® according to

| R =z 1+ _[ R" —R"z
9=l o 117 9 T o 1 :

and where £ = (w,v) € R® defines its body-fixed angular velocity w € R* and linear velocity v € R®. The
body-fixed velocity ¢ is related to the configuration using the relationship [31, 21]

~

g = g&,

where the operator ~: R® — se(3) turns velocities £ = (v,w) into the 4x4 matrices

~ @ v
§ - |: 01><3 O ] . (43)
The Lagrangian of the system is defined by
. 1, . .
L(g,?",g,?”) = §(£7T)TM(T)(€7T) —V(g,?"), (44)

or more compactly as L(g,v) = 30" M(r)v — V(q), where the mass matrix M is defined by (e.g. see [31,
34])

Io+ ) ATLA; S AT

M(r) = = (45)
S SLA | X I
where I; is the 6x6 inertia matrix of body ¢ and the adjoint notation A; £ Adg—l(r), and Jacobian
01
Ji = Z?:1[90_il (1)0r;90i(r)] " were employed (the operator - is the inverse of the operator = defined in

(43)). Here we use the standard notation go; : R™ — SFE(3) to define the transformation between the
base body (with index #0) and body #i (see e.g. [31]). The adjoint map Ady is defined by the 6x6 matrix

(46)

R 0
Adg:[:?R R]'
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Various efficient methods exist [30, 34] to compute the Jacobians and the mass matrix recursively exploit-
ing the tree structure of the multi-body system. Finally, assume that the system is subject to generalized
forces expressed through the known function f(q,v,u). The variational principle used to obtain the
dynamics is

5 j L(g,r. & #)dt + f Flg,m & #vu), (n,67)) =0, (47)

where the left-trivialized variation n € R® is defined by n(t) = (g(t)"'8g(t))". The resulting equations of
motion are obtained by taking variations (dg, dr) and (6£,0r) subject to the constraint (see e.g. [21])
0€ = 1+ ade 7,

where the adjoint operator ad¢ is defined by the 6x6 matrix

0
Ak

This variational constraint stems from the kinematic constraints & = (¢g7'§)" between ¢ and g.

Before stating the equations of motion it is necessary to define a procedure for differentiating functions
on the Lie group SFE(3). This will be accomplished by applying a trivialized gradient as opposed to the
standard gradient on R" as follows.

Definition 5.1. The left-trivialized gradient g*V,V (g) € R® of a function V : SE(3) — R,

<&

ad5=[

§*VV(g) = Ve| _ V(g exp(€))

or in coordinates using the standard basis {e1,...,es} of R® by
*VV(g) = v (z exp(se1)), --- v (z exp(ses)) :
g 9= 0s ls=0 P 1) ’ 0s ls=0 P 6 ’

Continuous Equations of Motion. Employing the momenta pu = d¢L and p = ;L the resulting
dynamics can be expressed as:

[Z] = [l(In giﬁT);VM(r)v] - [g;Y{}V] + f(q,v,u), (49)

2

The system evolution is then fully determined by adding the reconstruction equations
9=9§

which corresponds to setting R = Rw and & = Rv. Note that equations (48) and (49) can be regarded as
an extension of the standard Hamiltonian form of the equations of motion (see e.g. [29]) to floating-base
systems. In order to derive the corresponding geometric integrator we next specify a methodology for
performing discrete-time updates on Lie groups, such as SE(3), without resorting to local coordinates.

5.2 Trajectory Discretization on Lie groups

A trajectory is represented numerically using a set of N + 1 equally spaced in time points denoted
go:n = {go,...,gn}, where gr ~ g(kh) € G and h = T/N denotes the time-step. The section between
each pair of points g and g1 is interpolated by a short curve that must lie on the manifold (Fig. 3).
The simplest way to construct such a curve is through a map 7 : g — G and velocity vector & € g such
that & = 77! (g5 " gr+1)/h. Here g = T.G denotes the Lie algebra of G. The map is defined as follows.

Definition 5.2. The retraction map 7 : g — G is a C?-diffeomorphism around the origin such that
7(0) = e. It is used to express small discrete changes in the group configuration through unique Lie
algebra elements. For our purposes, we consider maps such that 7(€) = exp(€) + O(|€]?).
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Thus, if & were regarded as an average velocity between gr and gir4+1 then 7 is an approximation
(to at least second-order) to the integral flow of the dynamics. The important point, from a numerical
point of view, is that the difference g;l gk+1 € G, which is an element of a nonlinear space, can now be
represented uniquely by the vector £ in order to enable unconstrained optimization in the linear space g
for optimal control purposes.

o1 & =7"1(g; "gk+1)/h

Figure 3: A trajectory (solid) on the Lie group G discretized using a sequence of arcs (dashed) represented by Lie algebra
vectors & € g through the retraction map 7 [27].

Next, we define the following operators related to 7.

Definition 5.3. [28, 23] Given a map 7 : g — G, its right-trivialized tangent d7¢ : g — g and its inverse
d7'g1 : g — g are such that, for a some g = 7(§) € G and 7 € g, the following holds

0e7(&) - = dre - 7(8), (50)
o (g) - m=drg’ - (n-T(=€)). (51)
Note that it can be shown by differentiating the expression 77 (7(¢)) = £ that
dre ' dr - =1,

to confirm that these linear maps are indeed the inverse of each other.

Retraction Map (7) Choices

a) The exponential map

exp : g — G, defined by exp(£) = (1), with v : R — G is the integral curve through the identity of the
vector field associated with £ € g (hence, with 4(0) = £). The right-trivialized derivative of the map exp
and its inverse are defined as

o
1 .
dex = - adZ y, 52a
P, Y JZ:O Gy (52a)
> B
—1 _ by j
dexp, y = Z i adl y, (52b)

§=0

where Bj; are the Bernoulli numbers. Typically, these expressions are truncated in order to achieve a
desired order of accuracy. The first few Bernoulli numbers are By = 1, B1 = —1/2, B, = 1/6, Bs = 0
(see [15]).

b) The Cayley map cay : g — G is defined by cay(¢) = (1—¢/2)7H(1+£/2) and is valid for a general
class for quadratic groups that include the groups of interest in the paper. Based on this simple form,
the derivative maps become ([15], §IV.8.3)

dcay,,y = (e — 5)71 Y (e + 2)71 , (53a)
deay 'y = (e — g) y (e + g) . (53b)

The third choice is to use canonical coordinates of the second kind (ccsk) [15] which are based on the
exponential map and are not considered in this paper. In our implementation we employ the Cayley map
the details for which are given next.
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The Cayley map for rigid body transformations

The algorithms developed in this paper are based on the the Cayley map for SE(3) since it is often a
better alternative to the exponential for computational efficiency and ease of implementation that does
not require special numerical handling at the origin. With a slight abuse of notation, i.e. assuming the
identification g ~ R®, the Cayley map 7 : R® — SE(3) is defined as (see [27])

e) = [ I + ﬁ) (“A”r %2) T (21[3“3)” ] (54)

while the matrix representation of the right-trivialized tangent inverse drgl : R® - R® becomes

1| Is— %@ + iwa 03
ng]_.[ I -1 ] (55)

5.3 Discrete Variational Formulation

With a discrete trajectory in place we follow the approach taken in [35, 25, 26] in order to construct a
structure-preserving (i.e. group, momentum, and symplectic) integrator of the dynamics. We make a
simple extension to include potential and control forces through a trapezoidal quadrature approximation.
In particular, the action in (1) is approximated along each discrete segment between points (g, 7%) and
(gk+1,7k+1) through

(k+1)h
J L(g,r,&,7)dt~hLa(gx, gr+1, 7k, Th+1), (56a)
kh

(k+1)h
Lh {fs (n, 80)ydt =[{fg (g Gt 15 Tr Tt 1) (M, 678)) + i (Ghs Grot 1, Ths Trt1)s (i1, 07k41))] - (56b)

where the discrete variation 7, € R® is defined by n = (gk_légk)v. The discrete Lagrangian and forces
are defined by

h
La(gr, Gr+1, Tk Tk41) = 3 [L(gk, Th> Eht1, ATk41) + L(gr+1, Tht15 Sk, Ara)] (57)
_ h
T2 (Ghs Gt 1s Thes Thetr 1, Uk, U 1) = §S(hfk+1)Tf(9k7Tk7£k+1,A7"k+1,uk)7 (58)
h
T (Ghs Gl 15 Tl Tt 15 Uk U 1) = 55(—h£k+1)Tf(9k+1,m+1,£k+17A?“k+1,u1e+1)7 (59)

where the discrete velocities & € R® and Ar, € R™ are defined by
&2 7 giligr)/he A& (rk —rio1)/he
The matrix S(£) is defined by

drst 0 ] (60)

so=| %

and is interpreted as a Jacobian (or push-forward) map which transforms average vectors along a segment
generated by & to vectors defined at the beginning of the segment [2, 9]. The map 7 and its tangent d7 !
are defined in (54) and (55) and implemented through simple matrix-vector products. Finally, note that
we have the following variational constraint which may be obtained through differentiation and application
of (51),

88k = 67 (grlagk)/h = [—drye, k1 + dr1he, Ml /D, (61)

which serves as the basis for applying the variational principle on Lie groups and also the reason why
S (&) appears in (58) and (59).
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Discrete Equations of Motion. The resulting geometric integrator from applying the principle (1)
using the discrete Lagrangian (57) and forces (58) and (59) subject to the constraint (61) is:

gr+1 = GrT(hk+1) (62)
Th+1 = Tk + hATk+1 (63)

%S(hngrl)T[M(rk) + M + hAres)]orss — %S(—hﬁk)T[M(rk,l) + M(r)]o, =

h [ 0 ] _n [Q*VgV(Qk)]
4| (In @it ) VM(ri)visr + (In @ vi ) VM (ry)vg ViV (qx)

+ g [S(h€k+1)Tf(Qka7Jk+1y ug) + S(—h&e) fqr, vk, uk)] .

(64)

Applying Newton’s Algorithm. The discrete equations of motion (62)—(64) are used to update the
current state (qx,vi) = (gk, Tk, &k, ATk) to obtain the next state (qr+1, Vi+1) = (Gr+1, Th+1, Ek+1, ATk41)-
This is accomplished by first solving the dynamics (64) using a root-finding algorithm such as Newton’s
method in terms of the unknowns vi4+1 = (§g+1, Arg+1) which are then used in the explicit equations (62)—
(63) to obtain the next configuration gr4+1 = (gr+1, Tk+1)-

5.4 Preservation Properties

One of the main benefits of employing the variational numerical framework lies in its preservation prop-
erties, summarized as follows.

Symplectic structure. The discrete flow (64) preserves the discrete symplectic form, expressed in

coordinates as )

0°L i ;
op — dSQkajqk+1) dgi A g,

043,03, 11

where A is the standard wedge product between differential forms [21]. The symplectic form is physically
related to the phase space structure. Its preservation during integration, for instance, signifies that a
volume of initial conditions would not be spuriously inflated or deflated due to numerical approximations.
Volume preservation means that the orbits of the dynamics will have a predictable character and no
artificial damping normally employed by Runge-Kutta methods is needed to stabilize the system [1].

Momentum Conservation. The discrete dynamics (64) also exactly preserves any Lagrangian sym-
metries. In particular, assume that there is a group G whose action on @) leaves the Lagrangian invariant
in the sense that
L(g,v) = L(exp(sp)q; v),
which implies that
La(ar, ar+1) = La(exp(sp)qr, exp(sp)qr+1),

for some p € g, where g is the Lie algebra of G, and s is a scalar. In this case the momentum map
J(qr,qr+1) - p = D1La(qk, gr+1) - po(qx) is preserved [1] where pg is the infinitesimal generator of the
group [21]. Practically speaking, whenever the continuous system preserves momentum, so does the
discrete. Any change in the momentum then exactly reflects the work done by non-conservative forces.
Such a momentum-symplectic scheme also exhibits long-term stable energy behavior close to the true
system energy [1].

For instance, assume that the Lagrangian of a multi-body system is invariant with respect to spatial
rotations and translations and that there are no external or control forces acting on the base body. In
this case we have G = SE(3) and the momentum map

J(qr, qr+1) = [Ad§;1 Om] %S(hEkH)T[M(m) + M(ri + hArg1)]ve+1 (65)

is exactly preserved by the integrator.
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ROS-based multi-body system simulation user interface

0 sec. 2 sec. 4 sec.

Figure 4: A simple three-link chain with hinge joints simulated by the symplectic integrator and visualized using the Robot
Operating System (ROS) user interface.

Order of Accuracy. The order of accuracy of the dynamics update depends on the accuracy of the
Lagrangian approximation. Since the trapezoidal approximations (56a) and (56b) are employed then it
can be shown (see [1]) that the discrete equations (64) are at least second order accurate. The trapezoidal
rule was chosen since it provides one of the simplest second-order scheme. Higher-order methods by proper
choice of the Lagrangian, termed symplectic Runge-Kutta (see [15, 26, 23]), are possible but not considered
in this work.

Group structure. Finally, the group structure is exactly preserved since each configuration g is
reconstructed from the previous pose gr—1 and the discrete velocity &, using the map 7 which by def-
inition maps to the group SE(3). This avoids issues with dissipation and numerical drift associated
with reprojection used for instance in explicit methods based on matrix orthogonality constraints or
quaternions.

5.5 Numerical Example

These numerical properties are illustrated with a simple multibody system consisting of three bodies in
3-D arranged in a chain connected with hinge joints (Figure 4). The system is free-floating with the
central body taken as the base body with index #0. No control or external forces are applied in order to
verify the integrator momentum conservation properties. Figure 5 illustrates the resulting time-histories
of the velocities w and v, joint angles r, momentum components J (corresponding to the vector (65)) and
position z. The true trajectory was constructed using an Euler step with step-size h = 0.001 sec. while
the step-size for both the symplectic method (symp) and Euler method (euler) were h = 0.1 sec. The
figures show that momentum is exactly preserved by the symplectic method. The purpose of this study
is not to preform detailed comparisons but only to validate the basic numerical features of the method.
The main point is that these results motivate a further study to extend the coordinate-based convergence
conditions (41) to Lie group methods for mechanical systems.

6 Conclusion

This paper considered numerical properties of geometric integrators for multi-body systems related to
the choice of time-step h. Such methods exhibit favorable numerical stability and accuracy but require
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Figure 5: The proposed symplectic integrators preserve the momentum map J and remain highly accurate even at large
time-step (in this example h = 0.1 sec). The key issue which remains to be answered is how high can h be chosen while retaining
the solvability of the implicit time-stepping.

the solution of a potentially complex system of nonlinear equations. We showed that the solvability of
this system can be guaranteed by ensuring that h is chosen below an upper bound h determined from the
dynamical model parameters and previous state of the system. The availability of such a bound a priori is
important since it could enable predictable computation times for real-time integration or optimal control
purposes. For instance, a number of previously developed optimal control methods based on geometric
integrators [36, 37, 38, 39, 27| could benefit from a formal method for establishing the resolution of discrete
trajectories used for optimization.

Further work is necessary to provide guidelines for the practical application of the proposed bounds.
While the derived upper limits for a single rigid body are simple and straightforward to use (i.e. they de-
pend on the inertia condition number and norm of velocity), the situation with general multibody systems
is more complex. We showed that second-order geometric integrators in either generalized coordinates
and or using SF(3) matrices directly can be used as a basis for provably solvable time-stepping. Further
study is necessary to establish a procedure for computing the dynamical model functions /o, ..., £s based
on the type of system under consideration.

While we considered variational integrators the proposed methodology could be extended to other
energy-consistent low-order methods such as the discrete null space method [40]. A more challenging
but equally important direction is to establish time-stepping bounds for more general systems involving
intermittent contacts [41, 42, 43, 44, 45, 46, 47].
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