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AN INTRINSIC FORMULATION OF THE PROBLEM
ON ROLLING MANIFOLDS

M. GODOY MOLINA, E. GRONG, I. MARKINA, and F. SILVA LEITE

ABSTRACT. We present an intrinsic formulation of the kinematic prob-
lem of two n-dimensional manifolds rolling one on another without
twisting or slipping. We determine the configuration space of the sys-
tem, which is an n(n + 3)/2-dimensional manifold. The conditions
of no-twisting and no-slipping are encoded by means of a distribu-
tion of rank n. We compare the intrinsic point of view versus the
extrinsic one. We also show that the kinematic system of rolling the
n-dimensional sphere over R™ is controllable. In contrast with this,
we show that in the case of SE(3) rolling over se(3) the system is not
controllable, since the configuration space of dimension 27 is foliated
by submanifolds of dimension 12.

1. INTRODUCTION

Rolling surfaces without slipping or twisting is one of the classical kine-
matic problems that in recent years has again attracted the attention of
mathematicians due to its geometric and analytic richness. The kinematic
conditions of rolling without slipping or twisting are described by means of
motion on a configuration space being tangential to a smooth subbundle
that we call a distribution. The precise definition of the mentioned mo-
tion in the case of two n-dimensional manifolds imbedded in RY, given for
example in [14], involves studying the behavior of the tangent bundles of
the manifolds and the normal bundles induced by the imbeddings. This
approach leads to significant simplifications, for instance, to study the tra-
jectories the rolling manifolds follow it suffices to study the case in which
the still manifold is the n-dimensional Euclidean space. This extrinsic point
of view, which depends on the imbeddings, has been successfully applied,
for example in [7, 8, 9]. The drawback of the extrinsic approach is that the
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geometric descriptions depend strongly on the imbedding under considera-
tion.

So far, however, little attempts have been made to formulate this problem
intrinsically. An early enlightening formulation is given in [2], in which
the authors study the case of two abstract surfaces rolling in the above
described manner. This is achieved by means of an intrinsic version of the
moving frame method of Elie Cartan which, for this case, coincides with the
classical intrinsic study of surfaces (see [15]). One of the important results
established in [2] is the nonintegrability property of the rank two distribution
corresponding to no-twisting and no-slipping restrictions, namely, if the
two surfaces have different Gaussian curvature, then the distribution is of
Cartan-type (see [3]). A control theoretic approach to the same problem,
studied in [1], has the advantage that the kinematic restrictions are written
explicitly as vector fields on appropriate bundles.

This article presents a generalization of the kinematic problem for two
n-dimensional abstract manifolds rolling without twisting or slipping via
an intrinsic formulation. Some of the results in the present paper were
announced in [5]. We define the configuration space of the system, which is
an n(n + 3)/2-dimensional manifold and a direct analog to the one found
in [1, 2]. We present an extrinsic definition of rolling for manifolds imbedded
in Euclidean spaces, which is an adaptation of that presented in [14], and
several equivalent definitions of rolling, involving intrinsic characteristics,
and discuss their relations. The intrinsic approach permits to determine the
imbedding-independent information contained in the extrinsic definition.

Moreover, we relax the smoothness condition of the rolling map to abso-
lutely continuity. This allows to enlarge the class of mappings under con-
sideration, still giving the possibility to apply the fundamental theorems of
differential geometry and control theory without changing drastically the
main classical ideas of rolling maps.

The conditions of no-twisting and no-slipping define a distribution of
rank n in the tangent bundle of the configuration space. The distribution is
written explicitly as a local span of vector fields defined on the configuration
space. We also test the bracket generating condition of the above mentioned
distribution on the known example [17] of rolling the n-dimensional sphere
over the n-dimensional Euclidean space and the special group of Euclidean
rigid motions SE(3) rolling over se(3). As a result we obtain controllability
of the first system and non controllability of the latter.

The structure of the present paper is the following. Section 2 starts
with a definition of extrinsic rolling which is more appropriate for later
developments than that in [14], and explain why we have adopted a slightly
different definition. Here we also reformulate the classical no-twisting and
no-slipping conditions for the rolling problem. In Sec. 3 we give the main
formulation of extrinsic rolling as a curve on a configuration space defined
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as a direct sum of fiber bundles over the Cartesian product of the two rolling
manifolds and we prove the equivalence of the new extrinsic definition of
rolling with the previous ones and deduce the intrinsic definition of a rolling
map. We also prove a theorem distinguishing the imbedding independent
information contained in the definition of extrinsic rolling, and discuss the
advantages of this novel approach. Section 4 is devoted to the construction
of two distributions in the tangent bundle of the configuration space. These
distributions encode the no-twisting and no-slipping kinematic conditions of
the extrinsic and intrinsic rollings. These rollings can be written as curves
in the configuration spaces tangent to the corresponding distributions. In
Sec. 5 we present two aforementioned examples: rolling the n-dimensional
sphere over the n-dimensional Euclidean space and rolling SE(3) over se(3).
In the first case the distribution is bracket generating, coinciding with the
result obtained in [17]. In the second case, we obtain that the configuration
space, of dimension 27, is foliated by 12 dimensional submanifolds.

2. EXTRINSIC ROLLING

The aim of this section is to present a definition of rolling, without slip-
ping or twisting for Riemannian manifolds imbedded in some Euclidean
space RY. These manifolds, hereafter denoted by M and M , are assumed
to be oriented, connected, and having the same dimension n < N, while RY
is equipped with the standard Euclidean metric and standard orientation.
The group SE(N) of orientation preserving Riemannian isometries of RY
will play an important role.

Objects (points, curves, ...) related to the manifold M will be marked
by a hat (7) on top, objects related to M will be free of it, while those
related to the ambient space RY will carry a bar ().

The definition presented here is a reformulation of the definition of a
rolling contained in [14, Appendix B], that turns out to be more fruitful for
future considerations.

Let M and M be abstract manifolds. By the well known result of
Nash [11], there are isometric imbeddings of M and M , denoted by ¢ and
T respectively, into R™* for an appropriate choice of v > 1. So, as long as
there is no possibility for confusion, the abstract manifolds M and M will
be identifies with their images under the corresponding imbeddings.

Note that for any manifold M imbedded in R™™”, there is a natural
splitting of the tangent space of R®*¥ into a direct sum:

T,R" =T, M & T, M+, =M, (1)

where T, M is the tangent space to M at the point « and T, M~ is normal
space to M at x.

According to splitting (1), any vector v € T,R"™ z € M, can be
written uniquely as the sum v = v’ + v+, where v € T, M, v+ € T,M*.
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Similar projections can be defined for M. Before presenting the definition
of extrinsic rolling, one needs to introduce some notation.

Let V denote the Levi-Civita connection on M or on M. The context
will indicate on which manifold the connection is defined. The “ambient”
Levi-Civita connection on R"** is denoted by V. Note that if X and Y are
tangent vector fields to M, and T is a normal vector field to M, then

VxY(z)= (VgV(2) , ViT(@) = (ViT@) , zeM,
where X, Y, and T are any local extensions to R"™” of the vector fields
X, Y, and T, respectively. Equivalent statements hold for M. We will use
capital Latin letters X, Y, and Z to denote tangent vector fields and capital
Greek letters T, ¥ for normal vector fields.

D
If Z(t) and ¥(t) are vector fields along a curve z(t), we use @Z(t)
DJ_
to denote the covariant derivative of Z(t) along x(t) and E\Ij(t) for the
normal covariant derivative of ¥(¢) along x(t) (for this notation, see [10,
p. 119]). Observe that an isometric imbedding of M into R™*” induces the

equalities
D= (jt Z(t)> N D e - (jt w)) g

A tangent vector Y (¢) along an absolutely continuous curve z(t) is par-

allel if
D

%Z (t)=0
for almost every t. Note that it is possible to define the notion of parallel
transport even though the derivative %(t) exists only almost everywhere.
More precisely, let « : [0,7] — M be an absolutely continuous curve and
let v € Ty4,)M, where 0 < £9 < 7, then there exists a unique absolutely
continuous tangent vector field Z(t) along z(t), such that Z(t) is parallel
and satisfies Z(tp) = v. This follows from a strong version of the theorem of
existence and uniqueness of ODEs with initial data (see, e.g., [13, p. 476]).
We say that a normal vector field ¥(¢) along x(t) is normal parallel if
i
D—‘Il(t) = 0 for almost every ¢t. A normal analogue of parallel transport is
defined likewise.
We are now ready to give a new formulation of the rolling map.

Definition 1. A rolling of M on M without slipping or twisting is an
absolutely continuous curve (z,g) : [0,7] = M x SE(n + v) satisfying the
following conditions:

(i) B(t) = g(t), 2(t) € M;
(ii) dpyg(t) TpeyM = Ty M;
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(i) detyg()|Tyynr + TuyM — Tg(t)]/\] is orientation preserving;
(iv) no-slip condition: Z(t) = dy(1)9(t) 2(t) for almost every t;
(v) no-twist condition (tangential part):

D D
dy(ty9(t) T Z(t) = o dr()9(t) Z (1)

for any tangent vector field Z(t) along z(t) and almost every t;
(vi) no-twist condition (normal part):

DL 1

duo9(8) 2 W(E) = S (1) ()

for any normal vector field ¥(¢) along z(t) and almost every t.

From now on, we omit the words “without slipping or twisting” just
writing “a rolling.”

Remark 1. Condition (v) is equivalent to the requirement that any tan-
gent vector field Z(t) is parallel along x(t) if and only if d,«)g(t) Z(t) is
parallel along Z(t). As a consequence, this condition is automatically sat-
isfied in the case of manifolds of dimension one. Similarly, condition (vi)
is equivalent to the statement that any normal vector field ¥(¢) is normal
parallel along x(t) if and only if d,;)g(t) ¥(t) is normal parallel vector field
along Z(t). Thus, for imbeddings of codimension one, condition (vi) holds
automatically.

Remark 2. We now explain what are the points of contact between Defi-
nition 1 and the definition of rolling contained in [14, Appendix B], followed
by a list of minor differences and our reasons for having adopted a new
definition of extrinsic rolling.

1. Conditions (i) and (ii) are the rolling conditions in [14].

Apart from notations, condition (i) is formulated in exactly the same
terms as the first rolling condition in [14].

Restricting the action of g(t) to M, the differential d,;)g(t) maps Ty M
into Ty(4)(t) (9(t) M) by definition. Hence, the second rolling condition
in [14], which reads as

Try(g(t) M) = Tf(t)ﬁa

holds if and only if (ii) holds.

2. Condition (iv) is the no-slip condition in [14].

To prove the equivalence between §(t) o g~1(¢)Z(t) = 0, which is the no-
slip condition in [14], and condition (iv) above, we write a curve g(t) in
SE(n 4 v) as follows:

g(t):z— A(t)z+7(t), TeR",
where A : [0,7] = SO(n +v) and 7 : [0, 7] — R"*". Thus
gt)v=At)v, v TR",

dz
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and we get

g(t) o g7 () Z(t) = 9(t) x(t) = A(t) x(t) +7(t)
d - _ TN EY .
= = (A 2(t) +7(1)) — A1) &(t) = 2(t) = duyg(t) (1)
whenever #(t) is defined. Hence
gt)o g () T(t) =0
if and only if
2(t) = du(ry9(t) (1)
3. Conditions (v) and (vi) are the no-twist conditions in [14].
Note that (ii) and the splitting (1) imply that the equalities
dety9(t)(TeyM) = T.%(t)ﬂ and  dy ) g(t)(Toy M) = T.%(t)MJ_
hold. Hence, the map

Az g~ (t) = (doyg(t) ™"

maps tangent vectors to tangent vectors and normal vectors to normal vec-
tors. This allows us to restate the no twist conditions in [14],

dz1)(g(t) o 9_1(15))(Ti(t)]\/4\) C To(g(t) o g_l(t)]\/Z)L, (tangential part),

dan) (9(t) © g1 (0)(Tay M) € To(g(t) 0 g (#)M),  (mormal part),
as the conditions
. T . 1
(dr(t)g(t) ’UT) =0 and (dr(t)g(t) vJ‘) =0

holding for any v = v +ot € T,yR™ . For any tangent vector field Z(t)
along x(t) and for any value of ¢, where @(t) is defined, the equality

]
0= (i) 20) " = ( 5 (es020)) - ot (5 200)) )

D D
=2 duyg(t) Z(t) — du(r)g(t) T Z(t)

holds, thus condition (v) follows. Similar calculations show the equivalence
between the normal part of the no-twist condition in [14] and condition (vi).

And now the differences.

4. While Sharpe considers curves which are piecewise smooth, we re-
lax these differentiability conditions to absolute continuous. By allowing a
more general class of rollings we give a first step in employing results from
control theory and stochastic analysis. Further applications will be studied
in forthcoming papers.

5. Sharpe does not consider any orientability assumptions. Our ori-
entability requirements on M, M , and on the rolling itself, will ensure later,
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in the next section on intrinsic rolling, that we have a connected configura-
tion space. Nevertheless, in case any of the manifolds is not orientable, we
can restrict our attention to sufficiently small neighborhoods of the contact
point that can be oriented. Similarly, if the differential of g is not orien-
tation preserving, we can change the orientation of the neighborhoods to
make it orientation preserving. The fact that the definition of rolling can be
interpreted locally, as shown in Sec. 3, implies that the dynamic is well de-
fined, regardless of the global orientability of the manifolds or of the rolling
map.

6. We make z part of the data, while in [14] the map ¢ is the rolling
and the rolling curve x is not part of the definition. And although it is
proved there that for any piecewise smooth curve x on M there exists a
unique isometry curve g on SE(n + v) that rolls « onto Z with fixed initial
configuration, the rolling may depend not just on /ghe isometry ¢ but also
on the curve z along which the rolling of M on M is performed. This is
illustrated in the following example.

Example 1. Consider the submanifolds of R?, defined by
M = {(z1,sin0,1 —cosf) eR® | 7, €R, § € [0,2m)},

M = {(21,%2,0) €R® | 71,72 € R, }.
The rolling map

Z1 Z1
gt)y:z=| T2 | — Tgcost+ (T — 1)sint + ¢ ,
T3 —Zgsint + (3 — 1) cost + 1

describes the rolling of the infinite cylinder M on M along the Zs-axis with
constant speed 1. Then there is an infinite choice of curves z(t) € M, given
by

z(t) = (T1,sint,1 —cost), T €R,
along which the rolling g can be realized. However, if we make x(t) as part

of the data, then each choice of the curve z(t) will correspond to different
rollings (x(t),g(t)) (see Fig. 1).

In spite of these differences, our definition of extrinsic rolling still gives
the possibility of applying the fundamental theorems of differential geometry
and control theory without changing drastically the main classical ideas of
rolling maps as presented in [14].

Remark 3. Definition 1 ignores physical restrictions given by the actual
shapes of the imbedded manifolds. Thinking M and M as touching along
the curves z(t) and Z(t) and rolling according to the isometry g(t), then we
cannot rule out the possibility that there might be transverse intersections
between the manifolds other than the contact points.
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Fig. 1. Different choices of paths x(¢) in Example 1.

3. INTRINSIC ROLLING

In this section, we introduce a new object called intrinsic rolling. We
discuss its main properties and establish the fact that it encloses all of the
fundamental information for a rolling, as presented in Sec. 2. In addition,
we discuss the advantages of this new approach via several examples.

3.1. Frame bundles and bundles of isometries. Let V and V be two
oriented inner product spaces. We denote by SO(V, 17) the collection of all
linear orientation preserving isometries between V and V. When V = ‘A/,
we write SO(V) instead of SO(V, V). Note that SO(V) is a group.

For any pair M and M , we introduce the space @ of all relative positions
in which M can be tangent to M

Q= {q € SO(T, M, TxM) | v € M7 € 1\7} 2)

This space is a manifold with the structure of an SO(n)-fiber bundle over
M x M and can be considered as the configuration space of the rolling. Its
dimension is n(n + 3)/2.

The space @ can equivalently be described in terms of frame bundles.
Let F and F be the oriented orthonormal frame bundles of M and M ,

respectively. An oriented orthonormal frame {fi,..., f,} defines a map
f € SO(R™, T, M) as follows:
f(0,...,0,1,0,...,0) = f;. (3)

1 at the jth place

This gives an action of SO(R™) = SO(n) on the right, inducing a principal
SO(n)-bundle structure on F. On the fiber over each point x € M, there is
also a left action by SO(T,,M). This group is isomorphic to SO(n), although
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not canonically when n > 3. Therefore, in general, there is no natural left
action of SO(n) on Q. Similar considerations holds for F.

Consider F x F as a bundle over M x M with SO(n) acting diagonally
on the fibers. Then, we can identify Q with (F x F)/SO(n) by the map
assigning to each equivalence class (f, f) -SO(n) the mapping g € @, so that

fi=af; (4)
for j = 1,...,n. Clearly, this construction does not depend on the choice
of a representative of an equivalence class of (F x F)/SO(n). Conversely,
given an isometry ¢ € @, there exists a unique equivalence class of frames
satisfying (4).

As was mentioned above, except for the case when n = 2, the configu-
ration space @ does not have the structure of a principal SO(n)-bundle in
a natural way. However, since @ is an SO(n)-fiber bundle, it looks locally
like the product M x M x SO(n). Let U be a neighborhood in M such that
F|y is trivial and let e be a section of F|y, that is, a smooth function on
such that e(xz) € SO(R", T, M), for all z € U. As in (3), the section e is
uniquely determined by n vector fields e; : « — e;(z) on U such that

er(x),...,en(x), x€U,

is a positively oriented orthonormal basis of T, M. Each section determines
a left action of SO(n) on F|y. To see this, recall that for each x € U, the
frame e(z) can be considered as an isometry e(z) : R® — T, M. The map
e(z) induces an isomorphism of SO(n) and SO(T,M). The aforementioned
left action takes the following form: if f € F, is any other frame at z € U,
written in terms of the frame e as

fi=>_ fijeilx),
i=1
then A = (a;;);';—; € SO(n) acts on f via the equation

n
A-fj= Z fijapier, j=1,...,n.

ik=1
Observe that this action depends on the choice of the frame e.
From this, we can define locally a left and a right action of SO(n) on Q.

Let U and U be neighborhoods in M and M respectively, so that both
frame bundles trivialize over these neighborhoods. Let e : U — F|y and

e:U— ﬁ\ﬁ be sections. We define the left action of A € SO(n) on @ with
respect to é by

A-fi=(A-q)f5
where the left action of A on f; is defined with respect to & and f; = qf;
for j = 1,...,n. Similarly, the right action of SO(n) on @ with respect to
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e is defined by
fi=(g-A)(A7"-fy).
Note that if Ay = ((é;,q¢;))};_;,
(i (A~ q)ey))} ;o = Ado and (i, (q- A)ey)); ;_; = AoA.

ij=1 "

then we have

3.2. Reformulation of rolling in terms of bundles. Both formulations
of rolling surfaces given in [1, 2] define the configuration space as a manifold
of isometries of tangent spaces of M and ]\/Z, as in Sec. 3.1, without taking
into account the imbedding into an ambient space. However, neither of these
descriptions attempt to give any justifications for why the ambient space
may be ignored, nor do they attempt to compare the intrinsic definition
and the extrinsic definition given for imbedded manifolds in [14]. We would
like to find a reformulation of Definition 1 in such a way that the conditions
(1)—(vi) are stated both in terms of intrinsic conditions given on ) and some
additional conditions given on another bundle, that carries the information
on imbedding.

The conditions imposed over a rolling (z,g) by Definitions 1 and 2 are
nontrivial whenever the codimension v of the imbedded manifolds is greater
than 1. So, it is natural to assume that the total configuration space of the
rolling system will have a normal component which takes care of the action
of g on the normal bundle. Therefore, in analogy to the construction of @,
we define a fiber bundle over M x M of isometries of the normal tangent
space. Let

LM = R 7 M — RV
be two imbeddings given as initial data. Let ® be the principal SO(v)-
bundle over M, such that the fiber over a point z € M consists of all
positively oriented orthonormal frames {e)(z)}X_, spanning T, M L Let @
be the principal SO(v)-bundle similarly defined on M. As in Sec. 3.1, we
can identify the manifold (® x ®)/SO(v) with

Poi= {p € SO(T, M-, T:0MY) | v e M7 e 1\7} (5)

As before, the space P, is not in general a principal SO(v)-bundle, but
there are local left and right actions defined similarly as on @ in Sec. 3.1.
We note and reflect it in notations that @ is invariant of imbeddings, while
P, ;is not. The dimension of P, 7 is 2n +v(v —1)/2.

By abuse of notation, we will use Q@ P, 7 for the fiber bundle over M x M ,
so that the fiber over (z,7) € M x M, is Q4 3) X P, 5«5 The dimension
of Q@ P,7is (n(n+3) +v(v—1))/2.

Proposition 1. If a curve

(z,9):[0,7] = M x SE(n +v)
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satisfies the conditions (1)—(vi) in Definition 1, then the mapping

i (dw(t)g(t)lTw(t)Mv dw(t)g(t”Tz(t)Mi) = (Q(t)7p(t)) 3
defines a curve in Q @ P, ¢ with the following properties:
(I) no slip condition:

for almost every t;
(IT) no-twist condition (tangential part):

D D
t)— —q(t)Z(t
a(t) 2 2(0) = o)) 2(1)

for any tangent vector field Z(t) along x(t) and almost every t;
(II1) no twist condition (normal part):

1 1
p() () = 2 p(t)u()

for any normal vector field U(t) along x(t) and almost every t.

2(1) =

Conversely, if
<Q7p> : [077—] - Q @PL,T
is an absolutely continuous curve satisfying (I)—(II1), then there exists a
unique rolling

(z,9):[0,7] = M x SE(n +v),

such that

Aoty 9|1, mr = at),  dey 9|z, mr = p(t).
Proof. Assume that (z, g) : [0,7] = M xSE(n+v) is a rolling map satisfying
(i)—(vi). Conditions (i ) and (ii) assure that

Aoty 9|1, 001 € SO(Typiy M, Ty M), ©)
da)9(8) |1, o nst € SO(Toqy M, Ty M),

Since dg(;)g(t) must be orientation preserving in R we conclude that

both of the mappings (6) are either orientation reversing or orientation

preserving. The additional requirement (iii) implies that (g, p) is orientation

preserving. The conditions (I)-(III) correspond to the conditions (iv)—(vi).
Conversely, if we have a curve

(¢(2),p(t)) m Q& Pz

with projection (z(t), Z(t)) into M x M, then we have the following isometry
g € SE(n + v). We write

g(t):z— At)z +7(t), A(t) €SO(n+v),
where A(t) = dy()g(t) is determined by the conditions

Aoty 9Oy ymr = 4O 1yynrs dey 9, (= PO, 02
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Then
Image dw(t)g(t)|Tz(t)M = T/f(t)l\/i, Image dx(t)g(t)le(t)ML = T/m\(t)Z\/ZL.
The vector 7(t) is determined by
F(t) = 2(t) — A(t)z(t).
O

The one-to-one correspondence between rolling maps and absolutely con-
tinuous curves in Q @ P, 4, satisfying (I)—(III), naturally leads to a definition
of a rolling map in terms of these bundles.

Definition 2. A rolling of M on M without slipping or twisting is an
absolutely continuous curve

(Q7p) : [077—] - Q S2) PL,T
such that (q(t),p(t)) satisfies
(I) no slip condition:

for almost every t;
(IT) no twist condition (tangential part):

D D
t)—=Z(t) = —q(t)Z(t
a2 2= D gz
for any tangent vector field Z(t) along z(¢) and almost every ¢,
(III) no twist condition (normal part):

1 1
P () = T p() ()

for any normal vector field ¥(¢) along x(¢) and almost every t.

Remark 4. Proposition 1 implies that the bundle @ @ P, ; can be seen
as the configuration space for a rolling. According to [14], the dimension
nn+3)+v(v-1)

2

A purely intrinsic definition of a rolling is deduced from Definition 2,
by restricting it to the bundle . This concept naturally generalizes the
definition given in [1] for two-dimensional Riemannian manifolds imbedded
into R? and we use the term intrinsic rolling for this object.

corresponds to the degrees of freedom of the system.

Definition 3. An intrinsic rolling of two n-dimensional oriented Rie-
mannian manifolds M and M without slipping or twisting is an absolutely
continuous curve ¢ : [0,7] = @, with projections

z(t) =pry qt), Z(t) = pryzat),
satisfying the following conditions:
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(I’) no-slip condition:

for almost all ¢;
(I") no-twist condition: Z(¢) is a parallel tangent vector field along () if
and only if ¢(t)Z(t) is parallel along Z(t) for almost all ¢.

Remark 5. If the manifolds are imbedded into Euclidean space R™t!,
then for each pair of points (z,z) € M X M , there is a unique orientation
preserving isometry

p: T, MY — ToM>*.
Hence, since P, ;is an SO(1)-bundle, it can be identified with M x M , and
so Q@ P, ;= Q. In this case we see that the notion of rolling in Definition 2
coincides with the intrinsic rolling in Definition 3.

3.3. Extrinsic and intrinsic rollings along the same curves. Let
(,7):[0,7] = M x M

be a fixed pair of curves which are projections of a rolling map. We aim to
give an answer to the following questions:

(i) If (q1(t),p1(t)) and (go(t),p2(t)) are two rollings of M on M, along
z(t) and Z(t), how are they related? What properties of the rolling
are defined by fixing the paths x and z7

(ii) Assume that an intrinsic rolling ¢(t) and imbeddings of M and M into
R™ are given. Is it possible to extend ¢(t) to a rolling (q(t), p(t))?
Is this extension unique?

The following example clarifies the situation for one dimensional mani-

folds, where different imbeddings are easy to describe.

Example 2. Consider M= R, with the usual Euclidean structure, and
M = S', with the usual round metric and positive orientation counterclock-
wise. Let x : [0,7] — S* be written as x(t) = ¢*(®) where ¢ : [0,7] — R
is an absolutely continuous function. Since SO(1) = {1}, the configuration
space for the intrinsic rolling is just M x M. The no-slipping condition
implies that

z(t) = 2(0) + ¢(t) — »(0),
and we can assume that
z(0) = ¢(0) = 0.
We consider different rollings of M on M under various imbeddings. With-
out loss of generality, we can assume that

g(O) = idR1+u

is the identity map in R'™. We will use r = (r1,...,714,) for coordinates
of RV,
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Case 1. Consider the imbeddings
11 M =R €% (sing, 1 — cos ),
Mo RE O Fe (2,0).
Simple calculations show that there is only one possible rolling.
Case 2. Consider the imbeddings
Ly M —R3 €% (singp, (1 — cos @) cos by, (1 — cos @) sin by),
DM >R e (3,0,0)
where 6y is any fixed angle from (0,7/2). Conditions (ii), (iii), and (iv) of

Definition 1 imply that the differential d,)g(t) of g(t) on matrix form can
be written uniquely as follows:

1 0 0 cosp(t) sing(t) 0

0 cossx(t) sins(t) —sing(t) cose(t) 0

0 —sinx(t) cosx(t) 0 0 1
1 0 0
0 cosfy sinfy
0 —sinfy cosby

for some absolutely continuous function s: [0,7] — R. To satisfy the normal
no-twist condition, d,4)g(t) must map the normal parallel vector fields on M

€ = —sin gp(t)airl + cos ¢(t) cos (906%2 + cos p(t) sin 905%,

0
€9 = —Sil’lgoﬁ + COSGOW,
2 3

to normal parallel vector fields on M. Calculating the covariant derivative
of dy)g(t)er and d,)g(t)ea, we conclude that s(t) is constant and the
assumption

g(O) = idR1+u
implies that the constant is 0. Hence, the circle will roll along the line with
a constant tilt given by 6y (see Fig. 2.

Case 3. Consider the isometric imbedding of M as a spiral:

MR, T %(cosff, sin, @),
and 1o from the previous case. In this situation, the circle M will rotate
along the spiral M. Checking the normal no-twist condition we came to the
same conclusion that the path is uniquely determined by the initial angle 6.
Note that in all the cases above, the intrinsic rolling ¢ — (e**®), ©(t))
either uniquely induces a rolling, or the rolling is determined by an initial
configuration of the normal tangent spaces, which corresponds to the initial
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T

/

Fig. 2. Case 2: S! rolling on R. Different tilting angles
give different imbeddings, but equivalent rollings.

tilting angle 8y. In fact it is also possible to find a choice of basis, consisting
of normal parallel vector fields, so that the normal component of the rolling
p(t) is constant with respect to this basis. We show that this holds generally
in Lemma 1 below.

Let z : [0,7] = M and Z : [0, 7] — M be two fixed curves. We denote by
{e;(t)}j—; a collection of parallel tangent vector fields along z(t) forming
an orthonormal basis for T},;)M and by

{ax(®}3=

a collection of normal parallel vector fields along z(¢) forming an orthonor-
mal basis for T, )M L. Such vector fields can be constructed by parallel
transport and normal parallel transport along x(¢). Similarly, along Z(t),
we define parallel frames {é;}7_; and {é.}%_;. Recall that Latin indices
i,J,... vary from 1 to n, while Greek ones &, A, ... vary from 1 to v.

The following lemma shows that the image of a parallel frame over M
has constant coordinates in a parallel frame over M. This reflects the fact
that rolling preserves parallel vector fields.

Lemma 1. A curve (¢(t),p(t)) in Q@ P, 7 in the fibers over (x(t), Z(t)),
satisfies (1) and (II1) if and only if the matrices

A(t) = (ai; () = (i, q(t)ez)),  B(t) = (bra(t)) = ((€x(t), p(t)ex(t)))
are constant.
Proof. Let (q(t),p(t)) be an absolutely continuous curve. Then we have
(@i 85) = (eiéj) =0
and

bit) = Enat)es) + (6 a0 )
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by the product rule. The vectors ¢(t)~'é; and g(t)e; are tangent, so we
have

(q(t) " e, ;) = (éi, q(t)ej) = 0
and

. d . . D D
= (e S at0es) — at0e; ) = (e Battres — a2y ) o
Thus (II) holds if and only if ;;(¢) = 0. Similar result holds for the basis of
the normal tangent bundle. O

The following theorem gives an answer to the first question raised at the
beginning of Sec. 3.3.

Theorem 1. Let ¢ : [0,7] — Q be a given intrinsic rolling map without
slipping or twisting with projection pr,, 7qo(t) = (z(t),2(t)). Define the
vector spaces

V= {v(t) is a parallel v. field along x(t) and (v(t),2(t)) = 0 for a.e. t},

V= {ﬁ(t) is a parallel v. field along T(t) and (i)\(t),EE(t» =0 for a.e. t},

with the inner product and orientation induced by the metric and orientation
on M and M, respectively. Then dimV = dimV and, if we denote this
dimension by k, the following holds.

(a) The map q is the unique intrinsic rolling of M on M along z(t) and
Z(t) if and only if k < 1.

(b) Ifk > 2, all the rollings along x(t) and Z(t) differ from q by an element
in SO(V).

Remark 6. Both the inner product and orientation are preserved under
parallel transport. Hence, for any pair v,w € V, the value of (v(¢),w(t))
remains constant for any ¢t. The metric on M therefore induces a well defined
inner product on V. Similarly, we can say that a collection of vector fields is
positively oriented if it has this property for one value of ¢ (and consequently
for all values of ). Similar considerations hold for V.

Proof. By Lemma 1, it is possible to find frames of parallel vector fields
{e;}"; and {&;}1; along =z(t) and Z(¢), respectively, such that ¢(t)e; = é;.
Assume that the first k& vector fields of each frame are orthogonal to Z. Note

that e1,..., e is a basis for V, and é;,...,é; is a basis for V.
Writing
. n n
T=Y Ti(t)Et), i=Y iit)e(t),
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we get
zi(t) =z (t), ZT1(t)=---=Zk(t) =0.
So, if ¢ is any other rolling, then

A = (aij) = ((&:(t),q(t) €;(1)))

is clearly of the form

A 0 /
A= ( 0 1, ) , A eSO(k), (7)
where 1,,_, is the identity ((n— k) x (n —k))-matrix. This will be unique if
kis O or 1. If k£ > 2, there is more freedom, since it is not determined how
an arbitrarily rolling ¢ should map V into V.

The converse also holds, that is, for any matrix A on the form (7), there
is a rolling corresponding to it. O

In particular, if the curve z : [0,7] — M is a geodesic, we have the
following consequence of Theorem 1.

Corollary 1. Assume that x(t) is a geodesic in M. Then there exists an
intrinsic rolling of M on M along (x(t),Z(t)) if and only if T(t) is a geodesic
with the same speed as x(t). Moreover, if n > 2, and zf‘7 is defined as in
Theorem 1, then

dimV =n — 1,
and all the rollings along x(t) and Z(t) differ by an element in SO(‘A/).

Proof. By the no-slip and no-twist conditions, we have the equality
D)= D a(r)i(r) = alt) ().
Thus, if 2:(t) is a geodesic then Z(t) is also geodesic. In order to satisfy (1)
we need to require that the speed of Z(t) is the same as the speed of @(t).
Conversely, the equality of speeds implies condition (I).
We start the construction of rolling map by choosing the vector field

a(t)
f)=— "t
OO
that is parallel along x(¢). Pick the remaining n — 1 parallel vector fields
so that they form an orthonormal basis together with e;(¢) along the curve
x(t). We repeat the same construction for a parallel frame {é;(¢)}?_, along
Z(t). Define the intrinsic rolling ¢(¢) by
(e1(t), q(t) e;(t)) = (&;(t), q(t) ex(t)) = b1,5, ®
A= (e (), (1) 41 (D))} 521
where A’ € SO(n — 1) will be a constant matrix. Conversely, we can con-
struct a rolling by formulas (8) starting from A’ € SO(n — 1). O
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Concerning the problem of extending intrinsic rollings to extrinsic ones,
the following theorem gives a complete answer to the question posed at the
beginning of Sec. 3.3.

Theorem 2. Let q: [0,7] = Q be an intrinsic rolling and let
LM — R, T M — R
be given imbeddings. Then, given an initial normal configuration
P0 € (P.7)(20,30), where (x0,20) = pr,,, 17 9(0),
there exists a unique rolling
(¢,p): [0, 7] > Q& Pz
satisfying p(0) = pg.

Proof. Let {ex(t)}5_, and {é.(t)}7_; be normal parallel frames along z(t)
and Z(t), respectively. Let By € SO(v) be defined by

By = (bn)\) = (<€N(O)7p0 6)\(0)>)

Then p(t) must satisfy

bn)\ - <€R(t)7p(t) e)x(t»a

by Lemma 1, and it is uniquely determined by this. O

Remark 7. Analogously to the spaces V and V in Theorem 1, let us
define the vector spaces

E = {¢(t) is a normal parallel vector field along x(¢)},

E = {€(t) is a normal parallel vector field along #(t)},

with inner product and orientation induced by TM~+ and TM* respectively,
as mentioned in Remark 6. Both vector spaces have dimension v. An
extrinsic rolling (g, p) extending an intrinsic rolling ¢ is determined up to a
left action of SO(E) or, equivalently, up to a right action of SO(E). Both
SO(E) and SO(E) are isomorphic to SO(v), but not canonically.

4. DISTRIBUTIONS FOR ROLLING AND INTRINSIC ROLLING

The aim of this section is to formulate the kinematic conditions of no-
slipping and no-twisting in terms of a distribution. In this setting, a rolling
will be an absolutely continuous curve almost everywhere tangent to this
distribution.
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4.1. Local trivializations of Q. Let m: Q ® P, =+ M X M denote the
canonical projection. Consider a rolling v(t) = (¢(t), p(t)); we have

mony(t) = (z(t), z()).
Given an arbitrary ¢y in the domain of (), let U and U denote neighbor-
hoods of z(tg) and Z(tg) in M and M, respectively, such that both bundles
TM and TM+ trivialize being restricted to U. In the same way, we choose
U such that both TM and TM* trivialize when they are restricted to U.
This implies that the bundle

QEBPL’;%MX]/\/T

trivializes when it is restricted to U x U. To see this, let
{ejtic, Aedion {&hs, {édia

denote positively oriented orthonormal bases of vector fields of TM |y, TM |y,
TM]|g, and TZ\4L|(77 respectively. Then there is a trivialization

Q& Pl .o = UxUxS0(n) x SO), o)
(¢,p) = (2,7, A, B),

given by the projections
z=pry(¢,p), T =pry(q,p),

A= (aij)?,j:1 = (<qejvéi>)2j:1 , B= (bli)\):)\:l = (<p6>\7él<a>)z,)\:1 :
The domain of v can be chosen connected, containing ¢y, and such that its
image lies in 771(U x U). Let us identify (t) with its image under the
trivialization given by (z(t), Z(t), A(t), B(t)).

Each of requirements (I)—(III) can be written as restrictions to 4(t). We
will show that all admissible values of 4(t) form a distribution; that is a
smooth sub-bundle, of T(Q & P, 7). We will use the local trivializations to
describe this distribution.

4.2. Tangent space of SO(n). Let U and U be as in Sec. 4.1. Then we
get in trivialization

Tr~ (U x U) = TU x TU x TSO(n) x TSO(v).

The decomposition requires that we present a detailed description of the
tangent space of SO(n) in terms of left- and right-invariant vector fields.

We start by considering the imbedding of SO(n) in GL(n), the group of
invertible real (n x n)-matrices. Denote the matrix entries of a matrix A by
(a;j) and the transpose matrix by A’. Then, differentiating the condition
AtA = 1, we obtain

n
TS0(n) = ﬂ kerw;j, w;j = Z (arj day; + ar; day;) .

i<j r=1
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It is clear that the tangent space at the identity 1 of SO(n) is spanned by
0 0

8aij 8aji ’

We denote so(n) = span{WW;;(1)} following the classical notation. We use
the left translation of these vectors to define

Wi (A) = A-Wi;(1) = zn: (amaa - a7«8> (10)

J
o— arj aa”»

as a global left-invariant basis of T'SO(n). Note that the left and right
actions in T'SO(n) are described by

0 - 0
A S =3 a2 A=Y a,
Oa;j ;a oa,.; 8(11] Za] 8&18

Tj

We have the following formula to switch from left to right translation:

Tj Lr=1 rl
- 0
= E AriQsiQs] da E AriQsi ( : A) y
l,r,s=1 7l r,s=1 Ars
and the other way around,
= a; a;
E js § js 1l
8a” 8als )
0

§ a]sazralr § AjsQir 8& .

l,r,s=1 r,s=1 rs

Therefore, the right-invariant basis of 7'SO(n) can be written as
Wij(1) - A= Ad(A™YWi(A) = > (airajs — i) Wes(A).
r<s
If W;; is defined by (10) and ¢ > j, (so W;; = —W;), then the bracket
relations are given by

Wijs W] = 6 6War + 65 Wik — 6 Wi — 85, Wik

4.3. Distributions. Now we are ready to rewrite the kinematic conditions
(I)—(III) as a distribution. Let v(¢) be a rolling satisfying conditions (I)-
(ITI). Consider it image under the trivializations. Then

W(t) = Z azya + Z K)\ (11)
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If we denote &(t) by Z(t), then (I) holds if and only if

We want to write the last two terms in (11) in the right-invariant basis of
corresponding tangent spaces of SO(n) and SO(v) based on conditions (II)
and (IIT). We start from (IT) and note that

t)ej = Zaij(t)éi, q_l(t)él‘ = Z Q5 (t)e
i=1 j=1

for orthonormal bases {e;}_; and {€;}}_;. Condition (II) holds if and only
if

Gei((t) = Faes((t)

for j =1,...,n, which yields
D D .
0= (aper(el) - Gaci(a(0)ér)
n n
= (Vzwej,q "é) — <Z dljélaéi> - <Z aljqu(t)élyéi>
= Zazl Vzw€),er) Zazj Vaz(t)é1: )

=1

for every i,j = 1,...,n. Hence the third term in (11) can be written as
follows:

0
Z awa Z (Z @il <VZ(t e],el> Zah <qu t)el761>> Wij

1,j=1 1,j=1
n

n 0 S
Z Vawejer) A Dar. Z <VqZ(t)el7ei>3Til A

=1 b=

- A 0
Z <VZ t)ej,ez Z a"ajs qZ(t)ej,€i>A- o

5‘a
i,j=1 i i,5,r,s=1

Z < Ve €) Zasj <qu(t)éS,Zam‘ér>> A- 83~
s=1 r=1 “

3,7=1

" 0
= (Vzwes i) = (Vazwaes aei) A+ 5

i,7=1

=~ (2
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0

The coefficients in the basis A - — in the sum (12) are skew symmetric,
¥

from the property of the Levi-Civita connection. Now we can write

Z aua =Y ((Vzwej &) = (Vazwaes: aei) Wii(A).

i,j=1 i<j

Writing this in a right-invariant basis, we obtain

> iy
J aaw

1,j=1
=D (Vawma e e) = (Vazn ey €)) Ad(AT Wi (A).
1<J

Similarly, (IIT) holds if and only if

> zm% = 3 (Vhierses) = (Thgppenspes)) Wr (B)
KA A=1 r A

-3 ((Vaar e r ™ e) = (Vazoné) ) AdB™HWa(B).

Deﬁnltlon 4. If X is a vector field on M, then let us define the vector
fields V(X) and V+(X) on Q @ P, 7 such that under any local trivialization
h as in (9) and any (q,p) € 7~ *(z), they satisfy

dh (V(X)(q7p)) = Z (<VX(m)eja ei> - <qu(a:)qej7qei>) WZJ(A)7 (13)

h (VL(X)(‘LP)) = Z (<V§Z(m)€/\,€n> - <V;'X(m)p€A»P€n>) Wi (B).

K<

(14)
Note that if Y(z) = X (z) = Xy € T, M, then

V(Y)(q,p) =V(X)(g,p) Y(¢:p) € QS Pi)a
Hence, we may define V(Xy)(q,p) whenever Xg € T, M and (q,p) € (Q @
P,7)z. Also note that the map X +— V(X) is linear. The same holds for
VL.
Remark 8. At first glance, it may seem that all of the coefficients of
W;;(A) and Wix(A) in (13) and (14) vanish by conditions (II) and (III).
However, this is not valid. Even though, for any tangential vector field X

D X(a(t) = Vo X (a(t)),

in general, Vg;(+)q(t)e; does not coincide with —q(t)e;(x(t)). To see this,

note that

dt
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D PN PR
2 10704 (F(1)) = ojs(F(1)) + 0 Vi 2 (2(1)
= G5€s(2(t)) + as;Vga €s(T(t)),
while
Vi) asjés(x(t)) = as;Vaaw és(x(t)).
Similar relations hold for %.

We sum up our considerations in this Section in the following result.

Proposition 2. A curve (¢(t),p(t)) in Q & P,z is a rolling if and only
if it is a horizontal curve with respect to the distribution E, defined by

Ela = { Xo+ aXo + V(Xo)(a,p) + V4 (Xo)(a,p) | Xo € ToM |,
where (Q7p) € (Q S2) PL,T);E-

Using the same symbol to denote the restriction of V(X) to @, we have
the following assertion.

Proposition 3. A curve q(t) in Q is an intrinsic rolling if and only if
it is a horizontal curve with respect to the distribution D, defined by

Dy = { Xo + 4X0 + V(X0)(0) ‘ Xoe .M}, g€ Q..

5. EXAMPLES OF ROLLINGS AND THEIR CONTROLLABILITY

In this section, we show two examples of rolling configurations, namely,
the sphere S™ rolling on R™ and the special Euclidean group SE(3) rolling
on its Lie algebra se(3). The first case is controllable; this follows from the
fact that the distribution D in Proposition 3 is bracket generating and thus
the Chow—Rashevskil theorem holds (see [4, 12]). The second example is
not controllable, which follows from the orbit theorem and a strong version
of it for the case of analytic manifolds (see [1]).

For the second example, we study a particular intrinsic rolling, which
we extend to an extrinsic rolling. This exemplifies the result obtained in
Theorem 2.

5.1. A controllable example: S™ rolling on R". We want to illustrate
the properties of the distribution D from Proposition 3, by proving that the
unit sphere S™ in R"*1! rolling over R” is a completely controllable system.
This result was obtained in [17] by rewriting the kinematic equations as a
left-invariant control system without drift evolving on G = R™ x SO(n+ 1),
and then verifying the bracket generating condition at the identity of G.
Left translation and the Chow—Rashevkii theorem imply controllability of
the system.

The aim of this subsection is to show the controllability of the system
directly from the Chow-Rashevskii theorem. It is important to stress that
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the following proof does not make use of any additional structure of the
manifolds. The use of extra information about the geometry of the manifolds
can lead to significant simplifications, as is the case in [17], but then the
methods can be used only in particular situations.

Consider the unit sphere S™ as the submanifold of R™+!,

Sn:{(:co7...,zn)€]1§n+1 x§+"'+xi:1},

with the induced metric.

For an arbitrary point & = (Zg,...,%,) € S™, at least one of the coordi-
nates g, . .., Z, does not vanish. Without lost of generality, we may assume
that Z,, # 0, and consider the neighborhood

U= {(zg,...,2n) € S" | £z, > 0},

where the choice of + depends on the sign of Z,,. To simplify the notation,
we define on U the functions

n
sj(x) :me, j=1,...,n.
r=j

The functions s;(x), j = 1,...,n, are always strictly positive on U, and
we use them to define an orthonormal basis of TU. Define the vector fields
ej on U

Sj 0 Tj-1 - 0 .
_ _ r— |, =1,...,n. 15
e ol B v + S ;m e j n (15)

These vector fields form an orthonormal basis of the tangent space over
U and we denote by Ffj the Christoffel symbols with respect to the ba-
sis {e; }7—,. We set

0

oz,

€

to be the standard basis of R™.
Let us state two technical lemmas whose proofs can be obtained by direct
calculations.
Lemma 2. Let 1 <i<j<n. Then
i _ %10k
&l \/Si—15i
forallk=1,... n.

For convenience, we denote

Ik — Thk—1
VSk—1Sk

Remark 9. The properties of V have the following consequences.

:—F’fm Va=1,...,n.
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(i) The compatibility of V with the metric and (e;, e;) = 0; ; imply that
k:] - FJ
In particular, I';, = 0.
(ii) The symmetry of V implies that if [ < k, then

n

len,e1] = Veper = Veer = (Veper — Veer,ei) e = Tey.

i=1
Lemma 3. Fork,l=1,2,...,n, we have
0, k>1,
1
€L (1—‘) skv 9
-k, k<l

Observe that
Ve i =0, [ér,é]=0 VkiI=1,...,n
Consider the vector fields
Xk = ex + qex + V(ex)

restricted to U, which span the distribution D introduced in Proposition 3.
In this case, we have the explicit form

Xy (z, &, )+ Zazkez Zr Wir(A

In order to determine [X}, X;], we assume that k > {. Then

k=1 n -1 n
(Xi, Xt = e, e] = YD T Wigaué; + Y Y T Wiaiés
=1 j5=1 j=1:i=1
-1 k—11-1
=) er(1V) le+zel Wik + Y > T T (Wi, Wy
j=1 i=1 j=1
k—1 n -1 n
ek - Z Z FZ a]zfsk = a]k(;zl eg + Z Z FJ (1”(5[ k — azl5] k)
i=1 j=1 j=11i=1
1 k—1 k—11-1
-5 W= SO Wi+ T (=0 Wk + 6, Wir)
i=l+1 i=1 j=1
n k—1 -1 1 -1
= Fl er + Zajkéj - Z I Wik - ZFJ ij 787 Wlk+Z(FJ)2 Wlk
j=1 i=l4+1 j=1 j=1
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For | < k, we define the vector fields Y, by
Yig = (X1, Xi] + T Xy = Wiy..

Finally, let

Zy = Y12, Xo] = E a;i1é;, Zyp=[X1,YiE] = E Qi €4, =2,...,n.
i=1

We conclude that the entire tangent space is spanned by the vector fields

{Xitio, Yahi<ick<n, {Zi}izi-

Hence D is a regular bracket generating distribution of step 3, which implies
that the system of rolling S™ over R™ is completely controllable.

5.2. A non-controllable example: SE(3) rolling on RS. We consider
the case of SE(3) endowed with a left-invariant metric defined later, rolling
over its tangent space T1 SE(3) = se(3) at the identity, with metric obtained
by restricting the left-invariant metric on SE(3) to the identity. Our goal is
to determine whether the system is controllable.

We give SE(3) coordinates as follows. For any z € SE(3), there exist
C = (cij) € SO(3) and r = (r1,72,73) € R such that z = (C,r) acts by the
rule

z(y) =Cy+r VyeR.

The tangent space of SE(3) at = (C, r) is spanned by the left-invariant
vector fields

61:Y1:\%<C'822—C~ail) :12221(@1822—%2821),

= G5 (0 a0 =0 ) = 2 (v o)

63:Y3:\% (C’-ai?)—C’-aiz) :\}ﬁj: <Cj28fj3_cj38§j2)a
ex+3 = X =C 8rk ;c]k , k=1,2,3.

Define a left-invariant metric on SE(3) by declaring the vectors e, ..., eg

to form an orthonormal basis. The mapping

6
Z@‘@j(l) — (T4, T2, T3, T4, T, Tg) € RO
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permits to identify se(3) endowed with the induced metric with R® endowed
with the Euclidean metric. We write
0

oy,
on R and study the behavior of the intrinsic rollings of SE(3) on RS. Note
that the configuration space @ is SE(3) x RS x SO(6), because both mani-
folds SE(3) and RS are Lie groups, so their tangent bundles are trivial, and
dim Q = 27.

Let us denote by V the Levi-Civita connection on SE(3) or RS with
respect to the corresponding Riemannian metrics defined above. The co-
variant derivatives V., e; are nonzero only in the following cases:

1 1 1
—Y;, VyYi=——VYs VyYi=-———
2\&3 v, ¥'3 2\/52 Yo Y3 532

1 1
Vv, Xk = 7 (02,6 X1 — 01 X2), VypXi= 7 (03,6 X1 — 01 1 X3),
1
Vv, Xi = —= (03,5 X2 — 02,5 X3) ,

V2

where §; ; denotes the Kronecker symbol. On the other hand, it is well
known that

e =

Vy, Yo = — Yi,

Ve, €5 =0
for any ¢,j. Proposition 3 and Definition 4 show that the distribution D
over (Q is spanned by
1 1

Zi=Y1+qh + Was + —=Wiys,

1 1T 4qr 2\/5 23 \/§45
1 1

Zy=Yo+qVs — —=Wiz + —=Wis,

2 2 T qrs 2\/5 13 \/546 (16)
1 1

Z3=Ys3+qYs + 2VV12+ 2W567

2v2 V2
Ky =X14+¢X1, Ky=Xp+¢Xo, Kz=X3+¢Xs.

In order to determine the controllability of rolling SE(3) over R®, we
employ the orbit theorem [6, 16]. In the case of D defined by the vector
fields (16), straightforward calculations yield that the flag associated to D
has the form
D? = D ® span{Wia, Wi3, Was},
D? = D* ® span{qY1, qYa, qY3}, (17)
D4 _ D3

and so dim D? = 9 and dim D* = 12 for all £ > 3 and the step of D is 3.

Let (0,20, Ao) be an arbitrary point in @ and let O, z,,4,) denote the
subset of all points in @ which are connected to (g, Zo, Ag) by an intrinsic
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rolling. The orbit theorem asserts that at each point D? is contained in the
tangent space of the orbits. However, since we know that D? has a local
basis, we have the stronger result of

Tw,z.4)O(a0,50,40) = Di 5.4)5

holding for all (z,7, A) € Oy, z,,4,) (see [1, Chap. 5]).

It follows from (17) that O(,, z,,4,) has dimension 12. Since O(4,,z,,4,)
is not the entire @), we conclude that the system is not controllable.

We end this section with a concrete example of an intrinsic rolling ¢(t) =

(x(t),z(t), A(t)), where
z(0) = idgs, =z(0)=0, A(0)=1.
Define the curve z : [0, 7] — SE(3) by

cos@(t) sinf(t) 0\ [ 0
z(t)y= | —sind(t) cosb(t) 0] |y2|+| O |, (18)
0 0 1) \ws ¥(t)
where () and 1 (t) are absolutely continuous functions with
0(0) = 4(0) = 0.

Then
&= V20(t)V1 + (1) X3
for almost every ¢, and the rolling has the form
G=V20(t)Z1 + (1) Ks.
This implies that
B(t) = V26(t) gY1 + (1) ¢ X, (19)
. ) 1
A0 =) (3 Waa() + Was()) (20)
for almost every ¢. It follows from Eq. (19) that
t
#(t) = (V26(0),0,0,0,0,0(1)) .

where ! denotes transposition. By exponentiating Eq. (20) we obtain

1 0 0 0 0 0
0 cos (%) sin EG(;) 0 0 0
_sin (1) o)
At) = 0 sin ( 5 ) cos | — 0 0 0
0 0 0 cos@(t) sinf(t) O
0 0 0 —sind(t) cosf(t) 0
0 0 0 0 0 1
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5.3. Imbedding of SE(n) into Euclidean space. Since it is less obvious
how to extend an intrinsic rolling of SE(3) on se(3) to an extrinsic rolling in
ambient space, we describe an isometric imbedding of SE(n) into Euclidean
space R("D? Identify an element C € R+’ with the matrix

C11 C1,n+1
C =

En+1,1 e En-{—l,n—&-l
Define the inner product on R+’ by
<61,62> = trace ((61)t€2) .

Note that since
o n+1
(C,C) =" [eyl,

1,j=1

the metric (-, -) coincides with the Euclidean metric. From this we get that

{ 9 }n+1
dci i,j=1

is an orthonormal basis for the tangent bundle TR™+D? with respect to
<'7 >
We define the imbedding of SE(3) into R("+1D* by

2
)

v : SE(n) — R+

2= (C,r)—C = (g 7{)

This mapping is in fact an isometry of SE(n) onto its image. To see this,
note that the metrics coincide at the identity, and that the metric of R(”+1)2,
restricted to Image ¢, is left-invariant under the action of SE(n). Hence, the
metrics on SE(n) and Image ¢ coincide, and ¢ defines an isometric imbedding.

5.4. Extrinsic rolling. We will use the imbedding from Sec. 5.3 to con-
struct an extrinsic rolling of SE(3) over se(3) in R'6. We use 9;; to denote
0/0¢;;. For the sake of clarity, we denote by M the image of SE(3) by .
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Then the vector fields spanning T'M are

3
1
er =Y = \ﬁ (€i1052 — €i20i1) ,
i=1
13
er =Y = ﬁ Z (Ci10i3 — Ciz0;1) ,
=1
3 (21)
e3 =Yz = \ﬁ Z (€i20i3 — Ciz0i2) ,

i=1

3
€3+k = Xk: - Zéikaﬂlv k= 172a3a

j=1

where we suppressed dv in the notation. We introduce the following or-
thonormal basis of TM*:

T, = (Ejlajz + Ejzaﬂ) ;

-

1

J

To

N

(¢1053 +¢j3051) 4

<.
Il
—

(¢j20;3 +€;3052)

Il
_

J

S
>
Il

Ej)\aj)\, A=1,2,3,

<
Il
—_

=
|

e sl= Sl Sl
[M]

o5

gy n= 17233a4'

=

We denote by M the image of R® into R'6 by the imbedding

1 1

0 — T —=Iy T
\/5 1 \/i 2 4
1 0 1
A A A A A A T ——F=Z —F X €T
(x1,x2,x3,x4,x5,x6) = \/i ! \/i 3 °
1 1 0 ~
——Ty ——F%=1Z T
\/5 2 \/i 3 6

0 0 0

We have the following orthonormal basis of TM:

1 1 1
= — (D12 — Do1), ey = —=(D13 —D31), é3=—=(0a3 — D32),
\/i( 12 21) €2 \/i( 13 31) €3 2( 23 32)

é3+k‘ = 8764’ k= 172a37

€1
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while the vector fields spanning TM* are
1 1
V2 V2
ég_;,_,g :8,“@, R = 1,2,3,
€6+n :84,{7 KR = 1,2,3,4.

~ . . 1
€1 = (O12 4+ 021), & (013 + 031), €3 = *2(323 + 032),

In order to extend an intrinsic rolling ¢(t) with

m(q(t)) = (x(1),2(1)),
we find an orthonormal frame of normal parallel vector fields along z(¢) and
Z(t). Along Z(t), we may use the restriction of

A 110
{€ntm1 -
For the curve z(t) the answer is more complicated.
First, we study the value of V+ for different choices of vector fields.

1. VxE, = 0 for any tangential vector field X and =, as in Eq. (22);
2. Vﬁ;k'f = 0 for any normal vector field T and X}, as in Eq. (21);
3. Otherwise, the results are presented in the following table:

T, T, T3 Uy Uy Uy
Vi, |30 = W) [ —555Ts stz [ 3T 3T | 0
Vv, | —55Ts |5 (01— sslt | —aT2| 0 [3T2
Vy, | —357T2 55 L1 T(We—Ts) [ 0 [—IT5 |37

We use the relations above to construct an extrinsic rolling by making use
of the curve (18).
Since

&(t) = V20(D)Yi(2(t)) + (1) Xs(x(1)),

the vector field
3
B(t) = 3 (A O Ta(2(0)) + var (WA (1))
A=1

is normal parallel along x(t) if

0 0 0
(1')1 -5 (vg — U5)> T+ (132 + 2U3> Ty + (733 - 2U2> T3

6 6
+ |l 0s+—7v1 | U1+ | U5 — —=v1 | Yo +1v5¥3 =0.
( 4 NG 1) 1 ( 5 ) 1) 2 63
Hence we define a parallel orthonormal frame along z(t) by

€1(t) = cos 0T (x(t)) — \% §in 00 (2(1)) + % sin 00 ((1)),
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es(t) = cos (Z) To(2(t)) + sin (g) Ts(z(t)),
e3(t) = —sin (Z) To(2(t)) + cos (Z) Ts(x(t)),

ca(t) = 5 sin 0T (o(0) + G (0(t) + T Wa(at),
es(t) = —% sin 01 (z(t)) + I_Twse\pl(x(t)) + wwg(m»

e6(t) = Ws(x(t)),
66+)\(t) :E)\(.’E(t)), A= 1727374'

Thus, p(t) is represented by a constant matrix in the bases

{aa®hl,  {&®hls.
Let us choose p(t) to be the identity in these bases, due to the given imbed-
ding.
The curve g(t) = (¢q(t), p(t)) in SE(16) is given by

gt)T = AT +7(t),

where the matrix A(t) is presented on p. 213 (here 0,,x, denotes the zero
matrix of size m x n and 1g is the identity matrix of size 6 x 6) and

0 0 t
T(t) = (—1, —,0,0, —, —1,0,0,0,0, -1, 0, 0, 0, 0, o) .
V2
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