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ABSTRACT. We report on new applications of the Poincaré and Sundman time-
transformations to the simulation of nonholonomic systems. These transfor-
mations are here applied to nonholonomic mechanical systems known to be
Hamiltonizable (briefly, nonholonomic systems whose constrained mechanics
are Hamiltonian after a suitable time reparameterization). We show how
such an application permits the usage of variational integrators for these non-
variational mechanical systems. Examples are given and numerical results are
compared to the standard nonholonomic integrator results.

Introduction. It is well known that the dynamical equations of motion of uncon-
strained mechanical systems follow from a variational principle, namely Hamilton’s
principle of stationary action [1, 26]. In the 1970s and 1980s several researchers
discretized this continuous variational principle and developed the discrete Euler-
Lagrange equations (see [27] and references therein for a historical account). Like
its continuous counterpart, this discrete variational mechanics preserves many of
the constants of motion between timestep increments, such as the energy and mo-
mentum, as well as the symplectic form, under appropriate assumptions [21, 27].
The resulting numerical integrators, termed mechanical integrators, have found ap-
plication in molecular dynamics simulations [34, 24, 23] and planetary motion [23],
as well as in satellite dynamics [23]. For fixed timesteps, it was shown in [18] that
a mechanical integrator for a non-integrable mechanical system with symmetry can
at best preserve two of the three quantities mentioned above. For this reason, fixed
timestep mechanical integrators are named according to what invariants they do
preserve. In particular, mechanical integrators preserving the discretized symplec-
tic form and momentum are known as variational integrators.
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Variational integrators for mechanical systems with position constraints (known
as holonomic constraints) were developed shortly after the formulation of discrete
variational mechanics (see [32] and Section 3.4 of [27] and references therein). How-
ever, for mechanical systems subject to non-integrable constraints on the velocities
(known as nonholonomic systems), developing corresponding integrators remained
a challenge for some time. The inherent difficulty arises from the fact that the
equations of motion of a general nonholonomic system on a symplectic manifold
(T*Q,w) (here w is the symplectic form) follow not from Hamilton’s principle, but
instead from the Lagrange-d’Alembert principle [1]. The most immediate conse-
quence is that the nonholonomic flow does not preserve the symplectic form ([8],
Section 3.4.1). Thus, the basis of discrete variational mechanics (the discretization
of Hamilton’s principle) does not apply to nonholonomic systems. Despite this diffi-
culty, the development of a “nonholonomic integrator” was achieved more recently
in [9]. The authors discretized the Lagrange-d’Alembert principle to arrive at a
mechanical integrator which preserves the evolution of the discretized symplectic
form w under the nonholonomic flow. In addition, for a nonholonomic system with
symmetry, their nonholonomic integrator satisfies a discrete version of the nonholo-
nomic momentum equation'.

Historically, although the fact that nonholonomic mechanics is not variational
(meaning the governing equations of motion do not follow from Hamilton’s prin-
ciple) was proved as early as 1899 by Korteweg [22], there have since been many
attempts to “Hamiltonize” nonholonomic systems. In light of Korteweg’s result, this
is impossible to accomplish for the “full” nonholonomic system, which is generally a
coupled set of first-order kinematic equations (in the simplest case of linear homoge-
neous nonholonomic constraints) and second-order dynamical equations. However,
under certain symmetry conditions the kinematic equations decouple from the dy-
namics, in which case one can investigate the possibility of “Hamiltonizing” the
second-order dynamical equations. The most successful early attempts to do so
were made by the Russian mathematician S.A. Chaplygin in 1903, motivating the
name Chaplygin System [1] (Section 5.4). In [6, 7] he showed that for nonholo-
nomic systems in two degrees of freedom (g1, g2) which preserve a scaled symplectic
form f(qi,q2)w for some multiplier f € C%(Q) one can define the time reparame-
terization dr = f(q)dt such that the nonholonomic equations become the Euler-
Lagrange equations of the time-reparameterized nonholonomic Lagrangian. This
result is known as the Chaplygin Reducing Multiplier Theorem, and has been the
subject of recent renewed interest (see [15] and references therein). It has recently
been applied to nonholonomic Hamilton-Jacobi theory [31], and to the study of the
integrability of rolling bodies (see [4] and references therein).

In this paper we apply Chaplygin’s theorem to develop two new mechanical
integrators for Chaplygin nonholonomic systems for which Chaplygin’s theorem
applies (termed Chaplygin Hamiltonizable). The mechanical integrators developed,
in contrast to the nonholonomic integrator discussed above, are variational, that is,
they are developed by discretizing Hamilton’s principle. The examples developed
in Section 5 suggest that, in general, the new algorithms accurately simulate the
second-order dynamics of the Chaplygin Hamiltonizable system, and in some cases
outperform the results obtained by the nonholonomic integrator. These results

1Unlike unconstrained mechanics, infinitesimal symmetries of nonholonomic systems do not
necessarily lead to momentum conservation laws. Instead, the corresponding momentum maps
evolve according to the nonholonomic momentum equation [1] (Section 5.5).
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confirm earlier studies [29] showing that the combination of Hamiltonization and
variational integrators can lead to superior numerical schemes for simulating the
dynamics of many of the relevant nonholonomic systems.

The paper is organized as follows. We begin with a review of nonholonomic
mechanics in Section 1, followed by a review of variational and nonholonomic inte-
grators in Section 2. We discuss Chaplygin’s theorem in more detail in Section 3
in preparation for the introduction of the new integrators in Section 4. In Section
4.1 we introduce the Hamiltonized discrete Fuler-Lagrange algorithm, an integra-
tor which proceeds in discretized 7-time. In Section 4.2 we introduce the Poincaré
transformed Hamiltonized discrete Euler-Lagrange algorithm, which proceeds in t-
time, and makes use of the so-called Poincaré transformation [23] (Chapter 9).
Finally, we compare the performance of the two new integrators with that of the
nonholonomic integrator for three examples in Section 5, and indicate possible ap-
plications and directions for future research in the Conclusion.

1. Nonholonomic Chaplygin systems. Consider a mechanical system on an n-
dimensional Riemannian configuration manifold @) with metric g and with regular
Lagrangian L: TQQ — R. We assume that L = T — V, where T: TQ — R is
the kinetic energy given by T'(q,q) = %gijqi(jj, i,7 = 1,...,n, where g;; are the
components of g, and V : @ — R is the potential energy (we identify V' with its
lift to TQ). We note that we will adhere to the Einstein summation convention for
repeated indices throughout.

Suppose that we now define a constraint distribution D C T'Q by the one-forms

{wrtk | k< n, as

D={veTQ|w'(v)=0,a=1,...,k}. (1)

We will assume that the constraints are linear and homogeneous, so that locally
w(v) = ¢4(q)¢’, and that D has constant rank. Then the triple (Q, L, D) is known
as a nonholonomic mechanical system [1].

Now, suppose that a k-dimensional Lie group G acts on @ such that M := Q/G
is a manifold; this happens, for example, if G acts freely and properly on Q. Let g
be the Lie algebra of G, and g the infinitesimal generator on @ corresponding to
& € g. We assume that its lifted action leaves L and D invariant, and that at each
q € @, the tangent space T,Q) can be decomposed as

T,Q = 9o ®Dy, where gol, = {{o(q)[€ € g} (2)

is the tangent to the orbit through ¢ € @ [1] (Section 2.8). Then we will call
(Q, L, D, G) a Chaplygin nonholonomic system [1]. This setup gives rise to a princi-
pal bundle 7: @Q — M, with principal connection A: T'QQ — g such that ker 4 = D.
This connection can then be used to decompose any tangent vector v, € T,@Q into
horizontal and vertical parts:

vg = hor(vg) + ver(vy), (3)
where hor(vq) = vg — (Ag(vq))@(a), ver(vg) = (Aq(vg))q(q)-

We can now form the reduced velocity phase space TQ/G, and the Lagrangian
L induces the reduced Lagrangian [: TQ/G — R satisfying L = [ o mpg, where
mrg: TQ — TQ/G is the standard projection. Furthermore, the decomposition (3)
gives rise to the reduced constrained Lagrangian l.: TM — R given by l.(r,7) :=
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L(g,hor(g)), where r = 7(q) and 7 = T,m(¢). Locally, we will write the reduced
constrained Lagrangian as

le(r,7) = %Gaﬂ(r)f“i“ﬁ -V (r), (4)

where henceforth Greek indices will range from 1 to m :=dim M = n—k, the indices
a, b, c will range from 1 to k = dim G, and where V: M — R is defined by V = Vorr.
Since we will be dealing exclusively with the reduced constrained Lagrangian, we
will drop the overbar on V" henceforth. The G, are the components of the metric on
the reduced space M induced by g according to G, (v,, w,) := gq(hor(vg), hor(wy)),
where r = 7(q).

To arrive at the local equations of motion of a Chaplygin nonholonomic system
we pick a local trivialization, where Q@ = Q/G x G and the action of G is given by
left translation on the second factor, and choose coordinates r for the first factor
and a basis e, of the Lie algebra g of G. The equations of motion then consist of a
system of second-order ordinary differential equations on M, together with a system
of first-order constraint equations [1]:

dol, o, o\

@ Obe co_ _ a B

dt oo~ ore (aga) Bap™ ®
§8 = —AL(r)r?. (6)

Here the star indicates that we have substituted the constraints (6) into (5) after
differentiation, and
o _OAF  0A%
BT Gra T b
are the components of the curvature of A, where Cf. are the structure constants of
the Lie algebra defined by [eq, ep] = Cf..

As discussed in the Introduction, the full equations of motion, (5)-(6), cannot
in general be derived from Hamilton’s principle [1, 17, 22]. In other words, non-
holonomic mechanics is not variational, or said yet another way, (5)-(6) are not
the Euler-Lagrange equations for any Lagrangian, or of the canonical Hamiltonian
equations for any Hamiltonian (unless of course B¢ 5 = 0, in which case the system

— Cho Ao A (7)

in actually holonomic)?.

2. Geometric integrators. As discussed in the Introduction, the discretization
of Hamilton’s principle produces a variational integrator while discretizing the
Lagrange-d’Alembert principle produces a nonholonomic integrator. Let us briefly
review these discretizations.

2.1. Variational integrators. Suppose that one is interested in simulating the
dynamics of a Hamiltonian system between the two times ¢ = ¢ and ¢ = b. Begin
by specifying the time steps a = ty < t; < ... < ty = b with fixed step size
h:=t;41—1t;,1=0,...,N—1, and define the discrete trajectory to be the sequence
qg,...,qf\, €Q,j=1,...,n, where qu ~ ¢'(t;). Then, define the smooth map

2We should mention, however, that the full system (5)-(6) can in some cases be embedded, in
a non-trivial way, in a larger system which ¢s variational [14, 2].
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Lq: Q x Q — R which will approximate the action over each time step®:

tit1
La(¢i, qit+1) %/ L(q(t),q(t)) dt. (8)
ti
One can then define the discrete action sum Sq(qo,.-.,qn) by:
N-1 b
Silane-vax) = 3 Lalasai) ~ [ Llat),d(0) at. (9)
i=0 a

Then, taking variations of the discrete path (with fixed endpoints) leads to the
discrete Euler-Lagrange (DEL) equations [27]:

Di1L4(qi,qiv1) + DaLa(gi—1,¢;) =0, i=1,...,N—1, (10)

where D1, Dy denote differentiation with respect to the first and second arguments,
respectively, and where ¢ = (¢!,...,¢") on Q. The DEL equations (10), under
appropriate regularity assumptions (see Section 7.2 in [8]), define the discrete time
evolution of the system via the map ®¥: Q x Q@ — Q x Q given by ®¥(¢;—1,¢;) =
(¢i, gi+1) (where the superscript reminds us that this is a variational integrator
algorithm). The explicit formula for ®¥ is only available when the DEL algorithm
(10) is “explicit,” in the sense that one can explicitly solve for ¢; 11 = F(qi—1,4:)).
This happens, for example, when the Lagrangian L has a constant kinetic energy
metric g [27]. Otherwise, the algorithm (10) will be implicit, and one must use
implicit numerical solvers (such as a Newton method) to implement it.

One can show that the algorithm ®V preserves the discrete canonical symplectic
form

2La . )

———dq N dq]. (11)
9q40q1
Moreover, provided the discrete Lagrangian is invariant under the action of G on
@, the algorithm also preserves the discrete momentum map Jy: @Q x Q@ — g* given
by

Qr,(,q1) =

(Jalq,q"),€) = (D2La(q.q'), €0(d)); (12)

for details see [27] (Section 1.3.2 and Theorem 1.3.3).
Now, although L admits many discretizations, we will restrict ourselves here to
symmetrized discrete Lagrangians

sym,e€ 1 € —€
L™ (g3 qiv1) = 5 (L§(qi, qi1) + Ly (a1, qi11)) (13)
where L§(¢;, ¢i+1) := hL ((1 —€)qi + €Giv1, %thz> .

The reason for using this particular discretization is that it produces second-order
variational integrators for any e € [0, 1]; see Section 2.3 of [27].

3We will choose the same discretization for each time interval [t;,t;11]. Although one can
certainly drop this restriction (see [27]), for simplicity we will continue using this assumption
henceforth.
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2.2. Nonholonomic integrators. The discretization of nonholonomic mechanics
begins again with the discrete Lagrangian Lg, but now adds a discrete constraint
space Dy C @ X @ having the same dimension as D, and containing the diagonal:
(q,q) € Dy for all ¢ € Q. The solution sequence {g;} is then restricted by (g;, gi+1) €
D, through the discretization of the constraint one-forms w® which define D:

1 _
Wy (@ i) = 5 (@5 (@0 gien) + w0 @ i) (14)
qi+1 — qi
Wy (Gis i) = W <(1 —€)qi + €Git1, th>
qi+1 — 4;
=ci (1 —€)qi + €qit1) %
The wi“: Q@ x Q - R, a =1,...,k, are the functions whose annihilation defines

Dy, meaning that (¢;,¢i+1) € Dy if and only if wj(gi, git1) = 0.

Taking variations of the discrete action (9) (with fixed endpoints) and enforcing
the conditions d¢; € Dy,, along with (¢;,¢iy1) € Da, yields the discrete Lagrange-
d’Alembert (DLA) algorithm [9]:

D1La(q},ql41) + D2La(gl_1, ) = Xac?(a:), (15)
wq(q, qj41) = 0. (16)
Here Lg,wj are unsymmetrized, e = 0, and ), are Lagrange multipliers.

We will also refer to (15)-(16) as the nonholonomic integrator, and will denote
the discrete time evolution map it defines by ®™"*. We remark that, as pointed out
in Section 7.3 of [8], one should apply the same discretization technique for both L

and w?, meaning that if L is symmetrized according to (13), then the w® should be
symmetrized according to (14).

Example: As our running example, let us consider the motion of a free particle
in @ = R3 subjected to a particular nonholonomic constraint—the so-called “non-
holonomic” free particle [1]. Supposing the particle has unit mass, the Lagrangian
and constraint are given by:

1
L:§(9b2+y2+z'2), ity =0. (17)

For this system, ¢ = (z,y,2),n =3,k =1, ¢} = ¢} = 0 and ¢} = z. The discrete
Lagrangian L(q], ¢/, ) and discrete constraint w§(q;, q/,,) are given by:

/i h Tiv1 — 2\ Yirr — i\’ zig1— 2\
Ld(qf,qu) = 2<<+h> +<+h + +T , (18)

i) = I (- O ) (BT (19)
Returning to the theory, we note that the DLA algorithm is designed to approxi-
mate the discrete trajectory for the full nonholonomic problem (reduced mechanics
together with constraint kinematics). However, Chaplygin Hamiltonization, dis-
cussed in Section 3, is performed on the reduced system (5). The resulting non-
holonomic integrator which discretizes the reduced mechanics leads to the reduced
discrete Lagrange-d’Alembert algorithm (RDLA).
Following [8] (Section 7.5.3), one begins by noting that locally @ can be iden-
tified with M x G, which we will coordinatize by ¢; = (r;,¢9;). Moreover, the
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discretized constraints (16) allow D, to be identified with M x M x G locally
through (74, gi, Ti+1, gi+1) € Dg — (73,711, ¢:) since g;y1 is uniquely determined
by the discretized constraint forms wg’e(ri,gi7ri+17gi+1) = 0. Then we can define
LG: Dy — R, the restriction of the discrete Lagrangian Ly to D,. This leads to the
reduced discrete Lagrangian L}: M x M — R defined by

Ly(ri,mhey1) = Lg(re, iy, €). (20)

The DLA algorithm then reduces to the RDLA algorithm on M (see Section 7.5.3
of [8]):

DiLy(rit,riy) + DoL(ri g, ) = F~ (i riy) + FT (g rf), (21)

where F™, F~ are the discretizations of the right-hand-side force in (5) (see Section
7.5.3 of [8] for more details):

_ ol 0g;
F~(qi,qi+1) = ar, il(Tiaﬁ‘-&-lafi,i-&-l)%(?‘i,?‘i-&-l)@b
gy Ol A 22
- fi,mafii+1(7‘ia7‘i+1afi,i+1) g(ri)e, (22)
8ld agi
F+ 17— 7 = i—1yTeyJi—10) g \li—1,1%
(qi-1,i) afi—l,i(r 1,7 fie1, )8 ;3(7” 1,7i)€p
. Oly b
+U, (ric1,7is fim1,0) Ap(ri)ep, (23)

gi(ri—1,m41) Ofi 1

fiit1 =05 "Giv1 = Giv1(ri,riv1)s La(risris, fiiv1) = La(riy €71, 97 “Gis1)-

Here Ry, U, denote right and left multiplication in the Lie group by g € G, and {e,}
is a basis for g. We will also symmetrize the RDLA, as in (13) in what follows, and
indicate that by the e, sym superscript. In addition, if we denote the right-hand-
side of (5) by F,(r,7), then for g abelian, as in the case of the classical Chaplygin
systems where G' = R? x T*~%, the (symmetrized) discrete forces become

—,sSym,e€ 1 € —€
Fo59qim1,q5) = 5 (Fa(ﬁ—h?"i) +F, (ﬂ'—lﬂ”i)) ) (24)
1 —e€
FIovm™e(q, giv1) = 3 (FE(riyrigr) + F1(rs,mig1)) (25)
. Tit1 — Tj
where F5(ri,rit1) = Fa ((1 —€)r; + €riqq, h) .

Example: To continue our example, we first note that the system (17) is abelian
Chaplygin since it is translationally invariant in the z-direction, so that G = R.
Thus we have r = (z,y), g = z, ¢ = (2,y,2), and the resulting constrained La-
grangian is:

. 1. .
le(r,7) = 3 (x2 + (14 x2)y2) . (26)
Now, with A} = =, a simple computation shows that B;, = —1 is the only non-

zero curvature component. Thus, the constraint reaction forces Fi, Fy, and their
discretizations are given by:

2
F =23, Fp=ai® FS=xh((1—-e)zi+eri) (y“hy) . @)
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where F¥ carries the positive sign and Ff the negative one. Moreover, the discrete

constrained Lagrangian LZ’E(rf , rfill ) (20) is given by

o hl/a —2\?2 i\ 2
#6000 0 - itl i _ ‘ o2 (Yt — Y
Ly(ririy) = 5 l( A > + (1+((1 €)x; + €xity) ) (h ) ] ,

(28)
which is just the discretization of (26).

Like the variational integrator, the DLA and RDLA nonholonomic integrators
have geometric invariance properties. In the continuous setting, under the action of
a Lie group G on @ which leaves L and D invariant, the associated momentum map
J is in general not conserved. Instead, along the integral curves of the nonholonomic
equations, it satisfies a nonholonomic momentum equation [1] (Section 5.5). If this
invariance passes to the discrete setting, so that Ly, Dy are again invariant under the
action of G on @, then the DLA and RDLA algorithms satisfy a discrete version
of the nonholonomic momentum equation [8] (Section 7.5). In addition, the two
algorithms also preserve the discrete evolution of the canonical symplectic form
under the nonholonomic flow [9] (Section 5). Thus, these nonholonomic integrators
are not variational integrators, meaning that they do not follow from a discretization
of Hamilton’s principle. It would seem then that applying variational integrators
to simulate nonholonomic systems would be impossible.

3. Chaplygin Hamiltonization. As noted in the Introduction, the reduced me-
chanics of Chaplygin Hamiltonizable nonholonomic systems are Hamiltonian after a
suitable reparameterization of time. Let us now discuss this in more detail.

Suppose that a two degree of freedom (dim M = 2) nonholonomic Chaplygin
system possesses an invariant measure with density f(r1,72), meaning that the Lie
derivative of the two form f{) along the nonholonomic flow vanishes, where (Q is
the canonical symplectic form on T*M. Then, in [7] it was shown that the reduced
equations of motion (5) are Hamiltonian in the new time defined by the reparame-
terization dr = f(r1,r2) dt. Moreover, it also follows that if a nonholonomic system
can be written in Hamiltonian form after the time reparameterization dr = f(r) dt,
then the original system has an invariant measure with density f(r)™~!, [10], where
m = dim M. As mentioned in the Introduction, these two results are collectively
known as Chaplygin’s Reducibility Theorem, and the function f is known as the
reducing multiplier, or simply the multiplier; see [10] and references therein. If f
has zeros, then the results only hold locally on open subsets of M.

Chaplygin’s Theorem has been expanded and generalized beyond the two de-
gree of freedom case, [15], and the process of finding a Hamiltonian form for the
reduced mechanics of a nonholonomic system via a reparameterization of time is
now called Chaplygin Hamiltonization*. Fortunately, the class of Chaplygin Hamil-
tonizable nonholonomic systems is large (see Tables 1 and 2 in [3], [4], and [15] for
a list of examples), and, given a nonholonomic system, one can check its Chaplygin
Hamiltonizability directly by solving a system of first-order linear partial differential
equations for f, [15] (Theorem 1). For Chaplygin systems, the relevant equations
depend on the metric G and curvature B.

4There are other methods of Hamiltonizing a nonholonomic system which do not require a time
reparameterization, see [12]
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Once the Chaplygin Hamiltonization has been achieved, one then has a Hamil-
tonian system (relative to the reparameterized time 7) to which one can apply any
of the known techniques applicable to Hamiltonian systems. In particular, one can
now simulate the dynamics of this (Hamiltonized) system and then “undo” the
Hamiltonization to arrive at a simulation of the reduced mechanics of the original
Chaplygin system. Let us now give the details.

4. Variational integrators for Chaplygin Hamiltonizable nonholonomic
systems. For the remainder of this section, suppose that we have already succeeded
in Chaplygin Hamiltonizing a Chaplygin system. Then, by the chain rule we have

dr 1 .
E(T) = mr(t(ﬂ)-

Using this we can define the reduced constrained Hamiltonized Lagrangian

r'(r) =

Le(r,r") = 1.(r,7 = f(r)r') = %f(T)QGa[g(r)r’ar’ﬁ —V(r).

Supposing that £, is regular, then we can define the momenta P = 9L./0r'
and the “Hamiltonized Hamiltonian” H.(r, P) via the usual Legendre transform.
We can now apply a variational integrator to our Hamiltonized system, and then
undo the Hamiltonization to arrive at approximations for the actual reduced non-
holonomic trajectories. However, doing so requires the discretization of the inverse
transformation 7 — ¢ given by:

T 1 ~
t(T):/O Wcﬁ', (29)

where we have set, without loss of generality, t9 = 79 = 0, and where hereafter
we shall assume f # 0, unless otherwise noted. We shall discuss the discretization
of (29) in Section 4.1 below, but note briefly here the obvious: such a quadrature
rule will introduce an error dt;, producing r*(¢; + dt;) as the approximation for
r®(¢;) For this reason, in Section 4.2 below we will introduce an alternative method
which does not require that one invert the transformation, thus avoiding this error.
However, there we shall see that other challenges arise.

Example: Returning to our running example, one can show that the nonholonomic
free particle is a Chaplygin Hamiltonizable system, with f given by f(z) = (1 +
x2)~1/2 [15]. The time reparameterization dr = f(x) dt then leads to 2’ = (1+22)
and y' = (1+ 22)y, and the Hamiltonized Lagrangian is given by

1 12
Lol = 5 T 7] where 7= (o) (30)

This Lagrangian is regular, and by calculating the momenta
Py =(1+2%)7'2, Py =y,

the Hamiltonized Hamiltonian corresponding to (30) is

He(r, P) = % (1+2*)P;+P2]. (31)
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4.1. Integrators via time reparameterization. First, let us begin by defining
the symmetrized discrete Hamiltonized Lagrangian £3¥™€ from (13):

sym,e 1 € —€
LY (riyrig) = 3 (LG(ri,risr) + Ly (riyriv1)) (32)

Tit1 — T4 he —
— | =Tl — T
hy

We can then apply the DEL algorithm (10) to arrive at our first new integrator.

where L£§(ri,riy1) := h L. ((1 — ) + €eriq,

Definition 4.1. The Hamiltonized discrete Euler-Lagrange equations (HDEL) are
defined by

Dlﬁzym’e(Ti,Ti+1) +D2£2ym’6(7"i,1,7"i) = 0, 1= 1,...,N7- - 1, (33)
where N is the total number of iterations.

These discrete equations approximate the trajectories according to r*(7;) ~ r¢.
However, to compare to the RDLA algorithm (21) we need to calculate the discrete
t-values from the discrete 7-values according to

1
fr(®)

This requires that we apply a quadrature rule to each integral in (34). For sim-
plicity, we will choose to apply the same Newton-Cotes quadrature rule to each
integral®. The simplest of such rules is the trapezoidal rule, which yields the ap-
proximations:

ti:/nF(r(%))d%, i=0,...,N;, where F(r(7)):= (34)
0

h

5 (F(0) + F(r)), i=1,
t; ~ i—1 35
% (F(O) + F(7;) +2§F(lh7)> , i=2,...,N,. ()

These approximations produce an error 6t; in the assignment of a t¢-value to
each 7-value that the HDLA algorithm (33) uses. More specifically, we have the
following.

Proposition 1. Suppose that there exist C; € R, i =1,..., N, such that |F" (r(7))|
< C; for all 7 € (1i—1,7;). Then the errors dt; in making the approzimations (35)
are bounded by
B3 & _
|0t;] < E;C“ i=1,...,N,. (36)

Proof. We can write the integral (34) as

i -
t; :Z/ F(r(7))d7, i=1,...,N,. (37)
=171

It is well known that there exist n;_1,; € (7;—1,7;) such that the error A¢; in ap-
proximating the integral f:_l F(r(7)) d7 by the trapezoidal rule is given by

hS
Ati = _T;Fu(ni_l’i)' (38)

5Since we require the timestep to be fixed, we will not discuss the application of Gaussian
quadrature formulas. Although Gaussian quadrature gives better accuracy for a given order,
the non-constant timesteps it requires would necessitate the usage of asynchronous variational
integrators.
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Therefore, approximating each integral in (37) by the trapezoidal rule produces the
global error (see Theorem 7.16 in [16])

he & :
5ti:717;;FN(nl—l,l)v Z:17"'7N‘F' (39)
The claim then follows from the hypotheses on F"(r). O

Thus, due to Proposition 1, although the HDLA algorithm (33) produces second-
order approximations to 7*(7;), when converted to t-time this yields the second-
order approximation r(t; 4+ dt;) to r*(¢;). We note that one could decrease the
error 0t; by using a higher-order Newton-Cotes formula, like Simpson’s or Boole’s
rule, but for simplicity we will only discuss the trapezoidal rule here.

Remark 1: In practice, since we are using the HDEL algorithm to compute second-
order approximations to r*(7;), we will not have a priori an explicit expression for
r®(7) with which we can compute the bounds C;. Instead, we must first express r”
as a function of r, 7’ through the Euler-Lagrange equations for L., so that (r¢)” =
g*(r,r"). Then, after differentiating F”(r(7)) with the chain rule, we can write
F'(r(r)) = g(r,r’,7") = g(r,r’)). We can then finally use the discrete trajectory
values r{ computed from the HDEL algorithm to find the bounds C;. We will
illustrate this in Section 5 below.

Let us note that although the HDLA uses the constant step size h.., for f # const.
the corresponding step size h; = t;4+1 — t; varies once the approximations (37) are
made. Although this is a shortcoming of this method, if one is merely interested
in the geometry of the trajectories, then one can avoid the approximations (37)
altogether by choosing one of the r® as a new independent variable and plotting (in
7-time) the other % against it. We shall illustrate this strategy in Section 5 below.

Given some of the difficulties presented by the need to approximate the integrals
(34), we will discuss an alternative method which avoids the need to invert the time
transformation altogether in the next section. Before doing so, let us illustrate the
discretization (32).

Example: Returning to our running example, we discretize the Hamiltonized La-
grangian (30) by first computing L£g:

h 1 T — 2\’ i1 — i\’
L:e oy :77' 1+ 7 1+ 7 ’
alri i) = S T A = 9m  eon)? ( hy ) +( h, ) 1

(40)
and then computing £3'"™ according to (32). Then, the HDEL equations follow
from (33), where r = (x,y). Numerical results will follow in Section 5.1.

4.2. Integrators via Poincaré transformations. The time reparameterization
dr = f(r)dt, apart from its usage in the Hamiltonization of nonholonomic systems,
is also well-known from the theory of adaptive geometric integrators. In fact, in
Chapter 9 of [23] the reparameterization is called a Sundman transformation, and
has been used in computational astronomy to vary an integrator’s timestep®. An
alternative which achieves the same objective is known as a Poincaré transformation
[23] (Chapter 9).

6As [19] notes, this nomenclature dates back to Levi-Civita’s treatment of the three body
problem.
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To construct this transformation, we follow Section 9.1 of [23], and first define the
Hamiltonian H,(r, P) := f(r) (H(r, P) — E), where E := H.(r°, Py). We can then
view r(7), P(1), H. as functions of ¢ via (29). The canonical equations of motion
for H,, written in terms of H,., are

dr® OH,.

- f(r)T&a (41)
o OH. o)
T~ T Py B) 5L (42)

Now, since the system (41)-(42) is Hamiltonian, H,. is conserved in time, and
in particular equal to its initial value, so that H.(r(t), P(t)) = H.(r(0), P(0)) =
f(r) (He(r(0), P(0)) — E). If we now choose the initial conditions r(0) = r%, P(0) =
Py, then H,(r°, Py) = 0, and hence H,(r(t), P(t)) = 0, which gives H.(r(t), P(t)) =
E. With this choice of initial conditions the parenthetical term in (42) vanishes and
the system (41)-(42) reduces to the system

d’l"a ch dPa _ ch
- f(T)E’ o —f(r) ora

(43)

This is significant because in Section 4 we defined the Hamiltonian #H.(r, P) from
L.(r,r") according to H.(r, P) = r'*P, — L.(r,r"). By using dr = f(r)dt and the
chain rule to rewrite 1/, P’, as well as (29), the canonical equations of motion of
H. are transformed into precisely (43). Thus, the non-Hamiltonian system (43) can
be represented as the Hamiltonian system (41)-(42) provided we choose the initial
conditions such that H.(r°, Py) = 0. More precisely, one can easily show that given
the same initial condition the solutions to (41)-(42) and (43) are identical, up to
the reparameterization (29) [19] (Lemma 1).

To apply the Poincaré transformation in practice, one chooses the initial condi-
tions 7(0), P(0) and then constructs H,(r, P) by inserting the value E = H,.(r°, Pp).
Before proceeding to the discretization of the system (41)-(42), let us first find the
corresponding Lagrangian L. (since we will need it to apply the DEL algorithm).

Proposition 2. The Poincaré Lagrangian Ec(n 7) is given by

5 f(r)

Le(r,7) = f(r) (le(r,7) + E) = =5 Gap(r)i®i® — f(r)(V(r) = E).  (44)

Proof. By definition, we have

Lo(ry) = 7Py —He(r,7)
= 7(f(r ) — f(r _ 1 r)(f ()27 r)—
F0)Gas(r)7) = 10) (57 Caa)I0)P557 + V) - )
= D60 - Ve - By = e G B (49)
O

We can then define the symmetrized discrete Poincaré transformed Hamiltonized
Lagrangian £3""(r;,ri41) by (32), where we replace L, by L. from (44), and h,
by h. We can then apply the DEL algorithm (10) to arrive at our second integrator.
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Definition 4.2. The Poincaré transformed Hamiltonized discrete Euler-Lagrange
equations (PTHDEL) are defined by

Dlljfiym’e(ri, 7"1‘+1) + Dgﬁzym’e(’l“i,h ’I”i> =0, i=1,...,N —1. (46)

The algorithm (46) proceeds in discretized t-time, versus the algorithm (33)
which proceeds in discretized 7-time. Thus, (46) has the advantage of avoiding
the problematic discretization of (29) in order to recover the t-time approximations
from (33). However, the discrete energy behavior of the algorithm (46) depends on
f(r). To see this, we note that for a general regular Lagrangian L, its associated
energy function Fy (t) is defined by

BL(1) = 9 9% L(e(), #11)), (47)
and for the Lagrangians [, and L. we have
E () = l(r@®),7(t) +2V(r(t)), (48)

Eg (1) flr@) (e(r(@),7() + 2V (r(t)) = E) = f(r(®)(Ei. (1) = E) (49)

From (49) it follows immediately that

E (t)=E+F(r(t)Ez (50)

where we remind the reader that F(r) = (f(r))~%.

In the continuous case, since the chosen initial conditions result in H.,=0=F i,
for all ¢ (as discussed following the system (43)), it follows from (50) that the energy
of the constrained reduced nonholonomic mechanics Ej, is conserved. Once we
discretize L., like any fixed timestep variational integrator the PTHDEL algorithm
(46) will not exactly conserve the discrete energies (Ez )a(ri,7i+1). By (50), the
deviations in E;, — E at each timestep, as [23] (pg. 237) points out, will depend
on f. If f is bounded or grows (so that F' is bounded or decays) we expect the
PTHDEL algorithm to inherit the good long-term behavior of the discrete energies
(Ez_ )a- We will see this in Section 5.

Example: Let us now illustrate the Poincaré transformation for our running ex-
ample. Using the reduced constrained Lagrangian (26) we can define the Poincaré
transformed Lagrangian L. from (44) by:

~ 1 @2 E
Lo(r,i) =< |——= +V1+a? '2} +
=5 e A RV
We then construct the symmetrized discrete Lagrangian corresponding to (51) ac-
cording to (32), where L is given by:

5 h Ti41 — $i>2
Lg(ri,ri =
al +1) 2¢/1+ (1 — €)z; + exit1)? < h
h i =)
+ 5\/1 + ((1 — G)Sﬂi + EZH_l)Q <y+1hy>
E

VI+ (1T =€)z +erip1)?
The PTHDEL algorithm then proceeds according to (46), where r = (z, y).

(51)

+
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Before proceeding to the examples, we have quickly summarized the three inte-
grators we will be comparing in the next section and some of their properties in
Tables 1 and 2 below.

Integrator Algorithm

RDLA (21) | DyiLj(ri,riy1) + DoLj(rim1,mi) = F~(riyripr) + F(rio1, 1)

HDEL (33) DyLy" (riy rign) + Do L3 (rioa,mi) = 0
PTHDEL (46) DyLY™(ri risn) + DL ™ (rim1, 1) = 0

TABLE 1. Comparison of Integrator Formulations.

Integrator Time Used | Variational?
Nonholonomic (21) t No
HDEL (33) T Yes
PTHDEL (46) t Yes

TABLE 2. Comparison of Integrator Properties.

5. Examples.

5.1. The nonholonomic particle. Let us return to our running example, the
nonholonomic free particle with unit mass. Before discussing the numerical results,
let us remark that we have chosen to begin with this system since it is integrable by
quadratures, and hence we can directly compare both of the integrators developed
above (the HDEL and PTHDEL) to the exact solutions. The solutions to the
constrained nonholonomic equations of motion (5) are given by [13]:

2(t) = ast,  y(®) = L (2(t) + I+ 2(0P), (53)

x

where we have chosen, without loss of generality, the initial conditions x¢ = yg = 0,
and we have assumed that o, := #(0) # 0 and «,, := §(0) # 0. Moreover, the time
reparameterization is given explicitly by integrating dr = (1 + x(t)%)~/2 dt, using
x(t) from (53), to arrive at

1
- = 2
()= -1n (2(t) + VT +2(?), (54)
where 79 = 7(t = 0) = 0. One can also invert (54) and find ¢(7):
t(r) = . sinh (a;7), and also 7(t) = S sinh ™! (a,t), (55)
(679 Ay

and as a consequence we can use t(7) in (53) to arrive at the reduced dynamics in
terms of 7:
x(7) = sinh (a,7), y(T) = oy (56)
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From (56) it follows that
x = sinh <%y> , (57)
Qy
which we will use to compare the performance of the two integrators developed
above.
Let us now turn to the numerical simulations. We have chosen o, = oy = 1,
h = h; = 0.05 and N = 200. Thus, the simulation time AN is 10 seconds. With
our choice of initial conditions the energy ' = 1, and we will use the symmetrized
versions of the Lagrangians (28), (52), and (40) with e = 0.5 as the symmetrization
parameter. Also, since from (54) we see that 7(10) a 2.998, then 200 iterations
in t-time corresponds to 7(10)/h, &~ 60 iterations in 7-time. Thus, to more easily
compare the nonholonomic (RDLA) and HDEL integrators, we will choose N, = 60.
We also wish to note that all of our numerical calculations were done using MAPLE.
Figure 1 below shows a comparison of the root mean square deviation (rmsd) of
the discrete values computed by each algorithm from the known solutions (53) for
the RDLA and PTHDEL algorithms and (56) for the HDEL algorithm. This error is
defined by /(z; — z(t;))2 + (y; — y(t;))? for the RDLA and PTHDEL algorithms,
and an analogous expression, with ¢ replaced by 7 for the HDEL algorithm. The
rmsd error is smallest for the RDLA algorithm (of order 10~%), followed by the
HDEL algorithm (of order 10~3) and finally the PTHDEL algorithm (of order 10~2).
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0.0003
0.0034

RMSD Error
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$
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0.0201

e
2

RMSD Error
o
1=}

0.0054
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()

FIGURE 1. Nonholonomic Particle: rmsd errors for the (a) RDLA,
(b) HDEL, and (c) PTHDEL algorithms.
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The difference of two orders of magnitude in the rmsd errors between the PTHDEL
and RDLA algorithms is explained by looking at how well they preserve the discrete
energy. Figure 2 (parts (a)-(c)) below shows a comparison of the deviation of the
discrete energies from one for each algorithm. While the RDLA and HDEL algo-
rithms both have stable errors of order 10~* (Figure 2 (a) and (b), respectively),
Figure 2(c) shows that the PTHDEL algorithm’s discrete energy values seem to
grow linearly away from one. This is expected since, although the PTHDEL al-
gorithm results in good long-term behavior for £ (Figure 2(d)), since (50) here

reads (recall F(r) = (f(r))~1)
B (t) =14+ V1+22E;

as z(t) increases, since [/ remains roughly constant at C' = 5.2 x 1074, the t-time
energy E; (t) — 1 = C\/2%(t) = Ct, using (53). Such an increase in the energy
contributes to the rmsd error over the long-term as well (Figure 1(c)).

3
0.000304% 0.0003 R
° 00"
0.00028 ©
. 0.0002-
000026 ©
— <
I ° 0.00014
>, 0000249 —
2 |
& 0000221 & . . . . ;
=) ] 10 20 30 40 50
0000204 % 5 .~ Tteration (i)
% -0.00014
0000187 3
-0.00024
0.00016
20 40 60 80 100 120 140 160 180 B
Iteration (i) -0.00034,6°
(4) (®)
0.005
0.0044
—
I
. 0,003
B
S
v
&
0.002-
0.001

20 40 60 80 100 120 140 160 180
Iteration (i)

(©) (D)

FIGURE 2. Nonholonomic Particle: deviation from one of the dis-
crete energies for the (a) RDLA, (b) HDEL, and (c) PTHDEL
algorithms, and (d) deviation from zero of the discrete energy Ez_
for the PTHDEL algorithm.
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Figure 3 shows a comparison of the deviation from zero of each algorithm’s
discrete constraint values”. The constraint preservation error is smallest for the
HDEL algorithm, of order 1079, followed by the RDLA and PTHDEL algorithms
(both of order 1078).
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FIGURE 3. Nonholonomic Particle: constraint errors for the (a)
RDLA, (b) HDEL, and (¢) PTHDEL algorithms.

Lastly, let us illustrate the application of Proposition 1. From (56), it follows
that F"(x(7)) = cosh(7). However, as discussed in Remark 1, one would not know
this before running the HDEL algorithm. Therefore, let us discuss how one can find
the bounds C; of Proposition 1 using only the numerical results from the HDEL
algorithm.

First, we note that from the = Euler-Lagrange equation of L., it follows that

12
7 Trxr

T T4a?
Then, after finding F”(z(7)) using the chain rule, we can substitute in (58) to arrive
at

(58)

" _ (@)
F'(a(r)) = = (59)

"We have constructed this for each of the three integrators by plotting the discretization of the
constraint 2 + xy, using the exact solution for z and the algorithm solution for z, y.
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Since the HDEL algorithm shows that the discrete trajectory x; is increasing for all
7 (in agreement with (56)), then it follows that for all 7 € [1;_1, 7],

’ 2 N e )2
e < ADD g T )
V1t (zi1)? (he)? /14 (2io1)?
where, although we cannot precisely bound z’(7), we have estimated it using the

forward finite difference of the HDEL algorithm’s discrete trajectories z;. Using
these bounds in Proposition 1, the errors |§t;| are computed to be

|6t = 1.04 x 107°, |6ty = 2.09 x 107°, ... |6ty |~2.14x 1073,  (61)

Since we do have the exact expression for F”'(z(7)) after all, we can compare
the approximate errors in (61) to the actual error bounds computed by using
|F"(z(7))] < C; := |cosh(r;)| for 7 € [1;—1,7;]. The rmsd difference between the
error bounds C; and C; for |§t;| is shown in Figure 4 below.
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.,ao°°°
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; T T T T Y
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Iteration (i)

(a)

FIGURE 4. Nonholonomic Particle: rmsd difference between ap-
proximate and actual error bounds for |§t;| for the HDEL algo-
rithm.

Figure 4, along with (61), shows that by using only the numerical results of
the HDEL algorithm to approximate the unreparameterized values r*(¢(r;)) with
the discrete values r{* produced from the HDEL algorithm, we incur an additional
error in ¢ of order at most 1073, Finally, we note that an alternative method to
estimate the errors |dt;| is to compare the numerical results for two different orders
of accuracy. This approach is at the heart of the Runge-Kutta-Fehlberg method [5].

5.2. The sinusoidal nonholonomic particle. To further illustrate the effect of
the multiplier f on Ej, described by (50), let us consider again the nonholonomic
particle example, but instead with the constraint

2= —(sinz)y.

This abelian Chaplygin nonholonomic system is again integrable by quadrature,

and also Hamiltonizable with multiplier f(z) = (1 +sin?(z))~/2. The solutions to

the constrained nonholonomic equations (5), with 2y = 0 and oy, oy # 0, are
a,Fagt|—1)

x(t) = agt, y(t) = — (62)
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where F(t|m) is the elliptic integral of the first kind [30] (Section 19). After Hamil-
tonization, the solutions (62) become

2(r) = —am ( T —1> L y(r) = ayr (63)

Qy Oy

in 7-time, where am(7, m) is the Jacobi amplitude function [30] (Section 22.16).

Because |F(z)| = |y/1 +sin?(z)| < 2, we expect that the PTHDEL algorithm

will have better long-term energy tracking than in the previous example, since by
(50) this would lead to energy errors E; of roughly the same order as that of
E . Using the same initial conditions as in the previous example, and again with
e =05, N =N, =200, h = h, = 0.5, and the initial energy E = 1, Figure 5(c)
below confirms this®. As the figure shows, for the sinusoidal nonholonomic particle
system all three integrators have comparable long-term energy behavior, with errors
of order 1074,
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FIGURE 5. Sinusoidal Nonholonomic Particle: deviation from one
of the discrete energies for the (a) RDLA, (b) HDEL, and (c)
PTHDEL algorithms, and (d) deviation from zero of the discrete
energy Ez for the PTHDEL algorithm.

81n fact, from (50) we can estimate the maximum error in E;,. Using the fact that the maximum
error in £z is 0.0006 (Figure 5(d)), along with |F'| < V2, we estimate that E;, —1 < (0.0006)v/2 ~

0.00085, in agreement with the maximum error in Figure 5(c).
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The corresponding rmsd errors are shown in Figure 6 below. The improved
energy behavior of the PTHDEL algorithm has led to errors of the same order of
magnitude as the RDLA algorithm by the end of the computation time (compare
Figure 6, parts (a) and (c)). Figure 6(b) shows that the HDEL algorithm has the
best long-term rmsd error behavior of the three algorithms.
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FIGURE 6. Sinusoidal Nonholonomic Particle: rmsd error for the
(a) RDLA, (b) HDEL, and (¢) PTHDEL algorithms.

Finally, Figure 7 below shows a comparison of the deviation from zero of each
algorithm’s discrete constraint values. Once again the HDEL algorithm produces
the smallest errors (of order 107?) of the three algorithms (Figure 7(b)). The RDLA
and PTHDEL algorithms both have comparable errors of order 10~8 (Figure 7, parts
(a) and (c), respectively).

5.3. The knife edge on an inclined plane. Consider a plane slanted at an angle
« from the horizontal and let (x,y) denote the position of the point of contact of a
knife edge on the plane with respect to a fixed Cartesian coordinate system on the
plane, see [1] (Section 1.6). Moreover, let ¢ represent the orientation of the knife
edge with respect to the zy-axis. The Lagrangian and constraints are then given
by

1

L=§(¢2+y2+¢2)+xsina, 9§ — & tanp = 0, (64)
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FIGURE 7. Sinusoidal Nonholonomic Particle: constraint errors for
the (a) RDLA, (b) HDEL, and (c¢) PTHDEL algorithms.

where we have set all parameters (mass, moment of inertia, and the gravitational
acceleration) equal to one for simplicity. The system is again Chaplygin Hamil-
tonizable with f() = cos¢, [13]. Now, although f has zeros, this will not prevent
the application of the results obtained thus far. Indeed, we have that

1
L.= §(a:'2 + cos? p %) + zsina.

The reduced equations of motion are once again integrable by quadrature [13],
and taking ¢(0) = z(0) = 0 and w := ¢(0) # 0 yields the nonholonomic solutions
sina | 5 K.
z(t) = oz S (p(t)) + i o(t), e(t) = wt, (65)
where k := %(0). The time reparameterization dr = f(¢) dt = cos(p(t)) dt can
once again be integrated explicitly to obtain

(1) =~ sin(e(1)) (66)

where we have again set 7(t = 0) = 0 for simplicity. We can invert this to obtain
the 7-time version of the solutions (65):
sina

x(r) = T + k7, (7) = arcsin(wT), (67)
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where we choose the branch of the inverse sine function based on the values of ¢(t).
Moreover, since (66) shows that |7(t)| < 1, we conclude that although the solutions
(67) are only defined for 7 € [—1, 1], the change in branch cut for the inverse sine
function as ¢ crosses 7 implies that (67) represents periodic motion, in agreement
with the ¢-time solutions (65).

For our numerical simulations of the knife edge on the inclined plane, we chose
the initial conditions z(0) = ¢(0) = 0 and kK = w = 1, and set the incline angle
a = 5°. We again selected to symmetrize the Lagrangians used, with € = 0.5, and
chose N =100, h = h, = 0.07. Thus, our total simulation time in ¢-time is AN =7
seconds.

Now, since f(¢) has roots this means that the corresponding simulation time in
T-time is 7(hNN) = 7(7), which is approximately 0.66 seconds, computed from (66).
Thus, we have chosen N, = N = 100 for the number of iterations in 7-time.

The comparison of the rmsd errors is shown in Figure 8 below. The RDLA
algorithm leads to the smallest rmsd error (of order 10~3), followed by the HDEL
algorithm (of order 10~2) and finally the PTHDEL algorithm (of order 10~2). The
abrupt behavior encountered by all the algorithms near iteration numbers i = 23
and i = 68 is a result of the fact that ¢(23h) ~ % and ¢(68h) ~ 3. Near these
values [, which depends on sec ¢, becomes singular. Similarly, since the Lagrangians
L. and L, for the knife edge are

1
L. = 3 (2 + (cos® p)¢”®) + zsina

L. = = ((secy)i® + (cos p)@?) + cos p(zsina + 1), (68)

N |

near those two iteration points the numerical solver is again attempting to continue
the algorithm despite approaching a singularity (as is the case for L., Figure 8(c)),
or approaching a vertical tangent at arcsin(+1) (as is the case for £, Figure 8(b)).

Figure 9 below shows a comparison of the discrete energy errors for the three
algorithms. The PTHDEL algorithm has the best long-term performance, with
errors of order 1072 (although these errors increase as the algorithm approaches
the aforementioned iteration values ¢ = 23 and ¢ = 68). The RDLA and HDEL
algorithms both have errors of order 10~!. Figure 10 below compares how well
the three algorithms numerically preserve the nonholonomic constraint. All three
algorithms lead to errors of order 10~7.

6. Conclusion. We have developed two new numerical algorithms to simulate
the mechanics of Chaplygin Hamiltonizable nonholonomic systems, the HDEL and
PTHDEL algorithms defined by (33) and (46), respectively. The development of
these two new integrators was based on the assumption that the underlying non-
holonomic system was Chaplygin Hamiltonizable. Although it is certainly not true
that every nonholonomic system is Chaplygin Hamiltonizable, in [2] necessary and
sufficient conditions were derived in the form of a coupled set of linear first-order
partial differential equations for f whose solution, if there is one, determines the
multiplier, up to a constant. Practically speaking then, given a nonholonomic sys-
tem one can check its Chaplygin Hamiltonizability (using a symbolic software pack-
age, like MAPLE), find f, and then apply one of the two integrators developed
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herein. By then exploiting the Hamiltonian form of the time reparameterized re-
duced nonholonomic equations, these new algorithms allow the application of vari-
ational integrators to non-Hamiltonian nonholonomic systems which are Chaplygin
Hamiltonizable.

The HDEL algorithm (33) proceeds in the reparameterized time 7, and our nu-
merical examples above indicate that it generally leads to superior long-term discrete
constraint preservation behavior relative to the RDLA nonholonomic integrator.
The examples also suggest that the long-term discrete energy behavior compares
well with the RDLA algorithm. Moreover, the fact that the HDEL algorithm pro-
ceeds in 7-time does not affect its usefulness. As the Example 5.1 showed, for small
enough timesteps h these errors dt; can be very small. As an alternative, instead of
insisting on a smaller timestep to improve this error one can always apply a higher-
order quadrature rule to (34) to reduce the error in assigning a discrete t value to
each discrete 7 value used in the algorithm.

However, in case one is interested in attempting to preserve the equal timesteps
in ¢t-time, a possibility for future research would be to add the holonomic constraints
h = f:“ F(r(7))d7, i =1,...,N, — 1, to the unconstrained Hamiltonian system
defined by the Hamiltonized Lagrangian £.. By defining the box functions Xii+1(7)
to be equal to unity for 7 € [¢,i + 1] C [0, N] and zero otherwise, one could express
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these constraints as h = fONT Xiit1(T)F(r(7))d7, i = 1,...,N, — 1. These con-
straints then take the form of isoperimetric constraints (see Section 4.3.2 of [33]).
One could then apply a holonomic variational integrator, [27], to the new system,
and expect the resulting integrator to have roughly fixed timesteps h without the
need (but also without the freedom) of selecting a quadrature rule for (34).

The PTHDEL algorithm, a new application of the Poincaré transformation to
nonholonomic mechanics, also seems to compare well with the RDLA nonholonomic
integrator for multipliers f which are either bounded or show long-term growth. For
this class of multipliers, the PTHDEL algorithm inherits the favorable long-term
discrete energy behavior from the variational integrator it is based on. Moreover,
as the knife edge example shows, the PTHDEL algorithm may even have superior
long-term behavior relative to the RDLA integrator for multipliers with roots.

Let us conclude by indicating two more intriguing directions for future research.
We note first that despite the requirement that the nonholonomic system under
consideration be Chaplygin Hamiltonizable in order to apply the new integrators
developed here, different techniques exist for the Hamiltonization of nonholonomic
systems [12]. In particular, in [2], Hamiltonization is accomplished by directly
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solving the inverse problem of the calculus of variations. This method of Hamil-
tonization is then used in [29] to simulate the dynamics of a class of nonholonomic
systems using variational integrators. It is within the realm of possibility that one
could combine the results of [2] with the results of [15, | on Chaplygin Hamil-
tonizability to enlarge the class of Hamiltonizable nonholonomic systems. The idea
would be to solve the inverse problem of the calculus of variations for a suitably
reparameterized reduced nonholonomic system, where the reparameterization func-
tion f need not be what we have hitherto called the multiplier. As in [2], one would
expect a family of Lagrangians as solutions. This freedom to choose the Lagrangian
could be used to develop more accurate and efficient numerical methods for these
Hamiltonized systems. In addition, for nonholonomic systems on Lie groups, an
analogous process to Hamiltonization called Poissonization, discussed in [15], could
be used to develop variational integrators applicable to Poissonizable nonholonomic
systems. A comparison of these results with the works of [11, 20, 28] would be
interesting.

Finally, we wish to mention that although we have restricted ourselves here in
basing the development of our two new integrators on the simplest quadrature rule
for the Lagrangian (13), one could certainly use more advanced quadrature rules as
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a starting point. In particular, the quadrature rules used in the Galerkin Hamil-
tonian Variational Integrators and Symplectic Partitioned Runge-Kutta methods,
discussed recently in [25], appear to be promising and worth pursuing.
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