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Abstract

This papers studies discrete nonholonomic mechanical systems whose configuration space is a Lie
group G Assuming that the discrete Lagrangian and constraints are left-invariant, the discrete
Euler-Lagrange equations are reduced to the discrete Euler—Poincaré-Suslov equations. The
dynamics associated with the discrete Euler—Poincaré-Suslov equations is shown to evolve on
a subvariety of the Lie group G. The theory is illustrated with the discrete versions of two
classical nonholonomic systems, the Suslov top and the Chaplygin sleigh. The preservation of
the reduced energy by the discrete flow is observed and the discrete momentum conservation is
discussed.

1 Introduction

The theory of variational integrators for Lagrangian and Hamiltonian systems originated in [23],
[24], and [19]. It was further developed by a number of authors (see [4], [15] [16], [25], and [L8] for
a more complete list of references and history). A very important feature of variational integra-
tors is discrete momentum preservation: If the original continuous-time system has symmetry
and conserves the momentum map, so does the associated discrete-time mechanical system.

In [6] and [14] the theory was extended to Lagrangian systems with nonholonomic con-
straints. In particular, it was shown in [6] that a discrete-time nonholonomic system conserves
spatial momentum in the case of horizontal symmetry (see [3] for the definition of horizontal
symmetry). However, the case of horizontal symmetry is not typical in nonholonomic mechanics.
Apparently, Chaplygin [5] was the first to observe the link between symmetry and conservation
of the components of the momentum along a mowving frame; see also [29] and references therein.
Therefore, it is natural to ask if the discrete momentum is preserved by the discrete-time non-
holonomic system associated with a momentum-preserving continuous-time system in the case
of nonhorizontal symmetry. A closely related question is whether the discrete dynamics has an
invariant measure. We point out that continuous-time nonholonomic systems generically are
not measure-preserving (see [12] and [28] for details).

This paper studies both the local and global properties of the numerical variational integra-
tors for a nonholonomic mechanical system whose configuration space is a Lie group G. Here
we consider LL systems, that is, we assume that both the Lagrangian and the constraint dis-
tribution are invariant with respect to the induced left action of the Lie group G on TG and
G x G, the phase spaces of continuous-time and discrete-time systems, respectively.

The paper is organized as follows: Section [ gives a brief overview of both continuous and
discrete-time nonholonomic dynamics. In particular, the discrete Lagrange—d’Alembert principle
is reviewed.



In Section B, nonholonomic LL systems on a Lie group G are described. The invariance of
the discrete Lagrangian and constraints with respect to the left diagonal action of G on G x G
enables one to introduce the discrete Euler—Poincaré—Suslov equations that govern the discrete
momentum dynamics. Unlike the continuous-time case, the discrete momentum is shown to
evolve on a nonlinear subvariety of the dual Lie algebra g* of the Lie group ch

In Sections @ and B the dynamics of the classical nonholonomic LL systems on the Lie
groups SO(3) and SE(2)—the Suslov problem and the Chaplygin sleigh—are reviewed. The
multidimensional generalizations of these problems are also treated.

In Sections @ and [ the discrete Suslov problem and the discrete Chaplygin sleigh are in-
troduced and studied. The discrete flows are shown to be iterations of multi-valued maps on
certain two-dimensional non-orientable subvarieties of the Lie groups SO(3) and SE(2). Each
of these discrete models retains the existence of heteroclinic trajectories that connect the two
one-parameter families of relative equilibria, which is a distinct feature of the continuous-time dy-
namics. If, for special values of parameters, the continuous-time system is momentum/measure
preserving, then so is its discrete analogue.

Moreover, in both of the discrete models the corresponding reduced constrained energy is
preserved as well. This property is quite unexpected; indeed, generically the discrete variational
integrators, including the nonholonomic ones, do not preserve the energy.

Many other interesting problems, such as the dynamics of the discrete systems with left-
invariant Lagrangian and right-invariant constraints and the discrete momentum preservation
in the general case when the configuration space is not a Lie group, stayed outside the scope of
this paper. These problems will be addressed in future publications.

2 Lagrangian Mechanics with Nonholonomic Constraints

In this section we briefly discuss the main concepts of continuous and discrete nonholonomic
dynamics. For a complete exposition of the continuous-time model see, e.g., [, [2], and [3].

The Euler-Lagrange Equations for Nonholonomic Systems. A nonholonomic
Lagrangian system is a triple (Q, L, D), where Q is a smooth n-dimensional manifold called the
configuration space, L : TQ — R is a smooth function called the Lagrangian, and D C TQ
is a constraint distribution. Recall that a distribution D is a collection of linear subspaces
Dy C TqQ, one for each q € Q. Let g = (q',...,q") be local coordinates on Q. In the induced
coordinates (g, ) on the tangent bundle T Q we write L(q,q). It is assumed that the Lagrangian
is hyperregular, i.e., the map 5L
3 TQ—-T*Q

is invertible (see [L7]).

A curve q(t) € Q is said to satisfy the constraints if 4(t) € Dy for all t. The dynamics of
the system is given by the following Lagrange—d’Alembert principle: The equations of motion
for the system are those determined by

M
o L(dg',¢")dt=0, 2.1)

a
where we choose variations 8q(t) of the curve q(t) that satisfy dq(a) = 8q(b) = 0 and dq(t) € Dy
for each t € [a,b]. This principle is supplemented by the condition that the curve itself satisfies
the constraints. Note that we take the variation before imposing the constraints; that is, we do
not impose the constraints on the family of curves defining the variation. This is well known to
be important to obtain the correct mechanical equations (see, e.g., [I] and [3] for a discussion
and references).

In the continuous-time case, the momentum is restricted to a linear subspace of g*.



Assuming that the constraint distribution is specified by a set of s di [efential forms Al (q),
j=1,...,s, thatis,

D={GeTQ|(AI(g).4) =0, j=1,...,s}, (2.2)
equation (ZI) implies
doL oL 1
—_ = _ = Al
dtag g j71)\JA ). 2.3)

Equations (Z3) are called the Fuler—Lagrange equations with multipliers. Coupled with ZZ),
they give a complete description of the dynamics of the system.

Theorem 2.1. FEquations [Z3) conserve the energy

Qo
E = g — L. (2.4)

See [2Z] for the proof and discussion.

The Euler—Poincaré-Suslov Equations. Now let the configuration space be an n-
dimensional connected Lie group G with local coordinates g. As usual, we use the notation
[[,]:gxg — g for the antisymmetric bracket operation on the Lie algebra g = TG of the
group G. Define an LL system on G as a Lagrangian system (G, L, D) with a left-invariant
Lagrangian L : TG — R and a left-invariant (generally nonintegrable) distribution D on the
tangent bundle T G.

The Lagrangian L : TG — R is left-invariant if and only if L(g, §) depends on (g, §) through
the body velocity operator w = g~'g = TLq-19. Then there exists a function | : g — R called
the reduced Lagrangian such that L(g, §) = l(w).

A distribution D C TG is left-invariant if and only if there is a subspace o C g such that
Dy = TLgd C T4 G for any g € G. Let g* be the dual of the Lie algebra g and let a € g*,
J =1,...,s, be independent annihilators of the subspace 0, i.e.,

v={fcg| @, =0 j=1,...,s}, (2.5)

where (-,-) : g* x g — R is the standard pairing. The left-invariant constraints on TG are
defined by the equations )
(a,g7'g) =0, j=1,...,s.

Define the body momentum p : g — g* by the formula p = d1/0w. According to [13], the
reduced dynamics of an LL system (G, L, D) is governed by the Euler—Poincaré—Suslov equations
with multipliers

1
p=ad,p+ Aja (2.6)
j=1
coupled with the constraints (Z3). The dynamics of the group variables g is obtained by solving
the reconstruction equation

§=TLyw. 2.7)

Remark. In the absence of constraints, equations (Z8) become the Euler—Poincaré equations,
which conserve the spatial momentum J = Adg p. In the presence of nonholonomic constraints,
neither the spatial nor body momentum is conserved generically. The conditions for body
momentum preservation are studied in [29].

Theorem 2.2. The Euler—Poincaré—Suslov equations conserve the reduced constrained en-

ergy
Ec = [(p, 0) — H(w)]yeo -



Proof. Observe that the reduced energy (p,w) — I(w) equals the energy, as the Lagrangian is
left-invariant. Since w € ? throughout the motion, the reduced constrained energy equals the
energy along the trajectories of (Z8) and therefore is preservedE O

Let the reduced Lagrangian I(w) be the quadratic form | = %(Hw,m, where T : g — g* is
a symmetric non-singular inertia operator. In this case, p = Iw. Then constraints X)) imply
that p lies in the subspace

v ={@,I"'p)=0, j=1,...,s} Cg".

It is often convenient to choose a basis ey, ...,en in the Lie algebra g such that al = e"—J+1,
J =1,...,s. Let w;, pi, and [;; denote the components of w, p, and I relative to this basis,
respectively. Then the formula representing the reduced constrained energy becomes
1 "B 1 1 ”Ell
z ]Iijwiwj = z | inpj. (2.8)
ij=1 ij=1

Here and elsewhere, the quantities 1J represent the components of the inverse constrained
inertia operator (I],)~ 1.

Discrete Mechanical Systems with Nonholonomic Constraints. According to [6],
a discrete nonholonomic mechanical system on a smooth n-dimensional manifold Q is specified

by
() a discrete Lagrangian Lg: Q x Q — R;
(ii) an (n — s)-dimensional distribution D on T Q given by equations Z2);
(iii) a discrete constraint manifold Dy C Q x Q, which has the same dimension as D and
satisfies the condition (q,q) € Dy for all g € Q.
The dynamics is given by the following discrete Lagrange—d’Alembert principle (see [6]):
NErE 1
D1 La(Gk, Gr+1) + Daolg(Ok—1,0k) 8ak =0, 30k € Dq,, (U, Ak+1) € Da.
k=0

Here D;Lg4 and DsLg4 denote the partial derivatives of the discrete Lagrangian with respect to
the first and the second inputs, respectively.
The discrete constraint manifold is usually specified by the discrete constraint functions

Fi(O: Qe+1) =0, j=1,....s. (2.9)

The dynamics of a discrete nonholonomic system is represented by sequences {(qk, dk+1)} that
satisfy the discrete Lagrange—d’Alembert equations with multipliers

F 1
D1La(tk, Gk+1) + Dola(Ok—1,0) = NAI (qi), (2.10)
j=1

where AJ(q) are the constraint one-forms from 2.
According to [6], the map (Qk—1,0k) — (0, dk-1) defined by equations @) and @I0) is a
local di Ledmorphism in a neighborhood of the diagonal of Q x Q if the matrix

1 , 1 R
D;D2L4(g,9) A(@) -+ A%()
r‘zfl(q’q/) 0 0
D2>Fs(9,9") 0 i 0

2\We will see later that the discrete analogues of the reduced energy and the reduced constrained energy have
different conservation properties.



is invertible for each (q,q") from this neighborhood.

One way to construct the discrete Lagrangianistoset Lq=LoW¥, whereW:QxQ —TQ
is the discretization map. In this case the discrete constraint manifold Dy has to be consistent
with the distribution D, that is, Dg has to be locally defined as A oW =0, j =1,...,s. If the
configuration space is R", it is natural to choose

N 1
W(Ok, Grer) = Qk+12 QK’qk-ﬁ-lh Ok cTR", (2.11)

where h € R, is the time step (see [L6] and [6] for details). We emphasize that the discretization
map is not unique and hence there are many ways to define the discrete Lagrangian Ly and the
discrete constraint manifold Dy for a given nonholonomic system (Q, L, D)

3 Discrete Euler—Poincaré—Suslov Equations

In this section we obtain the reduced equations of motion of discrete nonholonomic systems on
Lie groups.

Continuous and Discrete Left-Invariant Lagrangians. Let the configuration space
be a Lie group G with local coordinates g. Let the discrete Lagrangian Ly : G x G — R be
invariant with respect to the left diagonal action of G on G x G, that is

La(99k, 99k+1) = La(9k, Ok+1)

for any g € G.

Define the left incremental displacement by the formula Wy = glzlgkﬂ € G. Since Ly is left-
invariant, there exists a function lg : (G x G)/G = G — R called the reduced discrete Lagrangian
such that Lq(gk,9k+1) = la(Wk). According to [16], one defines the discrete constrained La-
grangian ly associated with a given continuous left-invariant Lagrangian L(g,§) = I(g—'g) by
the formula Iy = I((log Wx)/Zh), where log : G — g is the (local) inverse of the exponential map
exp:g— G and h € R, is the given time step.

For a matrix group G, one can instead use the approximation

(log Wi)/h ~ (Wi — €)/h = g, *(gk+1 — gk)/h
and define the discrete Lagrangian by the formula

01, -
La(9k: Ok+1) =1 9 (Ok+1 — 9k)/h . (3.1)

For quadratic Lagrangians considered later in this paper the value of the time step h does not
influence the dynamics. We thus set h =1 in the rest of the paper.

Similarly to [4] and [16], we define the discrete body momentum px : G x G — g* by the
formula

d d
(P, &) = _E@_OL" (9 exp(s€), k1) = _E@_old (exp(—s&)Wk) (3.2)
forany € € gﬂ Definition @2) implies
Pk = —Lg,DiLa(9k—1,9k) = Ry, 1a(W), (3.3)

3An alternative approach to the discretization of nonholonomic systems based on a modification of canonical
transformations was proposed in [I4].

4The definition of the discrete momentum (@) accepted in this paper varies slightly from that used in many
publications,

(P, &) = %EszoLd (gr-1, g €xp(s8)) -



where Ly : T*G — g* and Ry : T*G — g are the induced left and right actions, respectively.
Using @2), one defines the discrete Legendre transform

L:G xG 3 (gk, Wk) — (9, Px) € G x g7,

which is invertible in a neighborhood of the set {(g,p) € G x g* | p = 0}, but may fail to be
globally invertible.

Discrete Left-Invariant Constraints. If the continuous constraint distribution D is
left-invariant, it is natural to require that the discrete constraint manifold Dy is invariant with
respect to the left diagonal action of G on G x G, that is,

F3i(99k 99k+1) = Fj(9k, Ok+1) forany geG, j=1,....s.
This implies that there exist functions f; : G — R, j =1,...,s, such that

Fi(Ok» Ok1) = F(Wi).

Consequently, Dy C G x G is completely defined by the constrained (or admissible) displacement
subvariety
S={fiW)=0,...,fs(W) =0} C G;

that is, Dg = {(0,9") € G x G | g~ !¢’ € S}.

The subvariety S passes through the identity element e € G, and the tangent space TeS
coincides with the linear subspace » C g associated with the left-invariant distribution D C TG.
Motivated by this, we define S as the union of all one-parameter subgroups G, generated by
vectors n € 9, i.e., S = exp 0. In the vicinity of the identity element e € G one can equivalently
write

S={W e G|logW € 2}. 3.4

Remark. For an arbitrary subspace o C g, the set exp 0 is not necessarily a subvariety of G.
In this paper we concentrate on the important case when G contains a subgroup H generated
by a subalgebra h C g such that the decomposition g = & 0 forms a symmetric pair, that is

[h.b]Ch,  [p,0]Ch  [ho]Co. (3.5)
In this case the following property holds (see, e.g., [L1I):

Proposition 3.1. If 0 and b form a symmetric pair, then the set S = expo is a smooth
submanifold of G homeomorphic to either the symmetric space G/H or to a quotient of G/H
resulting from a finite group action.

If conditions [@X)) are satisfied, the set exp 0 is known as the Cartan model of the symmetric space
G/H. Notice also that the tangent bundle TS is not a subset of the left-invariant distribution
D C TG, since the latter is not integrable.
Using the Legendre transform £, we conclude that the discrete momentum py is restricted
to the subvariety
U=LES)={pecg"|p=RylgW),W eS8} cg"

In the examples considered below, the map S — U is invertible almost everywhere on S.

Discrete Euler—Poincaré—Suslov Equations. Assume that the discrete Lagrangian
Lqg : G x G — R, the discrete constraint manifold Dy C G x G, and the constraint distribution
D C TG are left-invariant with respect to the induced left actions of G on G x G and on TG,
accordingly.

Define the action sum and the reduced action sum by the formulae

NET 1 NEC 1

Sa = La(9k,Ok+1) and sg= la(Wi).
k=0 k=0



Recall that the distribution D is written as (Ai(g),g) = 0, j = 1,...,s. According to [6],
variations dgy satisfy the conditions (AJ (gk),8gk) =0,j =1,...,s, and 8gy = dgn = 0. For the
left-invariant constraints given by %), the admissible discrete variations are those dgx € T Gg,
that satisfy the conditions

(@, 0. %00) =0, j=1,...,5, k=1,...,N —1. (3.6)

The following theorem extends the results of Bobenko and Suris [4] and Marsden, Pekarsky, and
Shkoller [16] to the nonholonomic setting.

Theorem 3.2. Let Lg: G x G — R be a left-invariant Lagrangian, lg : G — R be the reduced
Lagrangian, and D C TQ and Dy C Q x Q be the constraint distribution and discrete constraint
manifold, respectively. Then the following statements are equivalent:

(i) The sequence {(gk,ngrl)}E;Ol is a critical point of the action sum Sgq : GN=! — R for
arbitrary constrained variations.

(i) The sequence {(gk,gk+1)}E:_01 satisfies the discrete Euler—Lagrange equations with multi-
pliers

1
DiLa(9k, 9k+1) + Dala(@k-1,9) = = NA(gk) (3.7
j=1
coupled with the discrete constraint equations Fj(Qk, Ok+1) = 0.
(iii) The sequence {Wi}p—y' is a critical point of the reduced action sum sq : GN~' — R with
respect to variations 0Wy, induced by the constrained variations dgx and given by

1 1
Wi = Wi 0,180k 41 — Ad,y -1 O 00k - (3.8)

(iv) The sequence {Wy o satisfies the equations

1
G(Wk—1)T Lw,_, — IG(W)T LWkAdel = - N al 3.9
j=1
coupled with the discrete constraint equations

;W) =0, j=1,...,s, k=1,...,N—1

Proof. We first prove the equivalence of (i) and (ii) following [6]. Recall that the variations 6gx
vanish at k = 0 and k = N. Computing the first variation of the discrete action sum Sy, we

obtain
N

1
0S4 = (D1La(9k, 9k+1) + D2La(9k—1, 9)) d9k-
k=1
Here the variations dgx are not independent and satisfy the conditions (AJ (gk), 8gk) = 0. There-
fore, 8Sq = 0 if and only if gk, k =1,...,N — 1, satisfy equations @).
Next, we prove that (i) is equivalent to (iii). Notice that Lq = lgom, wherem: G x G —
(G x G)/G = G is given by (0k, Ok+1) — g,:lgkﬂ. Therefore 6sq = 6Sy. The variation 6Wy is
computed to be
L o,

BWic = G "80k1 — G '80kGi Gkt = Oic Gt Gicpid0ki1 —Adggag -1 G T80k

which yields &3).
To prove the equivalence of (iii) and (iv), we use (Z3) to compute
N / —1 El / D—l El —1 EI
dsg = Iy 910k Tl g — 15 9 k41 TLgkflngAd(g;lng)fl O 00k -
k=1

Since the variations dgx satisfy conditions @8), dsq = 0 if and only if item (iv) holds. O



We now rewrite (33) in the form of discrete momentum equations.

Theorem 3.3. The discrete momentum evolution is governed by the discrete Euler—Poincaré—
Suslov equations

. 1.
Pki1 — Adgy, Pk = M@, (3.10)
j=1

where Wy is restricted to S and px € U C g*.
Proof. Using definition @@3), one has 15(Wx) = TRy, pk, and therefore for any n € g,
laWi-1)TLw,,n = (TR, _, P, TLw, M) = (TLiy, _ TRy, Pk—1.N) = (Ady, _, Pi—1.1)-
Similarly,
la(Wi)T Lw, Adyy -1 1 = (Adiy, Pi, Adyy -1 1) = (Ady, -+ Adiy, P ) = Pk, 1)
Thus, E3) becomes @EI0), where Wy is restricted to S and px € U C g*. O

Equations (ZI0) generalize the discrete Euler—Poincaré equations obtained in [4] and [16] to
the nonholonomic setting and define a map B : &/ — U that takes px t0 px+1. The map B is
generally multi-valued. Given pg, one evaluates pxy1 by

1. Inverting the map px = Ryy, I5(Wx) and finding the associated value(s) of Wy.
2. Calculating Ady,, pk.
3. Projecting Adyy, px onto I/ along the subspace span(al,...,as).

Since the map B is multi-valued, one needs to make a choice of a branch of B. A natural way of
doing this is to start from a value of px whose norm is small and to select pxy; of the smallest
norm.

4 The Suslov Problem

The first known example of an LL system, the Suslov problem, was originally introduced in 1902
in [Z2]. The Suslov problem studies the motion of a rigid body suspended at its center of mass
in the presence of a constraint that forces the projection of the body angular velocity along a
direction fixed in body to vanish.

The Classical Suslov Problem. Here we briefly review the dynamics of the Suslov
problem. We refer the reader to [Z22] and [2] for a complete exposition.

The configuration space for this problem is the group SO(3). The Lie algebra so(3) is
isomorphic to the Euclidean vector space R3. The isomorphism ¢ : so(3) — R? is given by

L1 L1
0 —W3 W2

P@) = (01,2, w3) €R?, where w=Lw] 0 —w Lcbo®3).

—W2 W1 0

In this representation of so(3) the antisymmetric bracket operation is the standard vector prod-
uct in R3. The elements of so(3), when viewed as vectors from R3, are typed in bold.

Let I = (I;) be the inertia operator of the body, I=* = (I¥) be its inverse, and w € R be
the body angular velocity vector. The reduced Lagrangian equals | = %(H w,w). Let a be the
direction, fixed in the body, of the vanishing component of the angular velocity. The constraint
reads

(a,w) =0. 4.1)

The Lagrangian and constraint are left-invariant with respect to the lifted action of SO(3) on
TSO(3).



Using the Killing metric, one identifies the dual Lie algebra so*(3) and the Lie algebra so(3).
Using this identification, the body angular momentum M = d1/0w becomes an element of so(3),
and the Euler—Poincaré-Suslov equations (Z8) written for the Suslov problem become

M=M x ® + Aa. (4.2)

Eliminating the Lagrange multiplier, we obtain

- 1
M=_—"__(a,M)(I 'ax ). 4.3
Gl @METaxe) (43)
Without loss of generality, let us choose a as the third vector of the body frame eq, e2, €3. Then
the constraint becomes ws = 0, and the momentum is restricted to the subspace

" = {I¥'M; + I32M, + I3*M3 = 0}. (4.9)

Select (M1, M) as coordinates in 9*. Then the momentum dynamics is governed by the equa-
tions
M; = (I3'M; + I32My) 0, /132, My = —(IP'M; + I32My)w, /133, (4.5)

The Suslov problem preserves both the energy E = %(]Ioo,oo) and the reduced constrained
energy Ec = E |,. If a = e3, the reduced constrained energy becomes

101 ] H22M2 — 2I12M{ My + H11M2
Ec == 1107 + 2[150,0 + w2 = L 2
C 2 11Wy 12W1W2 22Wo 2 (]IllHQQ — (H12)2)

The momentum trajectories in the M;M,-plane are the elliptic arcs that form the heteroclinic
connections between the asymptotically stable and unstable equilibria.

The dynamics of the group variables for the Suslov problem is obtained by solving the
reconstruction equation

(4.6)

g = gu.
The equilibria of X)) correspond to the steady-state rotations of the rigid body. The non-

equilibrium trajectories of @X) generate the transitional solutions that asymptotically approach
these steady-state rotations as t — +oo.

The Generalized Suslov Problem. Certain natural multidimensional generalizations
of the Suslov problem were studied in [[7], [L0], and [Z7]. The configuration space of an n-
dimensional rigid body with a fixed point is the Lie group SO(n). For a path g(t) € SO(n), the
angular velocity of the body is defined as w(t) = g~'g(t) € so(n).

Let T : so(n) — so*(n) be a symmetric non-singular inertia operator. The reduced La-
grangian for the generalized rigid body is

N =

(Tw, w). “.7
The inertia operator is often defined by the formula
[w=Jw+nd € s0*(n), (4.8)

where J is a symmetric positive-definite non-singular n x n matrix called the mass tensor (see,
e.g., [A]). Although definition @3) is not unique, it is widely accepted because I in @3) for
n = 3 represents the inertia operator for the physical three-dimensional rigid body. Utilizing
formula @3) we obtain the formula for the body momentum: M = Jw + ©J € so*(n).

Let e1,...,en be an orthogonal (relative to the standard metric in R™) body frame, and
let e',...e" be the dual basis, i.e, (e',ej) = 8], where 5] is the usual Kronecker delta. The
generalized Suslov constraints are chosen to be

(' Aned, ) =0, 1<i<j<n-1, (4.9)



as in [7], i.e., the angular velocity w belongs to the subspace of matrices of the form

1 1
0 “es 0 wln
: : (4.10)
C s 0 wnfl’n
—(A)ln “es —(A)nflvn 0

This choice is motivated by the following interpretation of the classical Suslov constraint. As-
suming a = es, constraint @) restricts the infinitesimal rotations of the three-dimensional
rigid body to the planes that pass through es. Building on this observation, it is natural to
define the n-dimensional Suslov constraints by forcing the infinitesimal rotations into the 2-
dimensional subspaces of R" that contain the vector e,. The angular velocities corresponding
to such infinitesimal rotations are those satisfying conditions (@3). Hence, the dynamics of the
multidimensional Suslov problem is governed by the equations with multipliers

M =adj;M + Aij e' nel (4.11)

1<i<j<n-—1

coupled with the constraints @3). For n = 3 the Lie algebra so(3) is isomorphic to R and

(&IT) become equations (@2).
Let A: 9 — 0* be the restriction of the inertia operator I onto the subspace ». The operator
A is non-singular, and its matrix relative to the basis {e; Aen,...,en_1 Aen}is

Aij:‘Jij""Jnnéij, i,j=1,...,n-1.

The ol=diagonal entries Jjj, 1 < i < j < n — 1, can be annihilated by a suitable orthogo-
nal transformation that leaves the vector e, and the constraints @) unchanged. Put 7 =
(Jins---»dn—1n) and = (01n,...,Wn-1,n). Using @II), we obtain the following closed sys-
tem for the variables win, ..., ®Wn_1,n:

@i + Inn)Win = Jin(@%n +---+ w?}—l,n) — (Jinwin + -+ In_1,n0n—1,n)Win,

or, in the vector form,
AN = ANT) . (4.12)

The equations for the remaining components w;j determine the multipliers A;j.
Equations (@I1) conserve the constrained energy

1 1
E= §<A , )= E<M,/\—1M>, (4.13)
where M = (Myp,...,Mn_1n). Since A is positive-definite, we obtain a dynamical system on

an (n — 2)-dimensional ellipsoid Q = {E( ) = const)} C 0.
Assume 7 # 0. Then system @I2) has a line of equilibria

{(J.)ln = Iln T, .. .,(.k)n_lyn = In_lynT | TE R}. (4.14)

This line intersects the ellipsoid Q at two points, S* and S—, which correspond to the stable
and unstable steady-state rotations of the body in certain two-dimensional planes, fixed in both
space and body. As shown in [[7], all non-equilibrium solutions of system (@I2) lying on the same
ellipsoid form heteroclinic connections from S~ to S, i.e., they approach S~ as t — —oco and
St as t — oo. The motion of the n-dimensional body in space is an asymptotic evolution from
a steady-state rotation in a two-dimensional plane fixed in the body, with angular velocity —w,
to a steady-state rotation in the same plane, with angular velocity w. The spatial orientations
of the two-planes corresponding to the above steady-state rotations are typically not the same.

In the special case when J = 0, i.e., when the linear space » C so(n) is an eigenspace for
the inertia operator I, all of the solutions of systems @XI1) and @XI2) are equilibria. Thus every
motion of the body in space is a steady-state rotation. The reconstructed motion of the Suslov
top on the group SO(n) was studied in [27].
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5 The Chaplygin Sleigh

The mechanical system reviewed in this section was introduced and studied in 1911 by Chaplygin
[B] (the work had actually been finished in 1906). See [5] and [Z] for a detailed exposition.

The Configuration Space. The sleigh is a rigid body moving on a horizontal plane sup-
ported at three points, two of which slide freely without friction while the third is a knife edge
which allows no motion orthogonal to its direction. The configuration space of this dynamical
system is SE(2), the group of Euclidean motions of the two-dimensional plane R2, which we
parameterize with coordinates 6, the angular orientation of the blade, and (X, y), the position
of the contact point of the blade on the plane.

The Lagrangian and Constraint in the Body Frame. Introduce a coordinate sys-
tem called the body frame by placing the origin at the contact point and choosing the first
coordinate axis in the direction of the knife edge and the second coordinate axis in the orthog-
onal direction. Denote the angular velocity of the body by w = 6, and the components of the
linear velocity of the contact point relative to the body frame by v, and v,. The vector (w, v1, v2)
is regarded as an element of the Lie algebra se(2).

The Lagrangian equals the kinetic energy of the body, which is the sum of the kinetic energy
of the center of mass and the rotational kinetic energy of the body. The position of the center
of mass is specified by the coordinates (a, b) relative to the body frame. We do not assume here
that b = 0 as in some models. We will see that a is crucial to the qualitative behavior of the
system while b is irrelevant. Let m and J denote the mass and moment of inertia of the sleigh
relative to the contact point, respectively.

The system is invariant with respect to the action of SE(2) on TSE(2) induced by the left
action of SE(2) on itself. The reduced Lagrangian is

1 ]l 2 2 2 2 2 0
I = 3 @ +m(a® +b*))w= + m(vi +v3) — 2mbwv; + 2mawvy . (5.1)

The blade constraint reads
Vo = —Xsin6 +ycosf = 0. (5.2)

The Dynamics of the Chaplygin Sleigh. For the constrained motion, the angular
momentum relative to the vertical axis through the contact point, M, and the components of
the linear momentum relative to the moving frame, (M4, MNy), are computed to be

ol ol

M= — = (J +m(a?+b?)w — 2mbv, n, = e m(v; — bw), M,
1

= maw.
ow

= a—v2
The reduced dynamics of the Chaplygin sleigh is governed by the momentum equations (see [2])

__a
(J + ma?)?

ma

b D|o 2 42 B =
(M+ rll) mM+(‘]+m(a+ ))rlla nl_m

M=— (M +br,)?,
(5.3)
which are obtained from &) by eliminating the Lagrange multiplier. In the particular case

b = 0 they become

: aMn, : maM?
M= ————, = 5.4
J + ma? ! (J + ma2)? 54)
Equations (&) preserve the reduced constrained energy
] ]
mM? +2mbMI; + J +m(a? +b?) M3 5.5)

2m(J + ma?)

which is a positive-definite quadratic form.
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We emphasize that the phase portrait of (&3) is identical to that of the Suslov problem.
Indeed, if a = 0, the nonholonomic momentum (M, My) is conserved. Therefore, the body
angular velocity w and the linear velocity along the blade v, are constants. The evolution of
the configuration variables (6, X, y) is determined from the reconstruction equation Z1), which
reads _

B =uw, XcosfB +ysinb = vy, —Xxsin6 +ycosf =0. (5.6)

The solutions of (&H) are
8 = 6, + wt, x=x0+%sin(90+mt), Y =Yo— %cos(60+wt) if w0

and
8 =0y, X=Xg+tvicosBy, Yy=yg+tvisingy, if w=0.

Therefore, the contact point of the blade and the plane generically moves along a circle at a
uniform rate.

If a # 0, the dynamics of (&3) is integrable as the reduced energy is conserved. The
trajectories are either equilibria situated on the line M + by = 0, or elliptic arcs, as shown in
Figure[BTl, left. Assuming a > 0, the equilibria located in the upper half plane are asymptotically
stable (filled dots in Figure Bl left) whereas the equilibria in the lower half plane are unstable
(empty dots). The elliptic arcs form heteroclinic connections between the pairs of equilibria.

M1

Figure 5.1: The momentum dynamics and the contact point trajectory for the Chaplygin sleigh.

As the momentum evolves along an elliptic arc, the contact point traces an interesting
trajectory shown in Figure right. This trajectory has a cusp as the speed of the contact
pejnt, |vi|, momentarily vanishes when the momentum trajectory intersects the line mbM +

J +m(a? +b%) T, =0, and asymptotically approaches uniform straight line motions as t —
+o0.

The shape of the generic trajectory of the contact point is predetermined by the inertia of
the body and the position of the center of mass relative to the blade, and is independent of the
initial conditions. In particular, if b = 0, the trajectory of the contact point becomes axially-
symmetric as shown in Figure While the dynamics of the group variables (8, x,y) cannot
be explicitly written, it is possible to compute the angle between the asymptotic directions of
the dynamics of the contact point. See [5] and [20] for details.

The Multidimensional Chaplygin Sleigh. We now briefly discuss the generalized
Chaplygin sleigh, which is an n-dimensional rigid body moving in R" in the presence of certain
nonholonomic constraints.

The configuration space of this dynamical system is the group SE(n), which has the structure
of a semidirect product, SE(n) = SO(n) CRA. The elements of SE(n) are written as (g, x),
where g € SO(n) is the orthogonal rotation matrix that represents the orientation of the body

12



and x € R" is the position of a reference point of the bodyﬁ It is often convenient to write the
elements of SE(n) as (n + 1) x (n + 1) matrices of the form
1 1

g X

01 (5.7)
The group operations in SE(n) are represented by products and inversions of matrices (&1).

The Lie algebra se(n) of the group SE (n) has the structure of a semidirect product so(n) [CR1.
The elements of se(n) are written (§,v), where § € so(n) and v € R". The algebra se(n) is
isomorphic to the set of (n + 1) x (n + 1) matrices
I I

\Y n
00 ° & € so(n), v e R",

and the Lie bracket operation in se(n) is given by the formula

[€1,v1), (&2, v2)] = ([&1, &2], &1Vva — &avi) -

For a trajectory (g(t), x(t)) € SE(n), the quantities w = g—'g and v = g~'x are the angular
velocity of the body and the linear velocity of the reference point relative to the body frame,
respectively. Let a € R" be the coordinates, relative to the body frame, of the center of mass
of the body, which in general is located o[the reference point. Denote the mass of the body
and inertia operator with respect to the center of mass by m and I, respectively (recall that
ITw=Jw+ wJ). Then the reduced Lagrangian is

1 T 1C] ,
I((.O,V):—ZTr (r]Jrl ):E <]I(;,),0.)>+m||0.)a+V||
= —%Tr (W@ +ma®a)w) +man,v) + %(v,w, (5.8)
where
1 1 IJ:I 0I:I 1 1
_ WV _ T _ e a
N= 9 o ese(n), J=S 0 m S', and S= 0 1 € SE(n)

The body momentum p = (M, M) is an element of the dual Lie algebra se*(n) whose com-

ponents are
ol ol
M=_— *(n), MN=_—¢cR", 5.9
35 €50 (n) 3y € (5.9)
that is, M and M are the body angular and linear momenta, respectively. Straightforward

evaluation of &3 leads to the formulae

M=J+mapaw+wd+mara)+miveoa—arv), M= m(v+ wa). (5.10)

Left-Invariant Constraints on SE(n). There are numerous ways to introduce non-
holonomic constraints for the generalized Chaplygin sleigh. For example, one can require that
the velocity of the reference point is restricted to a subspace fixed in the body. For n = 3,
systems with such constraints were studied in [20] and [28].

Another natural choice is to define the constraint subspace 0 € se(n) to be the set of matrices

of the form 1 1
0 —Wi2 ... —Win V1
aee 0 . 0 0
: ; : (5.11)
7 0 .. 0 0
0 e 0 0

5The velocity of the reference point is typically constrained, like in the classical Chaplygin sleigh. For this reason
the reference point is also called the contact point.
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i.e., to impose Chaplygin-like constraints on the linear velocity and Suslov-like constraints on
the angular velocity of the body. In particular, for n = 2 we obtain the classical Chaplygin
constraint vo = 0, and (&I1) becomes

1 1
0 —w v;

Lelo oL (5.12)
0 0 O

6 The Discrete Suslov Problem

Here we utilize the discrete Euler—Poincaré-Suslov equations (I0) to construct the discretiza-
tion of the Suslov problem considered in Section B

The Discrete Lagrangian. Let gk € SO(n) be the orthogonal matrix that represents the
position of the n-dimensional body.

Introduce the incremental finite rotation Qg = g;lgkﬂ, which should be interpreted as the
discrete analogue of the body angular velocity w = g—!'g, as discussed in Section If gk =g
and gr,1 = gk + hg + O(h?), then

lim ? = lim =g lg=0. (6.1)

h—0 h—0 h

Using the general approach, we compute the discrete Lagrangian and the reduced discrete
Lagrangian for the Suslov problem to be

La(9k: Ok+1) = 2 Tr (@I gy 1), la(Qx) = 3 Tr(QJ), (6.2)

where J represents the mass tensor fl According to definition &2), the discrete body angular
momentum of the top is
My = QJ — JQF € so(n). (6.3)

Using @), one obtains limp_oMg/h = ©J + Jw = M, i.e., the angular momentum of the
continuous-time Suslov problem.

The Discrete Constraints. Following the approach of Section B, we impose the discrete
left-invariant constraints on SO(n) x SO(n) in the form of restrictions on the finite rotations
Qi € SO(n). In agreement with the continuous constraints @), we assume that constrained
rotations are the exponentials of the elements of the linear subspace

0 =span{e; Aen,...,en_1 Aen} C so(n).

The properties of the incremental finite rotations for the discrete Suslov problem are stated
in the following lemma.
Lemma 6.1. Let S =expd and Q € §. Then:

(i) The components of the constrained finite rotation matrices Q relative to the basis €1,...,€n
satisfy the conditions

Qij =jS, Qin = —Qni, 1<i,j<n-1 (6.4)

(i) The subvariety S is diffeomorphic to the projective space RP" ™t = S"=1/72. Given a point
(20,21,...,2Zn_1) on the unit sphere S"~1, the components Qij are

Qij = 8ij — 2zizj, Qin = —Qni =220Zi, Qnn=225-1, 1<i,j<n-1. (65)

SDefinitions @&2) and &3) were originally introduced in [9].
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Note that the limit procedure @) transforms formulae (&2) into the Suslov constraints I0)
on so(n).

Proof. (i) Any vector from the subspace » C so(n) can be represented as 8 u A e, where 8 is a
scalar constant and u = (uy,...,Un—_1,0) is a unit vector in span(ey,...,en—1). The odd powers
of matrices e;j A en are skew-symmetric and have an (n — 1) x (n — 1) zero block in the upper
left corner, whereas the even powers are symmetric, with zero elements in the last row and last
column. Hence, the exponential of any linear combination of e; A e, satisfies (&4).

(if) The operator exp(Bu A en) C SO(n) represents the rotation by the angle 6 in the two-
dimensional plane spanned by u and e,. Therefore,

exp(Bu Aen)u=ucosd —ensing,
exp(Bu Aen)ej =ej —uej,u) + (ucos® —ensinB)(ej,u), 1<j<n-1,
exp(bu Aep)en =encosB +usind.

The right-hand sides of the above formulae are the columns of the matrix exp(6 u A en). Then,
identifying exp(6 u A en) with Q and setting

cosB8/2 =z, ujsinB/2=2z;, 1<i,j<n-1, (6.6)

we arrive at expressions ([E5).
Formulae (&%) and the trigonometric identities

sinB8/2 = sin(m — 6/2), cosB8/2 = —cos(mt — 8/2)

imply that the opposite points z and —z on the unit sphere S"~! correspond to the same
constrained rotation exp(8 u A en). Therefore S = expd is di [edmorphic to RP" . O

Remark. Conditions &4) are equivalent to the discrete left-invariant constraints
Tr(9 ' € AenOks1 — U1 € Aenlk) =0, j=1,...,n—1,

on SO(n) x SO(n).

The Discrete Constraints for the Classical Suslov Problem. Conditions (&34)
and formulae &3) in the three-dimensional case state that Q is a finite rotation about an axis
parallel to the vector

(z2, —21,0) € span(e;, e2) C R?.

Indeed, the group SO(3) is covered twice by the unit sphere S3 = {q3 +q? +q3 +q% = 1}, where
(90,91, 92, q3) are the Fuler—Rodriguez parameters. Any matrix W € SO(3) can be written as

%; +07 — 03 —03  2(0102 +0sdo)  —2(d1Gs — G200)
W= L2102 —a300) a2 +02 -7 —q2 —2(qe03 + o) 5 (6.7)

—2(0103 + G2G0)  —2(Ge03 — GoG1) 03 + 03 — a7 — o3

see [Z6] for details. If gy = cosB/2, the matrix W represents a rotation in R about the vector
e = (q1, 92, q3) by the angle 6.

Setting Q12 = Qo; in @) implies g3 = 0, and hence W is a rotation about an axis in the
plane span(ey, e2). Therefore, the constrained rotations Q € S € SO(3) become

I:I2 ) 1
2(95 +0g7) -1 20102 20002
Q=L-12qq, 2@2+0$) -1 —2qoq - (6.8)
—2q002 2400 295 -1
After the substitution q; = —2z5, g2 = z1, qg = Z¢, formula €3)) becomes identical to parame-

terization (@5). As a result, the set of constrained rotations in the three-dimensional space is
di Cedmorphic to the real projective plane RP? = S2/Z2. We emphasize that, in general, the
kth position of the body, gk = Qx_1 -+ Qo, is not a rotation in the plane span(ey, €3).

15



Discrete Momentum Locus U [sd*(3). In contrast to the continuous case, the
discrete momentum My does not evolve in a linear subspace in the dual Lie algebra so*(3).
Instead, it belongs to the nonlinear algebraic variety ¢/ C so*(3) defined by equations (&3) and
€3).

If the tensor J is diagonal in the frame ej,es, e3; J = diag(Jy, J2,J3), then the vector
representation M = ¢(I Q) = (M3z, My3, M2,) of the angular momentum reads

M = 2((J2 + JI3)q0d1, (31 + I3)0002, (J1 — J2)0102),

where the discrete time index k has been omitted in order to avoid tedious notation. Here and
below, without loss of generality, we always assume go > 0. As a result, ¢/ coincides with the
Steiner Roman surface in R3 given by the quartic equation

Ji1 —Jo
(J2 +3J3)(J1 + J3)

Jy +J3
(J2 +33)(J1 — J2)

MiM3 + MiM3
Jo +J3
(J1 +33)(J1 — J2)

M2M2 — 2M;MaM3 =0 (6.9)

(see, e.g., [@] and [Z1]).
In the general case, when J is not diagonal, one recovers the parameterization

|
(J22 + J33)0001 — J120002 — (J1301 + J2302)02
M =2 L4311 + J35)dotz — Ji2Qoth + (J1301 + Jos@)qn L] (6.10)
(311 — J22)0102 — J12(97 — 93) — (J1301 + J2302)do

One can show that the components of M satisfy an algebraic equation of the fourth degree,
which generalizes @3) and is not shown here. The corresponding algebraic surface Z/ in R3 =
{(M1, M3, M3)} has pinch points and self-intersections. One can show that if the quadratic form
(Ja2 +J33)07 — 23120102 + (I35 +J11)03 is positive-definite, any point (M1, M2) has at most two
real inverse images in &/. An example of the surface ¢/ and its circular section for an unbalanced
inertia tensor is given in Figure &1

Figure 6.1: The momentum surface U/.

Discrete Euler—Poincaré—Suslov Equations on so*(3). In the case G = SO(3),
the discrete momentum equation with multipliers ZI0) becomes
I:OI 1
Myt = Qf M Qi + A [ L1 (6.11)
0

O O
O O o
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where Mg = QJ — JQI and the components of Qx are subject to the discrete constraint
Qi2k = Q21 k. Equations @&II) represent the dynamics of the discrete Suslov problem and
define the maps B : RP? — RP? and B* : Y — U, which are generally multi-valued. For

(01 :G2: Qo) € RP? we write B0y :02:q0) = (qﬂqaqaﬂ
To study map @&I1), we note that

O(Qk Mk Qi) = P — QrJ) = Q¢ M

(J22 + J33)0001 — J120002 + (J1301 + J2302)02
=2 L1311 + 333)0002 — J120001 — (J1301 + JozGo)dn (6.12)

—(I11 — J22)0102 + J12(aF — 03) — (J1301 + J2302)00

1

where My denotes the vector representation of the discrete momentum Using @I0), we
rewrite (&IT) in the vector form

(J1301 + J2302)02
My =My +4 L1 —(J1301 + J2302)01 L1 (6.13)

—(I11 — J22)01G2 + J12(0F — 03) + A«

which is a discrete analogue of equations @3). This also shows that the momentum increment
My, 1 — My is orthogonal to the axis of rotation directed along the vector (qi, g2, 0) € R3.

The map B : RP?> — RP? given by (ﬁ;?& is evaluated as follows:
1. Given the input (d1,92,90), do = 1—9? — g5 > 0, one uses @I0) and EI2) to find the
components of My and of $(Qf MxQx), respectively.
2. Using the first two components of My 1, one evaluates §; and §, by solving the system of
two algebraic equations
—
M1 k1 = (D22 + J33)diF Jioda) 1 — 473 33 (J13diF Jozda)if]
—

Mz ki1 = (11 + Jz3)daF Jiodi ) 1 — 473 433 (J13diF Josd)if ]

which are derived from (&I0). These equations define two quadratic surfaces Q; and Q.
in R = {(q1,92,70)} that are symmetric about the origin of R3. These surfaces intersect
the unit sphere {gq} + g3 + g3 = 1} along certain curves C; and C,, respectively. Each
curve is a union of two ovals, which are symmetric about the origin of R3. One can show
that the intersection of the curves C; and C, consists of four complex points and two or

no real points in CP2. Thus, there are at most two distinct real solutions ((ﬁ’jlqg‘jdg‘jl)
with > 0.
O -
3. One chooses a solution qﬁ qé’lj @ , with positive c[ﬁ and then finds the last compo-
nent of My, 1 by the formula

M3,k+1 = (311 - Jm)@E- \312((1?:'Ir qgl'— (313@' \323(13'1@_*—I

which is obtained from @&I4) by replacing k with k + 1 and g with 41

In summary, the map My — My, given by @II) has in general four complex and two real
values. In order to select one of these two real branches, we either use some extra arguments,
like existence of a conservation law, or restrict ourselves to the case of su [ciehtly small g; and
g2, which correspond to the small rotations Q. In the latter case only one of the real solutions

(c[f‘jl, d;’il) is small, and it is natural to choose this small solution.

(6.14)

We now prove that the constrained energy (@8) of the continuous Suslov system is preserved
by the discrete system as well.

"The homogeneous coordinates on RP™ are written as (g1 : ... : ¢n : qo) in this paper.
8 Here and below, to simplify notation, we omit the discrete time index k in the components of q.
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Theorem 6.2. The discrete Suslov system (GL1l) preserves the reduced constrained energ;{E
Ec(M1, M3) = (311 + J33)M7T + 2315M; My + (J2z + J33)M3. (6.15)
Written as a function of (Qo,q1,02), @IQ) becomes the quartic conserved quantity

] , ,C
H = (J22 +J33)07 — 23120102 "l'j(Ju + J33)05 O
(J1301 + J2302)% + [(I11 + J33) (D22 + J33) — ID]a5 . (6.16)

The proof is straightforward: Substituting (@&I0) into @I5) and &I2) into (&I5) produce
identical outcomes.

The independence of the conservation law @&I5) from Mj is quite natural because all of the
branches of the map @&II) belong to the same level of the reduced constrained energy. We
emphasize that the (unconstrained) energy %(M,H*M) of the continuous Suslov problem is
not preserved in the discrete setting.

The Invariant Curves on RP2. As follows from Theorem B2, the map B has invariant
curves, which are either the intersections of the sphere {q? + ¢35 + g3 = 1} with quartic surfaces
H(q) = c or, in the momentum space so*(3), intersections of the generalized quartic Steiner
surface U/ and the elliptic cylinders defined by (&I3). Thus, the invariant varieties are algebraic
curves of order eight.

Assume that the kinetic energy metric is positive-definite, then the quadratic form (Jo2 +
J33)07 — 23120102 + (J33 + J11)03 is also positive-definite and, as follows from @I5), the real
invariant curves on the upper hemisphere 0 < gy < 1 are unions of two branches. For small
positive values of ¢ one branch is a small oval around the origin (0, 0), whereas the other branch
is an oval close to the equator {qo = 0} of the sphere. It may or may not intersect the equator. In
the former case the opposite points of intersection are identified. The above branches correspond
to the two connected components of the intersection of the Steiner surface &/ and the cylinder.

As the energy value increases, the branches approach each other: The smaller one grows and
the bigger one shrinks. At a certain critical value ¢ = ¢* the branches touch at the two “saddle
points” and form two separatices. At the next critical value ¢** > ¢* the two branches shrink
to the two “center points”. There are no real invariant curves for ¢ > c**. Note that if c = c* or
¢ = ¢**, the elliptic cylinder (EZI5) is tangent to the surface ¢/. The foliation of RPP? by invariant
curves is illustrated in Figure B2

Figure 6.2: Invariant curves and the equilibrium line on RP2.

®To simplify the exposition, we omit the denominator in @%).
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Remark. As pointed out in [19], in the absence of nonholonomic constraints, the map My —
M1 given by the discrete Euler—Poincaré equations @&ZIT) is multi-valued because generically
the equation My = Q,J —JQ[ has multiple solutions. In the presence of the discrete constraint
Q12 = Qo1 k the equation My = QJ — JQI generally has a unique solution (excluding the
self-intersection points of /). However, as we saw above, the choice of A1 or M3 k41 is not
unique, and the map governing the dynamics of the discrete Suslov problem is multi-valued as
well.

The Relative Equilibria of the Discrete Suslov Problem. According to @LJ), if
the initial values gq; and g satisfy the condition J;3q; + J2302 = 0, then

M1 k+1 = Mk, Mz k41 = Mok, O(Qf MkQi)3 = M3 k;

that is, the coadjoint action My — QI M Qy is the reflection with respect to the plane {Ms = 0}.
Therefore it is natural to assign to the multiplier Ay the value that makes Ms x+; equal to M k.
Consequently, one of the branches of the map B has a one-parameter family of equilibria. These
equilibria are the points of the line

]
P= %2 n {Jlgql + Jo3Qe = 0} 172,

They represent the discrete analogues of the steady-state rotations of the body in the classical
Suslov problem. According to (&8), the points (q1,qz2,qo) and (—q1, —Gz2,qo) on P correspond to
the finite rotations Q and QT, respectively. It follows from @I3) that there are no equilibrium
points outside the line P. In particular, neither the saddle points nor the centers of the invariant
foliation of RP? are equilibria.

Finally, as in the continuous case, the only trajectories of the discrete Suslov problem with
a balanced inertia tensor J;5 = Jo3 = 0 are the equilibria, i.e., the discrete body momentum
My is preserved.

Remark. The geometry of the foliation of RP? by invariant curves suggests a natural way
of selecting a branch of the map B in the general case. Namely, if an initial point (qy,q2) lies
in the open region A/ c RP? distinguished by the condition 0 < ¢ < c¢*, i.e., (41, ) represents
either a relatively small, or a su [ciehtly large finite rotation Q, then the points (g1, 92) and
(d1,G2) belong to the same connected component of the invariant curve. In other words, for
initial points from A/ one should select a real solution of @IZ) that has either the smallest or
the largest norm d73- d2.10n the other hand, a real initial point (q;, g2) that is located between
the separatrices (that is, (01, 02) € RP? \ N) necessarily produces a complex output (@, d2). In
particular, when the initial point is at a center, the next point is necessarily complex, although
the value of the conservation law remains real.

If the branches of the map B : RP? — RP? are chosen as just discussed, the discrete-time
dynamics in the region N inherits all of the main properties of the continuous Suslov problem.
Namely, let A_, A, ©_, and O, be the subsets of RP? defined by

A = {31301 + Ja302 < 0},
Ay = {J130; + Jaz02 > 0},
O_ = {(J12d13 + J22doz + J23J33)01 — (J11J13 + J12d23 + J13J33)02 < 0},
O = {(J12d13 + J22J23 + J23J33)01 — (J11d13 + J12da3 + J13J33)02 > 0.

Theorem 6.3. If the initial point q = (q1,2) lies in N' C RP?, then the sequence {qQx} belongs
to the invariant curve through q. As K — —oo, the sequence {Qk} approaches an unstable
equilibrium on the half-line Py = PNO_. As k — oo, the sequence {Qk} approaches a stable
equilibrium on Ps = PN O,. Fach sequence {qx} lies entirely in either A_ or A,
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Proof. First, we describe the discrete dynamics in the subset U, of the momentum surface U
bounded by the condition

(J11 + I33)MT + 2315M My + (Jo + J33)M3 < c*.
For this purpose introduce new coordinates on the M; Ms-plane:

M1 = (J13(J11 + J33) + J12J23)My + (J23(J22 + J33) + J12J13)Mo,
M2 = J2sM; — J13Mo.

Using parameterization @I0), we rewrite p; and P as

0 L, O
M1 = (J1301 + J2302) Q + ((J11 + J33)(J22 + J33) — Iim)00 (6.17)
He = Qqo — (J1301 + J2302)°, (6.18)

where
Q = (Ji2d13 + J22d23 + J23Jd33)01 — (J11d13 + Ji2d2z + J13J33)02.

The inequalities (J11 + J33)(J22 + J33) — J% > 0 and o > 0 imply that the quantity in the
square brackets in (€11) is positive throughout the region 4. Hence the segment of the straight
line uy = 0 inside U, is filled out with equilibria of the map B as the quantity J;30; + Ja302
vanishes on this segment. Points in U, with positive (negative) values of p, correspond to the
points in A/ C RP? with positive (negative) values of Jy30; + Ja30s.
Next, &I3) implies
Hak+1 = Hok + 41301k + J2slak)’,

and therefore the coordinate p always increases while the sequence {(u1 .k, H2k)} approaches
the line u; = 0 along the ellipse Ec(M1, My) = const. Then, as follows from &I3), p2 < 0,
Q<0fork — —o0,and g2 >0, Q > 0 for kK — oo. As a consequence, the unstable and stable
equilibria fill out the sets P, = PN O_ and Ps = P N O, respectively.

From @I3), M1 k+1 — M1k = —(J1301,k + J2302,k)Q, and therefore

Mokt = (J1301,k + J2302,k)((I11 + J33)(J22 + J33) — I1)0o k-

This formula and @I2) imply that py x and i k41 are always of the same sign unless Jy30; +
J2302 = 0, i.e., the sequence {(M1 k, M2k)} lies entirely in either Uy N {p; < 0} or Uy N {yy > 0}.

Reformulating these properties for the dynamics in the region N’ C RP?, we arrive at the
statement of the theorem. O

For the foliation in Figure[62, the corresponding discrete-time dynamics in the neighborhood
of the origin of the M; Ms-plane is shown in Figure E23, where stable and unstable equilibria are
the filled and empty dots, respectively. As follows from Theorem

I N

lim Q = lim Qg = const,

k—oo k——o0

i.e., the discrete trajectories in the group SO(3) approach the discrete steady-state rotations as
k — 400, which agrees perfectly with the asymptotic behavior of the continuous-time Suslov
problem.

The Discrete Euler—Poincaré-Suslov Equations on so*(n). We now briefly dis-
cuss the case G = SO(n), which retains all of the main features of the continuous n-dimensional
Suslov problem.
The discrete momentum equation @&I0) is
1
M1 ZQIMka+ }\ij e' Aed, Mgk = QiJ —JQT, (6.19)

1<i<j<n
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Figure 6.3: Discrete dynamics near the origin of RP2.

where, as above, ey,...,eq is an orthonormal body frame, and the components of Qi are pa-
rameterized by the coordinates (zo : z; : ... : Zn_1) on RP""! as in @8). In this case the
momentum M belongs to an (n — 1)-dimensional algebraic surface ¢/ in so*(n) = R"("-1)/2,

Let m be the projection so*(n) — R"™! = {(Myn,...,Mn_1.n)}. The inverse image of a
generic point in /) C R"~! is a union of a finite number of points in Z/. Hence, one needs to
choose one of many possible values of the multipliers Ajj. Thus, @&I9) should be regarded as a
multi-valued map B :R"~! — R"1,

Recall that A : 0 — 0* is the restriction of the inertia operator I : so(n) — so*(n) onto the
subspace 0. It is nondegenerate and in the above basis in ? is given by the (n — 1) x (n — 1)
matrix

Aij = Jij + Ionbij,  Lj=1,...,n—1.
To simplify the exposition, introduce the vectors
J =1 In-1.n)s M=Mipn,...,Mn_1,n), Z=(21,---,Zn-1)-
Then, using E3) and &%), we obtain
My =229 N2 — 2(Zk N T) 2. (6.20)
Next, equations (€19) yield
M1 = 22o kN2 + 2(Zu N T) 2k = M +4(2 N T) 2k (6.21)

As seen from &ZI), the discrete Euler—Poincaré-Suslov equations on so*(n) have a line of
equilibria, which is the image of the projective line P ¢ RP" ! defined by the equation ZA7 = 0,
or, in coordinates,

(zZi1:22:...72Zn21) = (@inidon ... 2 In_1n).

Since for small Z its components approximate the angular velocities win, ..., ®n_1,n Of the
continuous multidimensional system @I2), the line P approximates line @I4) of equilibrium
points in so(n).

Theorem 6.4. The generalized Fuler—Poincaré—Suslov dynamics has the following properties:

(i) The multi-valued map B preserves the reduced constrained energy

(M,NTIM), (6.22)

N =

which, after using [@20) and multiplying by 2 det\, yields the quartic conservation law

] .
H=(2,AZ) (Z,J)*+z2detA . (6.23)
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(i1) Regardless of which branch of the map B is chosen, the discrete dynamics evolves from
unstable equilibria on N {{J, M) < 0} toward stable equilibria on N {{(J, M) = 0}.

Proof. (i) Substituting formulae (E£20) and @ZI)) into &2Z2) produces identical results in terms
of z-variables. Transforming this expression into the form &2Z3) is a pure calculation.

(i) Using (&ZT), we obtain

2
(T, Mig1) = (T, M) +4 (Zk A i -
1<i<j<n
Hence, the quantity (7, M) increases unless M belongs to the equilibrium set . O

7 The Discrete Chaplygin Sleigh

In this section we study the discrete Euler—Poincare-Suslov equation I0) on the dual Lie
algebra se*(2). See [8] for an elementary exposition of this problem.

The Discrete Lagrangian. Recall that the angular orientation and position of the contact
point of the sleigh are 6 and (X, y), respectively. The two subsequent positions of the sleigh are
given by the matrices

. L1 . —1
cosBk —sinBx Xk CoSOkyr1 —SiNBky1  Xip1
Ok = Iﬁlek Ccos ek Yk I,:I Ok+1 = @ek—ﬁ-l cos 9k+1 Yk41 L1
0 0 1 0 0 1

The incremental displacement Wy = g,:lgk+1 € SE(2) is computed to be

cosABx —sinABx  cos Bk Axy + sin B Ay
Wy = LsinlAg, cos A8, — sin By Axy + cos B Ay, L1 (7.1)
0 0 1

where AB = Bk 1 — Bk, AXk = Xk41 — Xk, and Ayk = Vi1 — Y.

Following the general formula @), we compute the left-invariant discrete Lagrangian on
SE(2) x SE(2) by replacing the velocity operator with g;l(gkﬂ —gk) in &8). Up to an additive
constant, we obtain

1 O Sy B I W .
Ld(gk+1, gk) = E Tr WkJWk — E Tr JWk +WyJ , (7.2)
where 1 —1
J/2 + ma? mab ma
J= L dmab J/2+mb2 mbLC
ma mb m

Recall that J is the moment of inertia of the body relative to its center of mass, m is the mass,
and (a, b) are the coordinates of the center of mass of the body measured from the contact point
in the directions along and orthogonal to the blade. Evaluating (ZZ), we obtain

m
2
+ am[(cos Bk11 — €0SBK)AXk + (SinBk1 — Sin BK)Ayk]

+ bm[—(sinBky1 — SiNBK)AXk + (oS Bk1 — cosBK)AYK]. (7.3)

] L] m
Lg= J+ma?+mb? (1—cosAby)+ ?Ayﬁ + —AX;

Observe that setting

A6k = ho + O(h?), Axk =hx+0(h%), Ay = hy + O(h?), (7.4)
c0s0y 1 — cosBx = —hwsin® + O(h?), sinBk,; — sinBk = hwcosd + O(h?),
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and computing the limit
rI\irr}JId/h2

produces the continuous-time Lagrangian of the Chaplygin sleigh &1I).
According to definition [2), the components of the discrete momentum relative to the body
frame, px = (My, My k, N2 k) € se*(2), are

0 H
k=350 La(Bk + S, Okt 1, Xus Xkt-15 Yis Y1)
S 50
o H .
Mk = ~3s0] La(Ok, Ok+1, Xk +S€0S Ok, Xk+1, Yk + SSINBk, Yi+1),
S 50
G .
Mok = ~3s0] La(Ok, Ok+1, Xk — SSiN Bk, Xk+1, Yk + SC0S Bk, Yk+1),
s=0
that is,
Mk = (J + ma? + mb?) sin A8, + amVy x — bmVy i,
My x = mVy x —am(l — cos ABx) — bmsin ABy, (7.5)
Mok = MVyk +amsin A8 — bm(1 — cos ABy),
where
Vik = AXk €0os Bk + Ay sin By, Vak = —AX Sin Bk + Ay cos B (7.6)

are the components of the “discrete velocity” of the center of mass relative to the body frame.

In the absence of constraints the dynamics of the two-dimensional body is represented by
the discrete Euler—-Poincaré equations

Pkr1 = Ady, Pk, (7.7)
where 1 —1
My — Mo kV1k + My kVa k
Adyy, pc = LFH  cos A8y + My sinAg, L (7.8)

—IM4 k SiN ABy + M5 i cos ABy

Equation 1) is just the momentum conservation law written in the body frame. In par-
ticular, if the center of mass is at the contact point, that is a =b = 0, (ZZ) becomes

Sin A8k = sin ABy_1,
AXy41 0SBk 1 + A1 SiNBki1 = AXk €0S B 1 + Ayy Sin By 1,
—NAXy 41 SINBk 1 + AYk11COSOk 1 = —AXg SiN Bk + Ayk €SOk 1.

If AB is su [ciehtly small, the above formulae imply that the increments 811 — Bk, Xk+1 — Xk,
and yk+1 — Yk are the same for any integer k, the result one expects from studying the continuous
problem.

The Discrete Constraint on SE(2). We now impose a discrete left-invariant constraint
on SE(2) x SE(2) in the form of restrictions on the incremental displacements Wy = g;lgkﬂ.
A tempting choice of a discrete constraint that mimics the non-slip condition (&2) is

Vo k = —sin Bk AXy + cos B Ayx = 0. (7.9)

This choice however is not the right one. Indeed, following our general approach &4), con-
strained incremental displacements are the exponents of the matrices of the form (&I1). In this
case h generates the subgroup SE(n — 1) and, according to Proposition expo covers the
homogeneous space SE(n)/SE(n — 1). For a matrix W € SE(n), we write its components as
Wij. In the case n = 2, when W is given by (Z1)), we have:
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Theorem 7.1. The variety S = exp0o C SE(2) is diffeomorphic to the canonical line bundle
.M — RP' = {(z1 : 22)} such that T='(2; : 2) is a line {(121,725) | T € R} C R? (i.e., Ml is
an unbounded Mdéebius strip). Analytically, S is represented by the equation

Wos _ 1-Wy

= , 7.10
Wi3 Wy, (7.10)

which defines the discrete constraint
. .\ . JAS
— (DX cos Bk + Ay sinBx) sin Tk + (=X sin Bk + Ay cos Bk) cos Tk =0 (7.11)

or, equivalently,

V1 k(1 —cosABk) — Vo kSinAB = 0. (7.12)
Proof. For an element —1 —1
0 —w v
t=Lelo oleh
0 0 O
we have 1 1
CoSw —Sinw & sinw
W =exp&= Lsillo cosw ¥(1-cosw)
0 0 1

where w and v are arbitrary. As a result, (ZI0) holds for Wy € S. Next, for o = A8y we obtain

Wo3 _1—cosw _ an JA: ]
W3 sine 2

(7.13)

which implies (ZIT) and (Z12).
Finally, formula (ZI3) represents the slope of the line Wa3x — Wy3y = 0 in the plane R2.
As ABi increases from 0 to 2m, this line rotates by the angle . Hence, S is diledmorphic to

the M0ebius strip. O
Corollary 7.2. The discrete left-invariant Chaplygin constraint on SE(2) x SE(2) reads
L
. +8 +8
F = —sin % AXy + cos % Ay = 0. (7.14)

The limit limp_o F/h, with DBy, AXk, and Ayy defined as in (CA), equals the continuous-time
Chaplygin constraint &2).

Remark. As seen from (ZII), the matrices from S C SE(2) represent “circular displace-
ments” of the sleigh: The points (Xk,Yk) and (Xk41,Yk+1) in R? belong to a circle, with the
blade directions at these points tangent to the same circle. This property also implies

DXy c0s Bk + Ayy Sin B = AXy €0S Bk 1 + Ay Sin Bk 1,

7.15
—AX Sin Bk + Ay c0s Bk = AX Sin B — Ay €SOk 1, ( )

see Figure [T

The discrete Chaplygin constraint (ZI1) has also the following interpretation: In order to
transfer the sleigh from (Bk, Xk, Yk) € SE(2) to (Bk+1,Xk+1,Yk+1) € SE(2) (assuming that this
transition is possible), one needs first to perform the rotation by A8, /2 at (X, yk), which aims
the sleigh towards (Xkit1,Yk+1), then slide the sleigh from (X, Yk) t0 (Xk+1,Yk+1), and then
perform additional rotation by A8x/2 at (Xk+1, Yk+1)-
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(l”lm Yk) ) €1k

Figure 7.1: The geometry of the incremental displacements for the Chaplygin sleigh.

The Discrete Momentum Locus U [sd*(2). One can show that in the presence
of constraint (ZI2) the image of the discrete Legendre transform (Z3) is an algebraic quartic
subvariety U C se*(2) = {(M, Ny, M3)} and that there are four inverse images of a generic point
(M, ;) in § € SE(2). Here we concentrate on the important case b = 0, when the structure of
the real surface U C se*(2) becomes simpler. 7
Let £ be the discrete Legendre transform. Put V = p EU|LI(V)=S0(2) CSE() . It

is more convenient to study the images &-ahd -6 the surface ¢/ and set V in R3 parameterized
by the coordinates (M, Y,Z), where Y = all; +2ma?2, Z =sinAf.

Lemma 7.3. Letb=0. Then:
(i) The surface Uik given by the cubic polynomial equation

J2Z3 —2IMZ2+ (Y2 +2JY + M2)Z — 2MY =0 (7.16)

and lies between and is tangent to the planes Z = +1 along the lines £ ={+M-Y =J}.
The M and Y axes belong entirely to -

(ii) For the parts of U-dver the quadrants
{=Y +M=>J}Nn{-Y =M=>J} and {-Y +M<I}n{-Y -M<J}
the quantity cOSAB is positive, i.e., —T/2 < A < /2, and in the rest of the quadrants
Ccos A8 is negative, i.e., T/2 < A8 < 31/2.
(iii) The projection iod—L R2 = {(M,Y)} is one-to-one everywhere but in the interior of the
triangular region bounded by the discriminant curve

Y4 +6JY3+Y2(123%2 +2M?) — Y (10IM? —83%) + M* —J2M? =0

which is symmetric with respect to the Y -axis, is tangent to the M-azxis at the origin (0, 0),
and has three cusp points. Within the region bounded by this curve the projection M _is
three-to-one.

(iv) The projection of the set Ve hdnto the MY -plane 1is the ellipse
E={M=J +ma?)sinAd, Y =ma?(1+cosAb) | A8 € (0,2m)}. (7.17)

The points of U—bith V1 <0 (V4 >0) are projected inside (outside) the ellipse E.

Note that the point (M,Y) = (0,2ma?) corresponds to the origin in the MI;-plane and that

the projection 113 one-to-one in a neighborhood of this point. An example of the surface -ahd
its projection onto the MY -plane for J = 1.5, m = 0.3, and a = 1 is presented in Figure [
The shaded region in Figure[Z2 right, represents the set where the projection M3 three-to-one.
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Figure 7.2: The surface Zk-ahd its projection onto the MY -plane.

Proof. (i) Using condition (ZI2), we eliminate My and My from the first two equations of system
([ZH) and obtain the following equation for AB:

J sin? A8, — My sin A8 + (2ma? + ally k)(1 — cos ABy) = 0. (7.18)

This equation always has trivial solutions A8k = 2nT, n € Z. Setting sin A6k = Z, cosABx =
V1—2Z2 and Y = all; +2ma?, we arrive at a quartic polynomial equation with respect to Z,
which has the root Z = 0. Factoring out Z and omitting the index k, one obtains the cubic
equation (ZI6). By setting z = +1 in (ZI8) we obtain (J =+ M + Y )? = 0, which implies that
U5 indeed tangent to the planes Z = +1 along the lines .. Finally, setting Z = M = 0
or Z =Y =0, one sees that equation ([ZI6) becomes an identity for an arbitrary Y and M,
respectively.

(i) For a fixed (M, M), each root of (ZZIB) gives a solution of (ZZI8), with the sign of cos Ay
appropriately chosen. As seen from (ZI8), for |, | large and z = sin A8 small the value of cos A8
is close to 1, whereas for M positive and large and || small the value of cos A6 is negative.
The sign of cos A8 can change only when a point in the MIM;-plane moves from one quadrant
to another. This finishes the proof of part (ii).

Parts (iii) and(iv) are verified by straightforward calculations. O

The Discrete Constrained Dynamics on se*(2). According to @I0), the discrete
Euler-Poincaré-Suslov equations for the Chaplygin sleigh read

Pkt1 = Ady, Pk + Ak(0,0,1), (7.19)

with Ady,, pk given by formula (Z8). Eliminating the Lagrange multiplier A« from (Z19), we
obtain

Mis1 = (3 + ma? + mb?) sin ABx — bmV x + am[—AX sin By 1 + Ay c0s 8k 1],
M1 kr1 = MV k — bmsin ABx + am[Axy c0s 011 + Ay Sin Bk41],

which, when ([(ZI5) and ([ZH) are taken into account, yield
M1 = Mg — 2amVs My k41 = My + 2am(1 — cos ABy). (7.20)

Formulae (ZZ0) and (ZI2A) define multi-valued maps &/ — U and S — S. These maps are
evaluated as follows:

1. Given A8k and V1 i, one finds Vs i from constraint (ZI2) and then computes (Mg, My k, M2 k)
as an output of the Legendre transform (Z5).
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2. Next, one finds Myx,; and My k1 from (ZZ0).
3. Finally, one finds ABx+1 and V; k41 by solving the system of equations
—1

1 — cos /A6
7k+1 — bm V1'k+1’

Sin ABy 41
My kr1 = MVy k1 —am(l — cosAbk11) — bmsin ABy 4

Mii1 = (J + ma? + mb?)sin A, + am

obtained from ([ZX) and ([(ZIA) by replacing k with k + 1.

Theorem 7.4. FEquations (C2Z0) preserve the reduced constrained energy of the continuous-time

Chaplygin sleigh

mM? + 2bmMTI; + (J + m(a? + b?))M?
m(J + ma2) '

E.(M, M) = (7.21)

Proof. Evaluating Ec(Mk41, M1 k+1) and Ec(M, My «) while taking into account equations (Z3),
([ZZ0), and constraint (ZIZ), one recovers identical expressions in terms of A8y, Vi k and Vs k.
|

Since the quadratic form (ZZI) is positive-definite, the invariant manifolds of map (ZZ0) are
the ellipses in the MI;-plane.

The Relative Equilibria of the Discrete Chaplygin Sleigh. As follows from (ZZ0),
the initial conditions {A8kx = 0,Vox = 0} imply Myk;1 = My, and My 11 = My k. Hence, it is
natural to choose such Ax in (ZI9) that My k1 = Mok as well. Thus, similar to the continuous
system (&3J), for a # 0 the map (ZI9) has a family of equilibria. These equilibria are situated
on the line {M + by = 0} in the MIN;-plane and correspond to the translations of the contact
point in the xy-plane along the direction of the blade by constant increments.

On the other hand, for a = 0 every solution of (&3)) is an equilibrium. That is, contrary to the
unconstrained case, the components of momentum relative to the body frame, rather than the
spatial components, are preserved. Equations (Z3) in this case imply AByy1 = ABk, Vi ki1 =
V1 k. Therefore, the discrete trajectories of the contact point in the xy-plane are either straight
lines or circles. In the latter case the radius equals Vi k/sin(A8k). The same behavior occurs
in the continuous-time, balanced (a = 0) sleigh

The Unbalanced Case. In this case a # 0, and we set b = 0 for simplicity. Then the
map (Mg, My k) — (Mky1,TM1 ky1) has a line of equilibria M = 0 and, by Theorem [ZZ, the
nonequilibrium discrete trajectories lie on the invariant ellipses mM? + (J + ma?)MN? = const.
Without loss of generality, we assume a > 0. Then the following property holds:

Theorem 7.5. The map (My, My k) — (Miy1, My kt1) is single-valued in the elliptic neighbor-
hood of the origin of the MINy-plane given by the condition

mM? + (J +ma?)N? < m?a?(J + ma?). (7.22)

The orbits of this map form heteroclinic connections between the pairs of unstable and stable equi-
libria similar to that of the continuous-time Chaplygin sleigh. That is, the sequence {(My, My k)}
approaches a stable (unstable) equilibrium along the corresponding invariant ellipse as K — oo
(k — —00). In both cases the sequence {(My, M1 k)} remains in one of the half-planes M < 0 or
M > 0.

ONumerical simulations show that the choice of the “naive” constraint (Z39) instead of [ZIT) in the case a = 0
results in spiraling discrete trajectories in the zy-plane.
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Proof. Part (iii) of Lemmal[Z3 implies that the map is single-valued in the region (ZZ2). Next,
as follows from the first formula in (ZZ0) for a > 0, the increment My k11 — My« is always
greater than or equal to zero. Thus, to prove the asymptotic behavior one only needs to show
that the sequence {(My, N k)} lies entirely in one of the half-planes M < 0 or M > 0. Indeed,
assume first that the point (M, M, k) from the neighborhood (ZZ2) lies also inside the ellipse
& in [ZI1) and that My > 0. Then equation (ZI1) and parts (ii) and (iv) of Lemma [Z:3 imply
that V; x and V, i are negative. According to (ZZ0), the increment My; — M is then positive.
Similarly, for Mg < 0 one has My, — Mg < 0. Hence, in this case Mg and My, have the same
sign.

Next, using (Z3) and ([CID), if the point (M, My k) lies in the region (ZZ2) but outside the
ellipse &, then 2amVy i > My for Mg > 0 and 2amVs x < My for Mg < 0. Invoking (ZZ0), Mg
and My again have the same sign, which completes the proof. O

Observe that the discrete-time momentum dynamics of the Chaplygin sleigh in the neigh-
borhood of the origin is similar to that of the Suslov problem, illustrated in Figure B3

We conclude this section with an example of the discrete sleigh trajectory in the xy-plane.
The dots in Figure represent the generic discrete trajectory of the contact point in this
plane while the continuous-time trajectory is the solid curve. The discrete dynamics captures

Figure 7.3. A typical discrete sleigh trajectory.

the qualitative behavior of the continuous-time Chaplygin sleigh. In particular, the discrete
trajectory has a cusp and asymptotically approaches the straight line motions as k — +oc.

8 Conclusions

The discrete nonholonomic Suslov problem and the discrete Chaplygin sleigh that we introduced
in this paper remarkably inherit all of the main properties of their corresponding continuous-
time dynamical systems. In particular, they preserve the reduced constrained energy and, in
the balanced case, the momentum. It is not currently clear if this behavior is due to the low
dimension of the systems, or if it is possible to construct completely solvable discretizations of
the Suslov and Chaplygin problems. These issues will be addressed in future publications.

Our approach can be adapted to study discretizations of nonholonomic LR systems on Lie
groups. For such systems, the Lagrangian is left-invariant while the constraint distribution is
right-invariant. The discrete dynamics of such systems, as well as the existence of their invariant
measure, is currently being developed and will be exposed in a future publication.
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