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S1

Tangent and cotangent bundle geometry

In Supplements 3 and 4 we will make use of certain tangent bundle structures
arising from the presence of an affine connection. To keep the presentation
interesting, certain ideas are presented in a general fiber bundle framework,
although eventually we shall only utilize the tangent or cotangent bundle
cases. The main references for the material in this supplement are [Yano and
Ishihara 1973] and parts of [Koldf, Michor, and Slovak 1993]. All data in this
chapter is of class C*°, so we will not always explicitly state this hypothesis.

S1.1 Some things Hamiltonian

In the text, we avoided Hamiltonian presentations of mechanics, and of con-
trol theory for mechanical systems. Our main reason for doing this was to
emphasize the Lagrangian point of view, while referring the reader to the lit-
erature for Hamiltonian treatments. However, in geometric optimal control,
quite independent of anything “mechanical,” the Hamiltonian point of view
acquires great value, so we shall need to delve somewhat into the geometry
associated with Hamiltonian mechanics. Our presentation will be far too brief
to serve as a useful introduction, so we refer the reader to texts such as [Abra-
ham and Marsden 1978, Arnol’d 1978, Bloch 2003, Guillemin and Sternberg
1990, Libermann and Marle 1987]. The books [Agrachev and Sachkov 2004,
Bloch 2003, Jurdjevic 1997] have a description of the Hamiltonian aspects of
optimal control.

S1.1.1 Differential forms

In the text we were able to omit treatment of an important class of tensors
known as differential forms, since they did not come up in our development,
except in the most elementary manner. However, now we shall need differ-
ential forms, so we give the briefest of introductions, referring to [Abraham,
Marsden, and Ratiu 1988, Flanders 1989, Nelson 1967] for further details.
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First we look at the linear case. A (0, k)-tensor « on a vector space V is
skew-symmetric if, for every o € Si and for all vy,...,v, € V, we have

A(Vg(1)s-- s Vo)) = (=18 Da(vy, ..., vp).
We now make the following definition.

Definition S1.1 (Exterior form). Let V be a finite-dimensional R-vector
space. An exterior k-form on V is a skew-symmetric (0, k)-tensor on V. We
denote the set of exterior k-forms on V! by A, (V). .

Ifoe \p(V)and 3 € A (V), then a®f € TP, ,(V), but it will not generally
be the case that o ® (8 is an exterior (k + [)-form. However, one can define a
product that preserves skew-symmetry of tensors. To do so, for each k € N,
define a linear map Alt: T2(V) — A, (V) by

1 .
Alt(t) (01, 0p) = > (1) (1), V)
’ g€Sk

Thus Alt “skew-symmetrizes” a tensor that is not skew-symmetric. One can
verify that, if o € A, (V), then Alt(a) = a. Now, given a € A, (V) and
B e N\i(V), we define a A B € A\ (V) by

(k+1)!
Il

aAp= Alt(a ® B).

This is the wedge product of a and 3. We comment that the appearance
of the factorial coefficient is not standard in the literature, so care should
be exercised when working with different conventions. The wedge product
is neither symmetric nor skew-symmetric, but obeys the relation a A 3 =
(—=D*B Aa.

Now let us see how to represent exterior k-forms in a basis {es, ..., e, } for
V. Since a € A\, (V) is a (0, k)-tensor, one can define its components in the
usual manner:

Qo) = Oé(ei17~ . ,eik), 11,---,0k € {1, Ce ,n}.
Since « is skew-symmetric, the components obey
Ao(iy)o(in) = (=1 By, gy,

for o € Si. Now let us provide a basis for A, (V).

Proposition S1.2 (Basis for A,(V)). Let {e1,...,e,} be a basis for the
R-vector space V. Then

{er Ao et | iy, i e {1, n, i <y < e- <)

! Interior k-forms are defined similarly, but are (k,0)-tensors.
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is a basis for N\, (V). In particular,

n! k§n7

dim(A, (V) = {mm

0, k> n.

With the basis and the components defined as above, one can verify that

o= E iy € N Ne'k.
i1 <o <ip

Let us illustrate this with some special cases.

Examples S1.3. 1. For k = 0, one takes the convention that A,(V) = R.
Thus dim(A,(V)) = 1.

2. Next we consider the case k& = 1. One can easily see that A,(V) = V*.
Thus dim(A,(V)) = dim(V).

3. Next consider the case when k = n = dim(V). In this case one can see that,

if {e1,...,en} is a basis for V, then every exterior k-form is a multiple of
e A--- Aem. Thus dim(A,(V)) = 1.

4. Now take k = 2, and for concreteness, n = 3. Then a basis for A,(V) is
{e* ne? et Nede? Ned),
and, given o € \,(V), we have
o= 041261 Ae? + algel Aed + 042362 A 63,
where 15 = a(er,es), a1z = aler,e3), and asz = a(es, ez). Therefore,
dim(A;(V)) = dim(A,(V)) = dim(V) in the case that dim(V) = 3. .

Now let us turn to extending the algebraic setting to a differential geo-
metric one on a manifold M. Of course, the basic step of defining

AcTM) = [ Au(TaM)

zeM

is done in the usual way, with the push-forward of the overlap maps providing
a vector bundle structure for A, (TM).

Definition S1.4 (Differential form). Let M be a C"-manifold for r € NU
{oo} U{w}. A C"-section of the vector bundle A, (TM) is a differential k-
form. °

Note that a differential one-form is what we, in the text, call a covector
field. Since differential k-forms are tensor fields, all constructions concern-
ing tensor fields—push-forward and pull-back, Lie differentiation, covariant
differentiation with respect to an affine connection—are applicable to them.
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However, differential forms come with an operation that is unique to them,
and that is enormously useful in many areas of mathematics and mathemat-
ical physics, namely the exterior derivative. It is not easy to motivate the
definition of this operator, so we sidestep this by simply not giving any mo-
tivation. We merely give the definition. The reader can find motivation in
books such as [Abraham, Marsden, and Ratiu 1988, Bryant, Chern, Gardner,
Goldschmidt, and Griffiths 1991, Flanders 1989, Nelson 1967]. To whet the
appetite of the reader yet to be exposed to the charms of differential forms,
we mention that the exterior derivative can be used to elegantly unify and
generalize Stokes’” Theorem, Gauss’s Theorem, and the Divergence Theorem
from vector calculus.

Definition S1.5 (Exterior derivative). For o € I'°(A,(TM)), the exte-
rior derivative of o is the element da € T*°(A\ ;. ;(TM)) defined by

k
da(Xo, X1,...,Xp) = Y _(-1)/.Lx o Xo, ..., Xj, ..., Xp)
7=0
+ (1Z+J (X, X0, Xoy ooy Xy s Xy oo Xi),
<i<j

where the = means that the argument is deleted. .

This definition may be shown to make sense, in that it defines a skew-
symmetric tensor field. The definition belies the fact that the exterior deriva-
tive is simple (and natural) to compute in coordinates:

Oy, ..

TR0t g0 A dgft A - A daic
oI

do =

The exterior derivative has the following useful properties, plus many others
that we do not list here (see [Abraham, Marsden, and Ratiu 1988]):

1. “df =df”: that is, the exterior derivative of a differential zero-form (i.e., a
function) is the same as the differential defined in the text;

2. dda =0 for all a e T°(A,(TM)), k € Z4;

. d(anp) = danB+(—1)FandBif a € T°(A\,(TM)) and 8 € T (A,(TM)),
for k,l € Z;

4. d(f*a) = f*(da) for f e C*(M;N) and a € I'°(A,(TN)), k € Z;
5. Zx(da) =d(ZLxa) for X € T°(TM) and o € I°(A,(TM)), k € Z..

Readers having never seen the notion of differential forms or exterior
derivative should now expect to do some extra reading if the rest of the section
is to have any deep significance.
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S1.1.2 Symplectic manifolds

In our treatment of Lagrangian mechanics, the primary role is played by Rie-
mannian metrics and affine connections. In the typical Hamiltonian treatment
of mechanics, the structure is provided by a symplectic structure (or, more
generally, a Poisson structure). A symplectic structure is defined by a differen-
tial two-form with special properties. Let o € I'*°(A,(TM)). Since « is a (0, 2)-
tensor field, it has associated with it a vector bundle map o”: TM — T*M (see
Section 2.3.4). The differential two-form « is nondegenerate if o’ is a vec-
tor bundle isomorphism. In such a case, we denote the inverse vector bundle
isomorphism by of, of course. A differential k-form « is closed if da = 0.
We may now state our main definition.

Definition S1.6 (Symplectic manifold). For r € NU {oo} U {w}, a C"-
symplectic manifold is a pair (M,w), where w is a C"-closed nondegenerate
differential two-form on the C"-manifold M. The differential two-form w is
called a symplectic form on M. °

One can verify (see [Abraham and Marsden 1978]) that nondegeneracy of
w for a symplectic manifold (M, w) implies that the connected components of
M are even-dimensional. The condition of closedness of symplectic forms is
one that is not trivial to motivate, so we do not do so. We refer the reader to
[Abraham and Marsden 1978, Arnol’d 1978, Guillemin and Sternberg 1990,
Libermann and Marle 1987] for additional discussion.

It turns out that there is a natural symplectic form on the cotangent bundle
of a manifold M, and it is this symplectic form that we shall exclusively deal
within our treatment of optimal control. We first define a differential one-form
on M. One may readily verify that there exists a unique differential one-form
0o € T°(A\,(T(T*M))) that satisfies 3*6y = 3 for any differential one-form
B on M (here one thinks of 8 as a map from M to T*M). In verifying this,
one also verifies that, in natural coordinates ((z!,...,2"), (p1,...,pn)) for
T*M, we have 0y = p;d¢*. The canonical symplectic form on T*M is then
wo = —dby. In natural coordinates one has wy = dg* A dp;. That wq is closed
follows since dwyg = —ddfy = 0. The nondegeneracy of wqy follows from the
fact that the matrix representative of wy in natural coordinates is

=[5, 5]

This matrix is invertible, and so too, then, is wg.
Between symplectic manifolds, maps that preserve the symplectic form are
important.

Definition S1.7 (Symplectic diffeomorphism). Let (M,w) and (N, ) be

C"-symplectic manifolds, r € NU{oco}U{w}. A C"-diffeomorphism ¢: M — N
is symplectic if ¢p*Q = w. °
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S1.1.3 Hamiltonian vector fields

Now we give a little insight into what sorts of constructions one can make on
a symplectic manifold. There is much that can be said here, some of it being
quite deep. We shall stick to primarily simple matters, as these are all that
we shall make immediate use of.

Let (M, w) be a symplectic manifold. We let H be a function on R x M that
is locally integrally of class C"*! (see Section A.2.1). So that we are clear, if
Hy(z) = H(t,z), then dH is the locally integrally C"-section of T*M defined
by dH (t,z) = dH;(x).

Definition S1.8 (Hamiltonian vector field). Let (M,w) be a symplectic
manifold and let r € NU {oco} U{w}. The Hamiltonian vector field associ-
ated to a locally integrally class C™t!-function H on M is the locally integrally
class C"-vector field X on M defined by X (t,7) = —w#(dH (¢, z)). The func-
tion H is the Hamiltonian for the Hamiltonian vector field Xg. °

Our presentation is more general than the standard setup in Hamiltonian
mechanics where one considers only time-independent functions; this is neces-
sitated by our use of the Hamiltonian formulation of the Maximum Principle.
If H is time-independent, then we note that

LxpH=(Xp;dH) = —w(Xg, Xg) =0.

Thus, for time-independent Hamiltonians, the Hamiltonian is a constant of
motion for the corresponding Hamiltonian vector field. In many physical prob-
lems, this corresponds to conservation of energy. We shall see that in our op-
timal control setup, constancy of the Hamiltonian along trajectories of the
control system also plays a role, although there is no physical energy associ-
ated with the problem.

Let us write the coordinate expression for a Hamiltonian vector field de-
fined on a cotangent bundle using the canonical symplectic structure and using
natural coordinates ((x!,...,2"), (p1,...,pn)). In this case, a straightforward
computation shows that

_0H 0 OH 0
"7 opiog aq' Op;’
or, in terms of differential equations in the local coordinates,

. OH 0H

ql:&pi’ pi:—a—qi, iE{l,...,n}.

These latter are called Hamilton’s equations, and are widely studied in
the mathematical physics and dynamical systems communities, for example.
We simply refer the reader to [Abraham and Marsden 1978, Arnol’d 1978,
Guillemin and Sternberg 1990, Libermann and Marle 1987] for details and
further references. The field of Hamiltonian mechanics is a very large one.
Readers hoping to have more than a merely functional facility with things
Hamiltonian can look forward to investing some time in this.

(SL.1)
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Remark S1.9. There are differing sign conventions in the literature that one
should be aware of. For example, some authors define the cotangent bundle
symplectic form with the opposite sign from what we choose. The thing that all
conventions have in common is that the local representative of a Hamiltonian
vector on a cotangent bundle, with the canonical symplectic form, will take
the form (S1.1). Further confusing matters is the possibility of defining the
associated map w’ in two different ways, each differing by a sign. o

S1.2 Tangent and cotangent lifts of vector fields

In this section we introduce some of the necessary tangent bundle geometry
that we shall use in subsequent supplements. Most of the constructions we
make here are described by Yano and Ishihara [1973], at least in a time-
independent setting.

The reader will observe in this section an alternation between the use of
the letters M and Q to denote a generic manifold. There is some method
behind this. We shall have occasion to use structure that, in the geometric
constructions of Section S1.3, might appear on either a configuration manifold
Q or its tangent bundle TQ. Such structures we will denote here as occurring
on M. That is, when there appears an M in this section, it might refer to either
Q or TQ in Supplement 4. We shall suppose both M and Q to be n-dimensional
in this section.

We shall make heavy use in this section of the notion of sections of vector
bundles that are locally integrally of class C" for r € NU {oco} U {w}. For
convenience, we shall call such sections “LIC"-sections.” Similarly, for conve-
nience we use the acronyms LAC and LAD to stand for “locally absolutely
continuous” and “locally absolutely differentiable,” respectively.

S1.2.1 More about the tangent lift

In this section we shall define the tangent lift for time-dependent vector fields,
and give some further discussion that will be useful for interpreting our results
in Supplement 4.

Let X: I xM — TM be an LIC*-vector field on a manifold M. Define
an LIC™-vector field X7 on TM by X7T(¢,z) = X[ (z), where X is the C*°-
vector field on M defined by X:(z) = X(t,z). The vector field X7 is the
tangent lift of X. This is clearly a generalization of the tangent lift in the
text to the time-dependent case.

One may verify in coordinates that

T i O oxX" ;0
X =X B + 927 Y Dot (S1.2)
From this coordinate expression, we may immediately assert a few useful
facts. First we introduce some terminology. For manifolds M and N and for
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f € C®°(M;N), an LIC*™-vector field Y on N is f-related to an LIC*™-
vector field X on M if, for each (t,2) € R x M, T, f(X(t,x)) = Y(¢t,z). If
m: M — B is a fiber bundle, an LIC*-vector field X on M is w-projectable if
Tr(X(t,x1)) = Tw(X (¢, x2)) whenever w(x1) = w(x2). One can easily verify
that X is m-projectable if and only if there exists a vector field Y on B such
that Y is w-related to X.

Remarks S1.10 (Properties of the tangent lift).

1. Note that X7 is a linear vector field on TM (see Definition S1.25). That
is, X7 is mrm-projectable and XT: I x TM — TTM is a vector bundle
map.

2. Since X7 is mrrm-projectable and projects to X, if ¢ +— Y(t) is an integral
curve for X7 then this curve projects to the curve t — mrmoY(t), and
this latter curve is further an integral curve for X. Thus integral curves
for X7 may be thought of as vector fields along integral curves for X.

3. Let z € M and let v be the integral curve for X with initial condition x
at time t = a. Let vq 4,v2 5 € T;M with T; and YT the integral curves for
XT with initial conditions V1, and va 4, respectively, at time ¢ = a. Then
t — a1 T1(t) + ag To(t) is the integral curve for X7 with initial condition
01 V1,5 V2 4, for o, an € R. That is to say, the family of integral curves
for X7 that project to v is a dim(M)-dimensional vector space.

4. One may think of X7 as the “linearization” of X in the following sense.
Let v: I — M be the integral curve of X through z € M at time ¢t = a,
and let Y: I — TM be the integral curve of X7 with initial condition
vy € TxM at time ¢t = a. Choose a variation o: I x J — of v with the
following properties:

(a) J is an interval for which 0 € int(J);

(b) s+ o(t,s) is differentiable for ¢t € I;

(c) fors € J,t— o(t,s) is the integral curve of X through o(a, s) at time
t = a;

(d) o(t,0) =~(t) for t € I;

(e) v, = %L:OO’(O,S).

We then have Y(t) = & |S:O(T(t, s). Thus X7 (v,) measures the “variation”

of solutions of X when perturbed by initial conditions lying in the direction

of v,. In cases where M has additional structure, as we shall see, we can
make more precise statements about the meaning of X7 °

S1.2.2 The cotangent lift of a vector field

There is also a cotangent version of X7 that we may define in a natural way.
If X is an LIC®-vector field on M, we define an LIC*-vector field X7~ on
T*M by
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. d
XT'(t,ay) = —| TF_s(aw).
( Oé) dsls=o" % t, (Oé)
This is the cotangent lift of X. 1In natural coordinates

((zt,...,2™), (p1,...,pn)) for T*M, we have

. .0 0xXi 9
ox? ox? P op;

(S1.3)

As was the case with X7, we may make some immediate useful remarks about
the properties of X7~ .

Remarks S1.11 (Properties of the cotangent lift).

1. X" is the LIC*°-Hamiltonian vector field (with respect to the natural
symplectic structure on T*M) corresponding to the LIC*-Hamiltonian
Hx: (t,0q) — {ag; X(t,)). One can verify this with a direct calculation.

2. Note that X7 is a linear vector field. That is, X7 is mr«u-projectable
and X7": I x T*M — TT*M is a vector bundle map.

3. If t — «(t) is an integral curve for X7~ then this curve covers the curve
t — mr=moa(t), and this latter curve is further an integral curve for X.
Thus one may regard integral curves of X7 as covector fields along inte-
gral curves of X.

4. If v: I — M is the integral curve for X with initial condition x € M at
time t = a € I, then the integral curves of X7  with initial conditions
in T:M form a dim(M)-dimensional vector space that is naturally isomor-
phic to TXM (in a manner entirely analogous to that described for X7 in
Remark S1.10-3).

S1.2.3 Joint properties of the tangent and cotangent lift

By the very virtue of their definitions, together X7 and X”~ should possess
some joint properties. To formulate one of these common properties requires
some small effort. Let TM @ T*M be the Whitney or direct sum of TM and
T*M.2 As a manifold, this may be regarded as an embedded submanifold of
TM x T*M by v, ® ay — (vg, ). If X is an LIC*™-vector field on M, then
we define an LIC™®-vector field X7 x XT" on TM x T*M by

XT x X7 (t,v,0) = (XT(t,0), X7 (t,a)).
Note that, in this definition, we do not require that mrm(v) = Tr+m ().

2 We recall that the Whitney sum of two vector bundles 7w1: E; — M and m2: E2 —
M over the same base space can be thought of as the submanifold of E; x E2 given
by

Ei ®Ex = {(1}1,'1)2) € E1 X Ez | 7'('1(’[)1) = 71'2(1}2)}.
This may be verified to be a vector bundle over M with the fiber over z € M
being naturally isomorphic to 77 (z) @ w5 ! ().
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Proposition S1.12 (Relationship between tangent and cotangent
lifts I). X7 x XT" is tangent to TM @ T*M.

Proof. We denote natural coordinates for TM x T*M by ((x,v), (y,p)). If we
define an R"-valued function f in these coordinates by f((x,v), (y,p)) =
(y — x), then TM & T*M is locally defined by f~!(0). Thus the result will
follow if we can show that X7 x X7 is in the kernel of T(z,v),(y,p)) [ for each
((z,v),(y,p)) € f~1(0). We compute

T(@,0),(y.p)) [ (V1,02), (v3, ) = v3 — V1.

From this computation, and the local coordinate expressions for X7 and X7~
the result follows. [ ]

In this way, the restriction of X7 x X7~ to TM @& T*M makes sense, and
we denote the restricted LIC™-vector field by X7 @ X7 . The following result
gives the desired joint property of X7 and X7~ .

Proposition S1.13 (Relationship between tangent and cotangent
lifts I1). If X is an LIC™-vector field on M, then XT @& X7 leaves in-
variant the function vy ® g — gz - v on TM ® T*M.

Proof. We employ a lemma.

Lemma. If 7 is a (1,1)-tensor field on M, then the Lie derivative of the
function fr: vy ® ay — T(@z,v:) on TM @ T*M with respect to the vector
field XT @ X" is the function vy @ oy — (Zx7) (g, vs).

Proof. We work in local coordinates where f, = 7/p;v?. We then compute

X+ oX?

or i k, .
TpPiV" — &U’“ iji’U 5

9
D?XT@XT* fT = aixikaivj + &ﬂ

which we readily verify agrees with the coordinate expression for

(ZLx7)(az,vs). v

We now observe that the function v, ® oy — g - v, is exactly fiq,, in
the notation of the lemma. It thus suffices to show that £ xidtm = 0 for
any vector field X. But, if we Lie differentiate the equality idym(Y) = YV
(Y € T'*°(TM)) with respect to X, then we obtain

(Zxidmm)(Y) +idmm([X,Y]) = [X,Y]
from which the proposition follows. [

Remark S1.14. One may verify, in fact, that X7~ is the unique linear vector
field on T*M that projects to X and which satisfies Proposition S1.13. °
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S1.2.4 The cotangent lift of the vertical lift

As mentioned in the introduction, we shall deal with systems whose state
space is a tangent bundle, and whose control vector fields are vertical lifts. As
a consequence of an application of the Maximum Principle to such systems,
we will be interested in the cotangent lift of vertically lifted vector fields.
So let Q be a C*°-manifold, and let X be an LIC*-vector field on Q with
vift(X) its vertical lift to TQ. One computes the local coordinate expression
for vift(X)T" to be

o 0XV 0

T _ i 2 L
(U CO)T = XI55 = i

(S1.4)

Here we write natural coordinates for T*TQ as ((q,v), (o, 3)).

Remark S1.15. It is interesting to note the relationship between (v1ft(X))”"
and vIft(XT"). The latter vector field has the coordinate expression

0 ox7 0

(X7 )y = xi = 22 .
) = X 5~ e P oy

where are writing natural coordinates for TT*Q as ((g,p), (u,)). Now we
note that there is a canonical diffeomorphism ¢q between T*TQ and TT*Q
defined in coordinates by

((g,v). (@, 8)) = ((¢. B), (v, @)).

One easily verifies that vIft(X”") = ¢g(vlft(X))T". We also remark that
T*TQ is a symplectic manifold, since it is a cotangent bundle. Tulczyjew
[1977] demonstrates that the tangent bundle of a symplectic manifold is also a
symplectic manifold. Thus, in particular, TT*Q is a symplectic manifold. The
symplectic structure on TT*Q as defined by Tulczyjew is given in coordinates
by

WIT*Q = dqi Ady; + du® A dp;.

One then verifies that the diffeomorphism ¢q is symplectic with respect to
these symplectic structures. That is to say, pqwTT+q is the canonical symplec-
tic form on T*TQ. Since (vlft(X))?T" is a Hamiltonian vector field on T*TQ
by Remark S1.11-1, the vector field vlft(X”" ) must also be Hamiltonian on
TT*Q with the symplectic structure just described. The Hamiltonian, one
readily computes, is given by Vo, — (ag; X(q)), where V,, € TT*Q.

An intrinsic definition of ¢q is as follows.> We define a map p: T*TQ —
T*Q as follows:

<p(a”q); u‘1> = <a”q; Vlft”q (Uq)> :
We may then readily verify that ¢q is the unique map that makes the diagram

3 The authors thank Jerry Marsden for providing this definition.
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Trrxq

Q2 TT Q2 TQ

S A

T*TQ

commute. °

S1.2.5 The canonical involution of TTQ

Let p; and py be C? maps from a neighborhood of (0,0) € R? to Q. Let us
denote by (t1,t2) coordinates for R%. We say two such maps are equivalent
if p1(0,0) = p2(0,0) and if

91 g 0y = 92 91 g0y = 92
atl (070) - 8751 (070)7 8t2 (an) - 8t2 (an)v
*m d%po

atlatQ( 0) = 8t16t2( »0).

To an equivalence class [p] we associate a point in TTQ as follows. For fixed
to, consider the curve y, at ¢ £ p(0,0) given by t1 — p(t1,t2). Then ~;_(0) is
a tangent vector in T,Q. Therefore, to — T,(t2) £ v, (0) is a curve in TQ at
Y4,(0). To p we then assign the tangent vector Y/,(0). In natural coordinates
((g,v), (u,w)) for TTQ, the point associated to [p] is given by

dp dp 9?%p

(p(o, 0) 57 (0.0, 570,0), 5720, 0)).

This then shows that the correspondence between equivalence classes and
points in TTQ is bijective. Furthermore, the construction can be readily ex-
tended to give a construction of the higher-order tangent bundles T¥M, where
T'M = TM and, inductively, T*M = T(T¥=1M).

Associated with this representation of points in TTQ is an involution*
Iq: TTQ — TTQ. We define Iq by saying how it acts on equivalence classes
as given above. If p is a map from a neighborhood of (0,0) € R? to Q, then
we define p(t1,t2) = p(ta,t1) which is also then a map from a neighborhood
of (0,0) € R? into Q. We then define

In coordinates,
Io((q,v), (u, w)) = ((q, ), (v, w)).

Definition S1.16 (Canonical involution of TTQ). The map Iq is the
canonical involution of TTQ. °

4 An involution on a set S is a map f: S — S with the property that fo f = ids.
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S1.2.6 The canonical endomorphism of the tangent bundle

The final bit of tangent bundle geometry we discuss is that of a natural (1, 1)-
tensor field on the tangent bundle.

Definition S1.17 (Canonical endomorphism of TM). For a manifold M,
the canonical endomorphism of TM is the (1, 1)-tensor field Jy on TM
defined by

J|\/| (va) = Vlftvgc (TUIT(TM (sz))

where X,,, € T,, TM. .
One verifies that, in natural coordinates, we have

5" ® da’.

v = ot

The role of the canonical endomorphism in Lagrangian mechanics is discussed
by Crampin [1983]. It is possible to talk about related structures in more
general settings than tangent bundles; see [e.g., Thompson and Schwardmann
1991].

S1.3 Ehresmann connections induced by an affine
connection

This section provides the essential ingredients for the development of lin-
earization of affine connection control systems in Supplement 3, and of the
Maximum Principle for affine connection control systems in Supplement 4. In
actuality, the results of this section, particularly those of Section S1.3.10, rep-
resent the meat of this supplement since the linearization and optimal control
results of Chapters 3 and 4 follow in a fairly straightforward way once one
has at one’s disposal the results that we now provide. The constructions are
quite involved, so some motivation is in order.

S1.3.1 Motivating remarks

As we have stated several times already, we will be looking at control-affine
systems whose drift vector field is the geodesic spray S for an affine connection.
Readers familiar with linearization will recognize that the tangent lift of S will
be important for us, and readers familiar with the geometry of the Maximum
Principle will immediately realize that the cotangent lift of .S will be important
for us. One way to frame the objective of this section is to think about how one
might represent ST and ST in terms of objects defined on Q, even though
ST and ST" are themselves vector fields on TTQ and T*TQ, respectively.
That this ought to be possible seems reasonable as all the information used to
describe ST and ST is contained in the affine connection V on Q, along with
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some canonical tangent and cotangent bundle geometry. It turns out that it
is possible to essentially represent S”7 and ST  on Q, but to do so requires
some effort. What is more, it is perhaps not immediately obvious how one
should proceed. It turns out that a good way to motivate oneself is to think
first about ST, then use this to get to an understanding of ST .

To understand the meaning of ST, consider the following construction. Let
v: I — Q be a geodesic for an affine connection V. Let 0: I x J — Q be a
variation of . Thus

1. J is an interval for which 0 € int(J),

2. s+ o(t,s) is differentiable for ¢ € I,

3. for s € J, t+— o(t,s) is a geodesic of V, and

4. o(t,0) =~(¢) for t € I.

If one defines £(t) = <& o« (t, ), then it can be shown (see Theorem 1.2 in

Chapter VIII of volume 2 of [Kobayashi and Nomizu 1963]) that £ satisfies
the Jacobi equation:®

V2 &) + R(E®), 7 (1) (1) + Vo (T(E(1), 7 (1)) = 0,

where T is the torsion tensor and R is the curvature tensor for V. Thus the
Jacobi equation tells us how geodesics vary along vy as we vary their initial
conditions.

With this as backdrop, a possible way to get moving in the right direction
is as follows:

1. according to Remark S1.10-4 and the very definition of the Jacobi equa-
tion, we expect there to be some relationship between S” and the Jacobi
equation;

2. by Remark S1.14, there is a relationship between S7 and S7";

3. from 1 and 2, we may expect that, by coming to understand the relation-
ship between ST and the Jacobi equation, one may be able to see how to
essentially represent S”7  on Q.

One sees, then, that our approach to understanding ST entails that we first
understand ST in terms of the Jacobi equation. The Jacobi equation itself
is, evidently, useful in understanding linearization of affine connection con-
trol systems. Moreover, we shall see that once we have done understood the
relationship between the Jacobi equation and S7, it is a simple matter to
“dualize” our constructions to arrive at what we shall call the adjoint Jacobi
equation, a covector field version of the Jacobi equation that appears in the
Maximum Principle for affine connection control systems.

5 We use the following notation. Let v: I — Q be an LAC curve and let 7: I —
T7(TQ) be a section along ~ that is sufficiently smooth that the constructions we
are about to make are well-defined. For k € N, we define a section ¢ — v:/(t)’l'(t)
of T7(TQ) along « by setting VilmT(t) = V1 4)7(t), and inductively defining
V’f//(t)T(t) = v,y/(t)(vf{f(tl)T(t))
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In order to simultaneously understand ST and S7", we use various Ehres-
mann connections to provide splittings of the necessary tangent spaces. Note
that, as maps, the vector fields S7 and ST are T(TTQ)- and T(T*TQ)-
valued, respectively. Also note that the tangent spaces to TTQ and T*TQ
are 4dim(Q)-dimensional. Our goal is to break these tangent spaces up into
four parts, each of dimension dim(Q). Some of the Ehresmann connections
we describe here are well-known, but others might be new, even though they
are straightforward to describe. We refer to [Kolaf, Michor, and Slovdk 1993,
Chapter III] for a general discussion of Ehresmann connections. Along the
way, we will point out various interesting relationships between the objects
we encounter. Some of these relationships are revealed in the book of Yano
and Ishihara [1973].

The reader wishing to cut to the chase and see the point of producing
all of these Ehresmann connections is referred forward to Theorems S1.34
and S1.38.

S1.3.2 More about vector and fiber bundles

Our ensuing discussion will be aided by some additional terminology concern-
ing fiber bundles in general, and vector bundles in particular. This section,
therefore, supplements the material in Section 3.9.5 in the text.

For a fiber bundle, it is possible to choose a chart in such a way that it is
natural with respect to the projection. For vector bundles, we see this in the
form of vector bundle charts. For fiber bundles we have the following notion.

Definition S1.18 (Fiber bundle chart). Let (m, M, B, F) be a locally trivial
fiber bundle. A chart (V,) for M is a fiber bundle chart if there exists a
chart (Ug, ¢o) for M and a chart (U, ¢1) for F with the following properties:
(i) V. (Uo);
(i) there is a diffeomorphism x from 771 (Ug) to Uy x F with the property
that pry o x(z) = m(x) for each z € V;
If coordinates for (Ug,¢o) are denoted by (x!,...,2™) and if coor-
dinates for (Ui, ¢1) are denoted by (y!,...,y""™), then the coordi-
nates ((z',...,z™),(y',...,y"™)) in the chart (V,t), with (z) =
(¢o opry o x (), 1 o pryox(z)), are called fiber bundle coordinates. .

Note that the local representative of 7w in fiber bundle coordinates is
(z,y) — .

The next concept we discuss concerns vector bundles. It provides a useful
way of constructing a vector bundle from an existing vector bundle and a
map.

Definition S1.19 (Pull-back vector bundle). Let 7: E — M be a vector
bundle and let f: N — M be a smooth map. The pull-back of E to N by f is
the submanifold
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JTE=A{(v,y) eExN| 7(v) = f(y)}.
The map f*m: f*E — N is defined by f*r(v,y) = 7(v). .

It is not obvious, but it is true, that f*m: f*E — N is a vector bundle.
The fiber over y € N is diffeomorphic to 7= 1(f(y)). Let us prove that there is
a natural vector bundle structure on the pull-back of E to N by f.

Proposition S1.20 (Vector bundle structure for pull-back bundle).
f*m: f*E — N naturally possess the structure of a vector bundle.

Proof. We shall construct vector bundle charts for f*E. Let (U, ¢) be a chart
for N and let (V,4) be a vector bundle chart for E so that f(U) C Z(E)NV.
This defines an open set V x U C E x N. If M is modeled R™, N is modeled
on R”, and if the fibers of E are isomorphic to R¥, then we have

P x¢: VxU— (R™ xRF) x R"
(v,9) = (¥(v), 6(y))-

Denote by f: ¢(U) — ¢(V N Z(E)) the local representative of f. With this
notation, locally the subset f*E of E x N is given by

FE2{((,0),9) € (V) x (W) | = f(y)}.

Now define a map g from f*E to ¢(V) x R* by g((x,v),y) = (y,v). We claim
that

{((VxUWNFE go((vxd)fE)) |
(V, %) is a vector bundle chart for E and (U, ¢) is a chart for N
for which f(U) c VN Z(E)}

is a vector bundle atlas for f*E. We must verify the overlap conditions. We
simplify things by assuming another chart for N of the form (U, ¢') (i.e., the
domain is the same as the chart (U, ¢)) and a vector bundle chart for E of the
form (V, ') (again the domain is the same). These simplifications can always
be made by restriction if necessary. Since the charts (U, ¢) and (U, ¢') satisfy
the overlap conditions, it holds that

¢'edt: g(U) — &' (U)

is a diffeomorphism. Similarly, since (V,) and (V,%’) are vector bundle
charts,

Y o™ a,v) = (o(x), Az) - v)
where o: (VN Z(E)) — ¢'(VN Z(E)) is a diffeomorphism and A: (VN
Z(E)) — GL(k;R) is smooth.
Now we consider the two charts
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(VXU NFE go((¢ x 9)[f7E))
(VW N fE go((¥' x ¢)|fE))

for f*E, and show that they satisfy the overlap conditions. Let (v,y) € (V x
U) N f*E. We write

¥ x ¢(v,y) = ((f(y),v),y)
defining y € ¢(U) and v € R If f': ¢/(U) — ¢'(V N Z(E)) is the local
representative of f in the “primed” chart, then we may write

W x ¢ (v,y) = ((F (y),v),y)
defining ¥’ € ¢'(U) and v’ € RE. Since (U, ), (U,¢), (V,), and (V,?’)
satisfy the overlap conditions, we must have

Yy =¢op (y), v =(Aoa(y)) v

This shows that the overlap condition is indeed satisfied. [

S1.3.3 Ehresmann connections

In this section we introduce an important construction that can be associated
to a fiber bundle 7: M — B. We recall that VM = ker(T'7) is the vertical
subbundle of TM.

Definition S1.21 (Ehresmann connection). An Ehresmann connec-
tion on a locally trivial fiber bundle 7: M — B is a complement HM to
VM in TM, i.e., a subbundle of TM for which TM = HM & VM. We call HM
the horizontal subbundle. .

We also say that elements in VM are wertical and that elements in
HM are horizontal. We denote by hor: TM — TM the horizontal projec-
tion, and by ver: TM — TM the vertical projection. Note that, for each
r € M, Tyn[HM: HeM — T, )B is an isomorphism. We denote its in-
verse by hlft,: T;)B — HzM, which is called the horizontal lift. If

((zt,...,2™), (y*,...,y"~™)) are fiber bundle coordinates for M, then we
have 9 9 5
o () = 2+ Co L e (1)
eo\gga) = gga TCe@WZ e acd m}
This defines the comnection coefficients C¢, o € {1,...,n —m}, a €

{1,...,m}.

We next associate two important objects to an Ehresmann connection. In
order to define these, it is convenient to first give a general definition. For
k € N, we denote

TM >y xm TM = { (v1,...,0) € (TM)* | mpm(vy) = -+ = mrm(or) } -

k copies

With this notation, we have the following definition.
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Definition S1.22 (Bundle-valued differential form). Let p: E — M be
a C"-vector bundle, r € NU {oo} U {w}. An E-valued differential k-form
of class C" on M is a C"-map

w: TMxm---xmyTM —= E

k copies

with the property that, for each C"-section a of E*, the map that assigns to
X1,..., Xk € T"(TM) the C"-function

x = {a(z);w(X1(z),. .., Xk(x)))
is a C"-differential k-form (cf. the discussion at the end of Section 3.4.2). e

Now we define two bundle-valued differential forms associated to an Ehres-
mann connection.

Definition S1.23 (Connection and curvature form). Given an Ehres-
mann connection HM on a locally trivial fiber bundle 7: M — B,

(i) the connection form is the VM-valued differential one-form wpym de-

fined by
wym (vg) = ver(vy),
and
(ii) the curvature form is the VM-valued differential two-form Qum given
by

QHM(uxa /UCE) = _wHM([U7 V] (.’L‘))
where U and V are vector fields that extend u, and v,, respectively. e

One verifies that Qyy does not depend on the extensions. It is a straight-
forward exercise to see that Qum = 0 if and only if HM is integrable. In this
case, one says that the Ehresmann connection HM is flat.

S1.3.4 Linear connections and linear vector fields on vector
bundles

In this section we generalize the constructions of Section S1.2.3.

If 7: E — B is a vector bundle, then VE is isomorphic to the pull-back
bundle 7*7: 7*E — E whose fiber over e, € E is exactly 7—1(b). Thus the
projection ver associated with an Ehresmann connection HE may be thought
of as a map ver: TE — E. Further, we define a vector bundle isomorphism
vift: 7*E — VE by

vift(ép, eb) = % t=0(éb + tep)-

We adopt the standard notation and write vlfts, (ep) rather than vift(é, ep).
We now give an important class of Ehresmann connections on vector bun-

dles.
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Definition S1.24 (Linear Ehresmann connection). An Ehresmann con-
nection HE on a vector bundle n: E — B is linear if the vertical projec-
tion ver: TE — E is a vector bundle map with respect to the vector bundles
Trn: TE — TB and mre: TE — E, and if verovlft = mrg (where we think of
ver as being E-valued). o

One verifies that an Ehresmann connection is linear if and only if the
connection coefficients have the form Cg (@, u) = A%s(x)u’, a € {1,...,n —
m}, a € {1,...,m}, where (z,u) are vector bundle coordinates. This defines
local functions Agy, a, 8 € {1,...,n—m}, a € {1,...,m}, on the base space.

On vector bundles, one also has a distinguished class of vector fields.

Definition S1.25 (Linear vector field). Let X be a vector field on the
base space B of a vector bundle 7: E — B. A linear vector field over X is
a vector field Y: E — TE that is 7-related to X and that is a vector bundle
map that makes the following diagram commutative:

E—>TE
T
B—TB
[ )

In vector bundle coordinates (x,u), a linear vector field Y over X has the
form

0 0
_ ya a B
Y =X (@) + Vi@’ 5o (S1.5)
where X? a € {1,...,m}, are the components of X, and for some functions

Y, a,B€{l,....,n—m}.

Next we define a vector field “dual” to a given linear vector field Y over
X. We refer to [Kolaf, Michor, and Slovak 1993] for the fairly straightforward
details. The flow of a linear vector field is comprised of local vector bundle
isomorphisms of w: E — M. Thus, if 7*: E* — B is the dual bundle, and if v
is a linear vector field on E* over X, then we may define Y @ v as the linear
vector field on E @ E* whose flow is the family of vector bundle isomorphisms
given by the direct sum of those generated by Y and by v. We may define a
function fg on E@® E* by fe(es ® ap) = ap - €p.

Lemma S1.26 (Dual of a linear vector field). If Y is a linear vector
field over X on E, then there exists a unique linear vector field over X on E*,
denoted by Y* and called the dual of Y, with the property that Ly ¢y- fg = 0.

In vector bundle coordinates (x, p) for E*, if Y is as given by (S1.5), then
0 0

(o3

Y* = Xa(w)% — Yﬂ (Cﬂ)paaipﬁ
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Of course, when E = TM and Y = X7, we see that Y* = X7, consistent
with Remark S1.14.

Using the dual of a linear vector field, one can define the dual of a linear
connection [KoldF, Michor, and Slovék 1993, Section 47.15].

Lemma S1.27 (Dual of a linear connection). If HE is a linear connection
on a vector bundle w: E — B, then there exists a unique linear connection HE*
on the dual bundle 7w*: E* — B that satisfies the property

hift(X)* = hift* (X), (S1.6)
where X is a vector field on B, hlft is the horizontal lift associated with HE,
and hlft* is the horizontal lift associated with HE*.

If Agﬁ(w)uﬁ, ac€{l,...,n—m}, a€{l,...,m}, are the connection coef-
ficients for HE in vector bundle coordinates (x,u), then the connection coef-
ficients for HE* in the dual vector bundle coordinates (z, p) are —A(x)?, pgs,
ac{l,....m},ae{l,...,.n—m}.

S1.3.5 The Ehresmann connection on wrym: TM — M associated
with a second-order vector field on TM

Let us define the notion of a second-order vector field.

Definition S1.28 (Second-order vector field). A vector field S on TM is
second-order if TmryeoS =idy. .

One can readily verify that a vector S is second-order if and only if, in
natural coordinates for TM, the local representative of S is

0 ; 0
=" n v e 1
S=w py +S (m’v)év" (S1.7)
where S¢, i € {1,...,n}, are smooth functions of the coordinates. For a

second-order vector field S on TM, we define an Ehresmann connection on
mm: TM — M as follows [Crampin 1983]. Recall from Section S1.2.6 the
canonical endomorphism Jy on TM. One may verify that the kernel of the
vector bundle map ZsJu: TTM — TTM is a subbundle complementary to
VTM = ker(T7rm). We denote this complementary distribution, which is thus
an Ehresmann connection, by HTM. One then verifies that a local basis for
HTM is given by the vector fields

g\ 0 1087 0
5‘xi) - Oxt + 2 vt Quvi’
where the functions S%, i € {1,...,n}, are as in (S1.7).

This Ehresmann connection gives a splitting of T,,, TM into a horizontal
and a vertical part. The horizontal part is isomorphic to T,M via hlft,, , and
the vertical part is isomorphic to T,M in the natural way (it is the tangent
space to a vector space). Thus we have a natural isomorphism T, TM ~
T,M & T,M, and we adopt the convention that the first part of this splitting
will be horizontal, and the second will be vertical.

hlft( ief{l,...,n}, (SL.8)



S1.3 Ehresmann connections induced by an affine connection S21

S1.3.6 The Ehresmann connection on wrq: TQ — Q associated
with an affine connection on Q

If S is the geodesic spray defined by an affine connection V on Q, then we
may use the construction of the previous section to provide an Ehresmann
connection on 7rq: TQ — Q. One further verifies that, in local coordinates,
a basis for HTQ is given by

G W VRS
oq°
This defines “hlft” as the horizontal lift map for the connection we describe
here. We shall introduce different notation for the horizontal lift associated
with the other Ehresmann connections we define. We also denote by “vift”
the vertical lift map associated with this connection. Note that we have
S(vg) = hlft,, (ve). Also note that this splitting T,, TQ ~ T,Q & T,Q ex-
tends the splitting of Lemma 6.33 away from Z(TQ). We depict the situation
in Figure S1.1 to give the reader some intuition for what is going on.

hlft( iefl,...,n}.

T

TeQ :‘/qQ—Vvq TQ (canonical)

Ho, TQ (canonical) — b T,,TQ

\ Vo, TQ (canonical)

Figure S1.1. A depiction of the Ehresmann connection on nrq: TQ — Q associated
with an affine connection on Q

The Ehresmann connection HTQ defines a connection form wpyrq and a
curvature form Qurq, just as in Section S1.3.3. It will be useful to have a
formula relating QnTtq to the curvature tensor R and the torsion tensor 1" for
V. As far as we are aware, this result does not appear in the literature.

Proposition S1.29 (Curvature form for Ehresmann connection asso-
ciated to an affine connection). Let V be an affine connection on Q and
let Qurq be the curvature form for the associated Ehresmann connection on
m1qQ: TQ — Q. The following formula holds:
Qurq(hlft,, (ug), hlft,, (wg)) = Vifty, (R(ug, we)vg — 3(Vu, T)(we, vg)
+ %(quT)(uqﬂ}q) - %T(T(uq, wq)’vq)
+ i(T(T(quq)awq) - T(T(quvq)vuq)))-
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In particular, if V is torsion-free, then
Qurq(hlfty, (ug), hlft,, (we)) = Vifty, (R(ug, wq)vy).

Proof. The most straightforward, albeit tedious, proof is in coordinates. Let
U and W be vector fields that extend u, and wq, respectively. A computation
yields

oqt oq’ gk OqF

1/ . , ) .
5 (Do + T + i U7 + T I

ore, ori.  ori, ore
ver([hlft(U), hlft(W)]) = %( Ik kot Tl

o

= D}l = Dl = D T — D T ) ) U W

km* 54

One now employs the coordinate formulae for T' and R (see Section 3.9.6),
and the coordinate formula for VT (see Section 3.8.3) to directly verify that

ver([hlft(X), hlft(W)])(v,)
= lfty, (R(wg, uq)vg + R(wq, vg)tq + R(vg, ug)wg
+ (Vo T)(wq, ug) + 5T(T (ug, vq), wq) + 5T(T(vg, wg), uq)-

The result may now be proved using the first Bianchi identity,

Z (R(Xo(1), X0(2) Xo(3))
oc€S3

=Y (T(T(Xo), Xo(2)): Xo3) + (Vx, 0, 1) (X2 Xo(3))
o€S3

that is proved as Theorem 2.5 in Chapter III of [Kobayashi and Nomizu 1963,
volume 1]. |

Recall that the affine connection V has associated with it an Ehresmann
connection on 71q: TQ — Q that provides a natural isomorphism of T, TQ
with T,Q @ T,Q as in Section S1.3.5. This in turn provides an isomorphism
of T;’jq TQ with TZQ D TZQ. In coordinates the basis

, 1 A .
d¢, dvz—i—i(F;k—i—sz)vkdqj, ie{l,...,n}, (S1.9)

is adapted to this splitting in that the first n vectors form a basis for the
horizontal part of T:q TQ, and the second n vectors form a basis for the vertical
part.
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S1.3.7 The Ehresmann connection on wr«q: T*Q — Q associated
with an affine connection on Q

We can equip the cotangent bundle of Q with an Ehresmann connection in-
duced by V. We do this by noting that the Ehresmann connection HTQ in-
duced by an affine connection is a linear connection. Thus, we have an induced
linear connection HT*Q on mr+q: T*Q — Q whose horizontal lift is as defined
by (S1.6). A coordinate basis for the HT*Q is given by

9] 0 1, ; 0

hlft* (

Note that hlft* denotes the horizontal lift for the Ehresmann connection on
mr+qQ: 1°Q — Q. The vertical subbundle has the basis

Vlft*(dqi) = ie{l,...,n}

0
Opi ’
that, we remark, defines the vertical lift map vIft*: T;Q — VaqT*Q.

S1.3.8 The Ehresmann connection on wrrg: TTQ — TQ associated
with an affine connection on Q

In this section we induce a connection on 7r1q: TTQ — TQ using a second-
order vector field as described in Section S1.3.5. We do not yet have a second-
order vector field on TTQ), so let us set about producing one from the geodesic
spray S. Note that ST is a vector field on TTQ, and we may determine its
coordinate expression in natural coordinates ((x,v), (u,w)) to be

or:, S L 9
Jk k, ¢ ) k i k
- ( o vo"u” + Tyw? o™ + T v )% (S1.10)

This vector field is “almost” second-order. To make it second-order, we use
the canonical involution Iq: TTQ — TTQ described in Section S1.2.5 and the
following lemma.

Lemma S1.30. IESST is a second-order vector field on TTQ.

Proof. A simple computation, using the coordinate expressions for Iq and ST,
gives

9 . o
T
155 = UZ aql + wlw — F;-kuju ?

O, e i e ey D
— (que vl u” 4 T uw? + T u w])w (S1.11)

which verifies the lemma. [ ]
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Now we may use the procedure of Section S1.3.5 to produce a connection
on mr1Q: TTQ — TQ. Let us denote this connection by H(TTQ). Note that
this connection provides a splitting

Tx, TTQ~T, TQ® T, TQ (S1.12)

for X, € T, TQ. Also, the connection HTQ on 7rq: TQ — Q described in
Section S1.3.6 gives a splitting T%TQ ~ T,Q & T,Q. Therefore, we have a
resulting splitting

Tx, TTQ=TQeT,QeT,Qa T,Q. (S1.13)

In this splitting, the first two components are the horizontal subspace and the
second two components are the vertical subspace. Within each pair, the first
part is horizontal and the second is vertical.

Let us now write a basis of vector fields on TTQ that is adapted to the
splitting (S1.13). To obtain a coordinate expression for a basis of this connec-
tion, we use the coordinate expression (S51.11) for I{SST. We write a basis that
is adapted to the splitting of T, TQ. The resulting basis vectors for H(TTQ)
are

hlftT(a% - %(r{k + Fii)vk%) — a(zi - ;( e+ Tt o
_ %([‘gk + F{ﬂ)uk% — ;(%ng ulvk + %I(‘]%uzvk + (T, + T )w”
ST TR, A T a5 e {1 ),
hlftT(aii) = % — %(F{k + Fii)uk%7 ie{l,...,n},

with the first n basis vectors forming a basis for the horizontal part of
Hx,, (TTQ), and the second n vectors forming a basis for the vertical part
of Hx, (TTQ), with respect to the splitting Hx, (TTQ) =~ T,Q & T4Q. Note
that we use the notation hift” to refer to the horizontal lift for the connection
on mr1q: 1TQ — TQ. We also denote by viftT the vertical lift on this vector
bundle.

We may easily derive a basis for the vertical subbundle of mr1q: TTQ —
TQ that adapts to the splitting of TvqTQ ~ T,Q® T,Q. We may verify that
the vector fields

0 1, , )
T2 _ VR
Vit (3qi 2(Fik+rki)v (%j)
_ 9 L piyke 9 .
= oul Q(Fik+rki)v Jwi’ ie{l,...,n},
0 0
VlftT(aUz) = ui’ ie{l,...,n},

have the property that the first n vectors span the horizontal part of V Xog TTQ,
and the second n span the vertical part of V Xug TTQ.
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Remarks S1.31. 1. The construction in this section may, in fact, be made
with an arbitrary second-order vector field. That is, if S is a second-order
vector field on TQ, then IgST is a second-order vector field on TTQ.
This second-order vector field then induces a connection on mrrq: TTQ —
TQ. Clearly then, this construction can be iterated, and so provides a
connection on the kth tangent bundle mr(tr-1q): TFQ — T*~'Q for each
k > 0. This then provides an isomorphism of TxT*~'Q with the direct
sum T,Q & --- & T,Q of 2k copies of T,Q where X € T*1Q and ¢ =
TTQ®©° * - Oﬂ'TTk—lQ(X).

2. The vector field I[SST is the geodesic spray of an affine connection on TQ.
Thus we see how, given an affine connection on a manifold Q, it is possible
to derive an affine connection on the kth tangent bundle TEQ for k > 1.

3. The vector field I(SST is the geodesic spray of the affine connection on
TQ that Yano and Ishihara [1973] call the “complete lift” of the affine
connection V on Q. Given that we are calling X7 the tangent lift of a vector
field, let us also call VT the tangent lift of V. This affine connection is

defined as the unique affine connection V7 on TQ that satisfies Vi, Y7 =

(Vv XY)T for vector fields X and Y on Q. Yano and Ishihara also show that
the geodesics of V7' are vector fields along geodesics of V. They further
claim that these vector fields along geodesics are in fact Jacobi fields. This
is indeed true as our results of Section S1.3.10 show, but the proof in
Yano and Ishihara cannot be generally correct as, for example, the Jacobi
equation they use lacks the torsion term that the actual Jacobi equation
possesses. We shall have more to say about this in Remark S1.35. .

S1.3.9 The Ehresmann connection on wr=1q: T*TQ — TQ
associated with an affine connection on Q

As the tangent bundle of TQ comes equipped with an Ehresmann connection,
so too does its cotangent bundle. To construct this connection, we note that
the connection H(TTQ) on mrrq: TTQ — TQ is a linear connection, and
thus there is a connection naturally induced on mr«1q: T*TQ — TQ whose
horizontal lift is as defined by (S1.6). We denote this connection by H(T*TQ),
and note that it provides a splitting

Ta,, TTQ~T,TQ® T, TQ

for Avq € T*TQ. In turn, the connection of Section S1.3.6 on mrq: TQ — Q
gives a splitting T,,, TQ~T,Q® T,Q, and so also a splitting TiqTQ ~ TZQ @
T5Q. This then provides the splitting

Ta, TTQ=2T,QeT,QeT,Qe T,Q.

The first two components of this splitting are the horizontal part of the sub-
space, and the second two are the vertical part. For each pair, the first com-
ponent is horizontal and the second is vertical.
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Let us now write a basis for vector fields on T*TQ that is adapted
to the splitting we have just demonstrated. We use natural coordinates
((g,v), (e, 3)). First we determine that a basis for the horizontal subbun-
dle is

bite™ (o = 50+ ThI 5 ) = o — T+ T o
;(%Eé’“vfﬁj 6F’“ VB + (D), + Th)ay
- T, T, ) T 5) 5
+;( I+ )@aﬂ i€{l,...,n},
hlftT*(a‘zi) 6‘91 5T+ 1] )@%7 ie{l,...,n}.

The first n basis vectors span the horizontal part of Hy, T*TQ, and the second

n vectors span the vertical part. We have introduced the notation hift” to
refer to the horizontal lift map on the bundle mr«1q: T*TQ — TQ, and we
shall denote the vertical lift map by vift”

One may also write a basis for V(T*TQ) = ker(T'mr-71q) that is adapted
to the splitting of T}, TQ. We use (S1.9) to provide a basis

vift?" (dg) = 8?)[47 ie{l,...,n},

vife? (dv += (rlk+r v kdqj)

8 0
= — I‘Z I‘ k. € {1,...,n},
in which the first n vectors are a basis for the horizontal part of Vu, T*TQ,
and the second n are a basis for the vertical part.

S1.3.10 Representations of ST and ST~

In the previous sections we have provided local bases for the various con-
nections we have constructed. With these local bases in hand, and with the
coordinate expressions (S1.10) and (S1.17) (see below) for ST and ST, it is a
simple matter to determine the form of S*(X,, ) and S T* (Ay,) in these split-
tings, where X, € TTQ and A, € T*TQ. Let us merely record the results of
these somewhat tedious computations.

First we look at ST. In this case, recall that the connection H(TTQ) on
mr7Q: T TQ — TQ and the connection HTQ on m1q: TQ — Q combine to give
a splitting
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Tx, TTQ~T,Q8T,Qae T,Qe T,Q,

where X, € TvqTQ. Here we maintain our convention that the first two
components refer to the horizontal component for a connection H(TTQ) on
mr1Q: TTQ — TQ, and the second two components refer to the vertical com-
ponent. Using the splitting (S1.12) let us write X,, € T,, TQ as u,, ® w,, for
some 1, , w,, € T,Q. Note that we depart from our usual notation of writing
tangent vectors in T,Q with a subscript of ¢, instead using the subscript v,.
This abuse of notation is necessary (and convenient) to reflect the fact that
these vectors depend on where we are in TQ, and not just in Q. A compu-
tation verifies the following result, where Qyt1q is the curvature form for the
connection HTQ.

Proposition S1.32 (Representation of tangent lift of geodesic spray).
The following formula holds:

ST(uvq @ ’qu) = v, ® 0wy, ® (_QHTQ (hlftvq (uvq), hift,,, (’Uq)))

In writing this formula, we are regarding Qyrq as taking values in V,, TQ ~
T,Q.

We may use this representation of ST to obtain a refined relationship
between solutions of the Jacobi equation and integral curves of ST. To do
so, we first prove a simple lemma. We state a more general form of this
lemma than we shall immediately use, but the extra generality will be useful
in Supplement 4.

Lemma S1.33. Let Y be a LIC®™ -vector field on Q, suppose that v: I — Q is
the LAD curve satisfying V. yy'(t) =Y (t,7(t)), and denote by T: I — TQ
the tangent vector field of ~ (i.e., Y ='). Let X: I — TTQ be an LAC
vector field along Y, and denote X (t) = X1(t) ® Xa(t) € T,(»nQ@® T,1)Q ~
Ty TQ. Then the tangent vector field to the curve t — X(t) is given by
Y (@) DY (t,v(t) & X1(t) ® Xa(t), where

Xi1(t) = Vi Xa(t) + 5T(X1(1),7' (1)),
Ka(t) = Voo Xa(t) + 3T(Xa (), (1)).
Proof. In coordinates, the curve ¢t — X(t) has the form
(' (1), 47 (£), X7 (£), X5(t) = 5T, + Tp)d™ (8) X7 (1))
The tangent vector to this curve is then given a.e. by

1005 gy 100 e
2 dq° L9 gt !

! o b .0 .
P (YT, 7 ¢F) — + XTI — + (Xi—
qaqz+( quq )8U1+ 18U7'+( 2
0
owt’

Lomi i 0omyyd _ Lo i\ sk i
= S (U T = T d!d™) X = S(T + T )i X))
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A straightforward computation shows that this tangent vector field has the
representation

V() @Y (1) @ (Vi Xa(t) + 5T(X1(1),7' (1))
@ (Vi Xa(t) + 3T(Xa(1),7' (1)),

which proves the lemma. [ ]

We may now prove our main result that relates the integral curves of ST
with solutions to the Jacobi equation.

Theorem S1.34 (Relationship between tangent lift of geodesic spray
and Jacobi equation). Let V be an affine connection on Q with S the
corresponding geodesic spray. Let v: I — Q be a geodesic with t — Y(t) £
7'(t) the corresponding integral curve of S. Let a € I, u,w € T,)Q, and
define vector fields U;W: I — TQ along v by asking that t — U(t) ® W (t) €
T, ) Q®Ty1)Q = Ty TQ be the integral curve of ST with initial conditions
udw € Tya)QD Ty)Q = Ty)TQ. Then U and W have the following
properties:
(i) U satisfies the Jacobi equation

V3oU®) + RUE),Y () (1) + Vo (TU ),y (1)) = 0;

(it) W(t) = Voyy)U(t) + 3TU(1),7' (1))
Proof. Throughout the proof, we represent points in TTQ as the direct sum
of tangent vectors to Q using the connection on 7m1q: TQ — Q induced by
V. The tangent vector field to the curve ¢ — U(t) & W(¢) at t must equal
ST(U(t) ® W(t)). By Lemma S1.33 and Proposition S1.32, this means that
VoywUt) =W(t) = 3T(U(),7 (1)),

VW) = — Qura(blfty o (U(1)), Blftys o (+(1))) — ST(W (1), (1).
(S1.14)
The first of these equations proves (ii). To prove (i), we covariantly differ-
entiate the first of equations (S1.14). This yields, using the second of equa-
tions (S1.14),

V2 U (t) = =Qura(hlfty ) (U (t)), ity ) (v (1))
— LT(W(),7 (1) = 2V (TUE), 7 (1)) (SL.15)
Now we see from Proposition S1.29 that
— Qurq(hlfty () (U(¢)), hlft, ) (V' (1)) = —R(U (), (1)) (t)
(VDU ). (0) + ST @U@, (1) (1). (51.16)

Combining (S1.15), (S1.16), and the first of equations (S1.14) shows that U
the Jacobi equation. [
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Remark S1.35 (Comments on the tangent lift of an affine connec-
tion). Let us follow up on Remark S1.31-3 by showing that geodesics of V7
are indeed Jacobi fields. By Lemma S1.30, integral curves of S7 and of the
geodesic spray for VI are mapped to one another by the involution Iq. Given

1. the representation t — U(t) © W(t) of integral curves of ST as in Theo-
rem S1.34,

2. the Ehresmann connection on 7rq: TQ — Q described in Section S1.3.6,
and

3. the coordinate expression for Iq,
one verifies that the geodesics of V7 are exactly the vector fields ¢ — U(t)

along geodesics as described in Theorem S1.34. But these are simply Jacobi
fields according to the theorem. °

Now let us look at similar results relating to S7". First we give the coor-
dinate formula for this vector field in natural coordinates ((z,v), (e, 3)) for
T*TQ:

0 . o  ori, B
T _ S A k : j, ..k
S v aq JIR 50 + B v ﬂé@ai
— (o~ D0 — T ) 2. (S117)

9B

To provide the decomposition for ST~ , we need an extra bit of notation. Fix
vy € T,Q and note that, for u, € T,Q, we have Qurq(hlft,, (uq), hift,, (v,)) €
V,, TQ ~ T,Q. Thus we may regard u, +— Qurq(hlft,, (ug),hlft, (v,))
as a linear map on T,Q. Let us denote the dual linear map by 3, —
Qirq(Vifty, (B,), hift, (vg)). The reason for this odd choice of notation for
a dual linear map will become clear shortly.

We need more notation concerning the curvature and torsion tensors R
and T'. For ugq,vq € T,Q and oy € TZQ, define R*(ay, uq)vq € TZQ by

(R* (g, ug)vg; we) = (ag; R(wg, ug)vy), wq € TqQ,
and similarly define T*(ag,uq) € T;Q by
(T (g, uq);wg) = (ag; T'(wg, uq)), wq € T4Q.

With these tensors defined, we say that a covector field a: I — T*Q along a
geodesic v: I — Q of V is a solution of the adjoint Jacobi equation if

V3 alt) + R (a(t),7' ()7 (t) = T* (Vo walt), 7 () = 0,

fort e I.

Now let us recall the splittings associated with the connection H(T*TQ)
on mr+1q: 1*TQ — TQ that is described in Section S1.3.9. For Avq € T:q TQ
we have
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Ta, T'TQR=TQaeT,QaT,QaT,Q.

We then write A, € TjquQ as ay, & By, for some oy, By, € T;Q, where we
again make an abuse of notation. This then gives the following formula for
ST" with respect to our splitting.

Proposition S1.36 (Representation of cotangent lift of geodesic
spray). The following formula holds:

ST (a, ® Bu,) = v ® 0@ (Yirq(Vifts, By, ), hlfty, (v))) & (—au,)-

To demonstrate the relationship between integral curves of S7" and so-
lutions to the adjoint Jacobi equation, we have the following analogue to
Lemma S1.33.

Lemma S1.37. Let Y be a LIC*™ -vector field on Q, suppose that v: I — Q is
the LAD curve satisfying V' (t) = Y (t,7(t)), and denote by T: I — TQ
the tangent vector field of ~ (i.e., Y =~'). Let A: I — T*TQ be an LAC
covector field along Y, and denote A(t) = A'(t) ® A%(t) € Qe T, Q~
T*}(t)TQ, Then the]fangemf~ vector field to the curve t — A(t) is given by
Y @) DY (t,7(t)) ® AL (t) @ A%(t), where

AL t) = VAl () = 5T (AN (1), 7' (1)),

A*(t) = Vo A(8) — 5T (A*(1), /(1)

Proof. In coordinates the curve ¢t — A(t) has the form
(' (1), ¢’ (1), A(8) + 5 (T + T4 (AT, (1), AT (1))

The tangent vector to this curve is then given by

0 N ., 1or! 100
-7 i Vi T g -k i (Al - ik 0 kAQ - ki € kA2
qaqz+( quQ)aUer Z+23qe J+28qé j
1 Nk ok camaa2 Lo okaz) 9 i2 0
+ §(FZk + T, (Y =T4,.4q JAS + Q(FZk +17,)d Aj) Jor, +A; 3

A straightforward computation shows that this tangent vector field has the
representation

V() BY (t,7() & (VoA () — 3T (A (1),~(1)))
& (Vo A*(t) — 3T (A*(1),7' (1)),
which proves the lemma. [ |

We may now prove our main result that relates the integral curves of ST~
with solutions to the adjoint Jacobi equation.
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Theorem S1.38 (Relationship between cotangent lift of geodesic
spray and adjoint Jacobi equation). Let V be an affine connection on Q
with S the corresponding geodesic spray. Let v: I — Q be a geodesic with
t — Y(t) & 4'(t) the corresponding integral curve of S. Let a € I, let
0, ) € Tf/(a)Q, and define covector fields ©,A: I — T*Q along v by ask-
ing that t — O(t) ® A(t) € T:(t)Q &) T:(t)Q ~ Tfr(t)TQ be the integral curve
of ST™ with initial conditions 0 ® )\ € T:(G)Q @ T:(G)Q ~ Tfr(a)TQ. Then ©
and A have the following properties:
(i) A satisfies the adjoint Jacobi equation

V3 oA + R (M), ()7 (t) = T* (Vo A1), 7' (1) = 0;

(i1) O(t) = =VryAlt) + 3T (A(), 7' (1))

Proof. Throughout the proof, we represent points in T*TQ as the direct sum
of cotangent vectors to Q using the connection on 7wr-q: T*Q — Q induced
by V. The tangent vector field to the curve t — O(¢) ® A(t) at ¢ must equal
ST"(O(t) @ A(t)). By Lemma S1.37 and Proposition S1.36, this means that

Vo (0yO(t) = Qirg (vt (1) (A1), hlft () (v (1)) + 3T7(O(t), 7 (1)),
Vo A(t) = — (1) + 1T (A1), 7/ (1),
(S1.18)
The second of these equations proves (i). To prove (ii) we covariantly differ-
entiate the second of equations (S1.18). This yields, using the first of equa-
tions (S1.18),

V2 A(t) = —Drq(hlfty o) (A1), hlft () (4 (2))) — 5T(O(1),7'(¢)
+ 5 (VT AW, Y (1) + 5T (Vo A1), (1) (S1.19)

Now we see from Proposition S1.29 that

Uirq (vt (o) (A (1)), bty ) (v(1))) = R*(A(E), 7' ()'(t)
+5(VorTA®), Y (1) — 37T (A1), (1),7'().  (S1.20)

Combining (S1.19), (S1.20), and the second of equations (S1.18) shows that
A satisfies the adjoint Jacobi equation. ]

Remarks S1.39. 1. Note that the adjoint Jacobi equation, along with the
geodesic equations themselves, of course, contains the non-trivial dynam-
ics of the Hamiltonian vector field S7". Note also that the Hamiltonian
in our splitting of T*TQ is simply given by a,, ® By, — u, - v4. Thus,
while the Hamiltonian assumes a simple form in this splitting, evidently
the symplectic form becomes rather complicated. However, since the Max-
imum Principle employs the Hamiltonian in its statement, the simple form
of the Hamiltonian will be very useful for us.
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2. We may express the content of Proposition S1.13, in the case when the
vector field in question is the geodesic spray, as follows. We use the no-
tation of Propositions S1.32 and S1.36. Let u,, © w,, € T,,TQ and
v, ® Pu, € T, TQ. Let ver(ST (u,, ® w,,)) be the vertical part of
ST (uy, ® w,,) that we think of as a vector in T,Q & T,Q. In a similar
manner, we think of ver(ST (e, ® B,,)) as a vector in T, Qe T,Q. A
straightforward computation shows that

<ver(ST* (o, B Bo,)); o, BWy, ) + (0, ® Bo,; ver(ST (uy, Bw,,))) =0. o
The Jacobi equation and the adjoint Jacobl equation have a closer rela-

tionship when V is the Levi-Civita connection V associated to a Riemannian
metric G. We have the following result.

Proposition S1.40 (Adjoint Jacobi equation for Levi-Civita affine
G
connection). Let G be a Riemannian metric on Q with V the Levi-Civita

G
affine connection. If v: I — Q is a geodesic of V, then a covector field
A: I — T*Q along v is a solution of the adjoint Jacobi equation if and only
if the vector field G o\ along ~y is a solution of the Jacobi equation.

G
Proof. Using the fact that VG = 0, we compute
V2,0 G A1) = GH(T2, AD). (s1.21)
Now, using the relation
G(R(X3,X4) X2, X1) = G(R(X1, X2) X4, X3),

X1, X5, X3,X4 € T*°(TQ), (this is proved as Proposition 1.2 in Chapter V
of [Kobayashi and Nomizu 1963, volume 1]), and, for u € T.+)Q, we compute

(R, ()7 (1)) = (A(£); R(u, ' (£))Y' (1))
= G(R(u, 7' ()7 (1), G*(A(1)))
= G(R(G*(A(®)),7' ()Y (1), )
=(G"(R(GH(A()), 7' (1)) (1)); ).
This implies that
GH(R* (A1), 7' ()7 (1) = R(GF(A()), ' ()Y (1). (S1.22)
Combining (S1.21) and (S1.22) gives

V30 GHAM) + REHAWD), ' (1) (1)
= GH (V3 A®) + B (A1), 7 ()7 (1)

G
and the result now follows since V is torsion-free, and since G¥ is a vector
bundle isomorphism. [
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S1.3.11 The Sasaki metric

When the constructions of this section are applied in the case when V is the
Levi-Civita affine connection associated with a Riemannian metric G on Q,
there is an important additional construction that can be made.

Definition S1.41 (Sasaki metric). Let (Q,G) be a Riemannian manifold,
and for vy, € TQ, let TUqTQ ~ T,Q® T,4Q denote the splitting defined by the

affine connection V. The Sasaki metric is the Riemannian metric GT on
TQ given by
GT(u})q ® wiq,u%q ® wgq) = G(ul ,uf,q) + G(wiq, wgq) .
The Sasaki metric was introduced by Sasaki [1958, 1962]. Much research
has been made into the properties of the Sasaki metric, beginning with the
work of Sasaki who studies the curvature, geodesics, and Killing vector fields
of the metric. Some of these results are also given in [Yano and Ishihara 1973].
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Controllability

This supplement provides extensions to some of the controllability results
given in Chapter 7 of the text. In the first two sections, we extend the con-
trollability results of Sections 7.3.2 and 7.3.3 to systems with external forces.
We consider two special cases: a basic external force and an isotropic Rayleigh
dissipative force. The third section in the supplement provides some control-
lability results in the presence of symmetry.

S2.1 Accessibility and controllability of systems with a
basic external force

In Sections 7.3.2 and 7.3.3 we considered the accessibility and controllability
of affine connection control systems, which model simple mechanical control
systems without external forces, potential or otherwise, and possibly with con-
straints. In this section we consider the possibility of adding to such systems
a basic external force. Thus we consider the external force supplied by a cov-
ector field F' on Q to give a forced simple mechanical control system of the
form (Q,G,V,F,D,.% = {F!,...,F™},U). For such a system, let us define a
vector field Y on Q by Y (q) = Pn(G(q)*(F(q) — dV(g))), and let us denote
Y, = Pp(G*(F%)), in the usual way. Then the governing equations for this

system are
m

v (t Zu )+ Y (y(2)). (S2.1)

These are the equations for a forced affine connection control system
(Q,V,Y,D, % ,U). With the preceding discussion providing mechanical mo-
tivation, in this section we work with a general forced affine connection con-
trol system, with a basic external force. Corresponding to this is the control-
affine system (M = TQ, %% = {fo = S+ vift(Y), f1 = vIft(Y1),..., fm. =
vift(Y;,)}, U), where S is the geodesic spray for the affine connection V. We
suppose the data to be analytic in this section.
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S2.1.1 Accessibility results

To describe the accessibility of the system (S2.1) is not as elegant a mat-
ter as it is in the case when Y = 0. Indeed, all we can do is provide an
inductive algorithm for determining two sequences of analytic distributions,
denoted by fo))r(@/, Y) and GS,’;Q(@, Y), k € N, and defined in Algorithm S2.1.
To really understand the algorithm requires delving into the proof of Theo-

Algorithm S2.1.

Foric Z', do
For B’ € Br(¥(¢') primitive, do
If [B],, ;1 = 0, then
If B € Br_1(¢’), then
U ez (@,Y),, where vy (B') = Ogy & U
else
U € el (#,Y)q, where Evg2 (B') = U ® Oy
end
else
If B’ has no components of the form [£), £,41], then
Compute B(B') € Br(¢) by replacing every occurrence of & and &, 1
in B’ with & and by replacing every occurrence of £, in B’ with &,, for
ae{l,...,m}.
Let L(B') = 0.
For B” € S(B(B')) N (Br-1(¢') UBro(¢")), do
Write B” as a finite sum of primitive brackets in Br(¢’) by Lemma B.2.
L(B') = L(B') + B"
end
If B € Br_1(¢'), then

L, ’
U ez (@, v),, where Evo. (L(B')) = 04 & U

else
U € e/ (#,Y)q, where Evg > (L(B') = U & 0
end
end
end
end
end
end

rem S2.2. Let us provide a guide so that the reader will be able to use the
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algorithm with a minimum of excursions into the details of the full proof.
The algorithm uses two sets of indeterminates, & = {&,&1,...,&n} and
& =1{&,&1,. ., &m,Emat}, defining the free Lie algebras Lie(¢) and Lie(¢').
These indeterminates correspond to the families of vector fields

Cx = {S + VIft(Y), vift(Y1),..., vIft(Yn) },
G = {S, V(Y1) . . ., V(Y ), VIEE(Y)},

respectively, on TQ. The algorithm also uses the notation S(B), for B € Br(&),
and this notation is explained in the preamble to the first lemma in the proof
of Theorem S2.2. By understanding this minimum of notation, it should be
possible to follow through Algorithm S2.1, and so compute ek (#,Y), k eN,

hor

and G&EZ(@ ,Y), k € N. To illustrate the algorithm, let us provide generators
for the first few terms in the sequences el (#,Y) and GE,@(@, Y), keN:

hor

Gﬁlo)r #,Y) is generated by {Y1,..., Y},

(
) (#,Y) is generated by {Y1,...,Y,,, Y},
e (#,Y) is generated by { (Y, : Y3) | a,be{1,...,m}}

hor

U{[Ye, V]| a,be{l,....m}}U{2(Yo:Y)+[Ya,Y]| a€{l,...,m}},
C2 (#,Y) is generated by {(Y, : V)| a,b e {1,...,m}}

ver

U{Y,:Y)| ac{l,...,m}}.

It would be interesting to be able to derive an inductive formula for genera-
tors for GE,’Z%(@ ,Y) and Gl(f))r(@ ,Y'). However, such an inductive formula is not
presently known. It would also be interesting to have a geometric interpreta-
tion for these distributions, along the lines of Theorem 3.108. Again, no such
geometric description is presently known. For the objective of studying the
controllability of certain multibody systems, Shen [2002] computes generators
for Gfl?r(@/, Y') and a subset of the generators for Gl(jt)r(@, Y).

The smallest analytic distribution containing each Gl(j?r(@ JY), ke N, is
denoted by €% (%, V), and €\ (#, V) is similarly defined (cf. Lemma 3.94).

With this notation, we have the following result, recalling from Lemma 6.34
the natural decomposition of ThoQ as the direct sum T,Q @ T,Q.

Theorem S2.2 (Accessibility of affine connection control systems
with a basic external force). Let ¥ = (Q,V,Y,D, %) be an an-
alytic forced affine connection pre-control system with Y basic, and let
G = {S+VIL(Y), VIt (Y1), . .., VIft(Y;) }. The distributions C°°)(%,Y) and
ei‘;i)(@,y) defined by Algorithm S2.1 satisfy

Lie™) (@5 )o,, = Co (F,Y )go ® CL(Z,Y )y, € TQ® TgoQ = T, TQ.

Oqo hor ver

In particular, the following statements hold:
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(i) ¥ is accessible from qo if and only if C’\(,Z?)(@,Y)qo = Dy, and
el(li;)(@’y)QO =TqQ;

(ii) 3 is configuration accessible from qo if and only if fo:i)(@,Y)qo =
T4 Q.

Proof. An outline of the proof we give is as follows.
1. In the proof we deal with two free Lie algebras:
(a) one is generated by indeterminates & = {&p,&1,...,&y,} that are

in correspondence with the family of vector fields ¢ = {S +
vitt(Y), vift(Yr), ..., viit(Yi) };

(b) the other is generated by the indeterminates ¢ =
{£0,€1: - &, &yt that are in correspondence with the fam-
ily of vector fields 6% = {5, vift(Y1), ..., vift(Y,), vIft(Y)}.

We provide a systematic way of relating these free Lie algebras using the

structure of the Lie algebra generated by %x.

2. We recall from the proof of Theorem 7.36 the structure of the Lie algebra
generated by €%. The important fact is that one need only compute what
we call “primitive” brackets, and these are evaluated in terms of brackets
and symmetric products of the vector fields {Y7,..., Y, Y}.

3. We then use the relationship between £ and &' to arrive at a form for
Lie™) (%%).

Let & = {£0,&1,---,&m}. We formally set & = &) + &1 and & = &,
for a € {1,...,m}. This corresponds to the relationship between the families
of vector fields 6y, and %5. We may now write brackets in Br(€) as linear
combinations of brackets in Br(¢’) by R-linearity of the bracket. We may, in
fact, be even more precise about this. Let B € Br(£). We define a subset,
S(B), of Br(¢') by saying that B’ € S(B) if each occurrence of &, in B is
replaced with &, for a € {1,...,m}, and if each occurrence of & in B is
replaced with either &, or &), ;. An example is illustrative. Suppose that

B = [[507511]’ [Ebv [50750]]]
Then
S(B) = {[[g(l)v 51/1]7 [gllw [gév gém’ [[56) f;]v [gllﬂ [§;n+1’ 52]]],
[[£;n+17 6;]7 [gl/)’ [5{)7 gémv [[£;n+1’ 5(/1]’ [gl/)’ [fjnJrlv 52]]]}

Now we may precisely state how we write brackets in Br(&).

Lemma. Let B € Br(§). Then

B= Z B.
)

B'eS(B
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Proof. Tt suffices to prove the lemma for the case when B is of the form

B = [£Gk7[£ak_1>[“' a[gazagalm]a ai,...,a € {0715"'7m}7 (82'2)

since these brackets generate Lie(€) by Exercise E7.2. We proceed by induction
on k. The lemma is clearly true for K = 1. Now suppose the lemma true for
ke {l,...,£}, where £ > 1, and let B be of the form (S2.2) with k = £+ 1.
Then, either B = [¢,,B"], a € {1,...,m}, or B = [{y, B"] with B” of the
form (S2.2) with & = £. In the first case, by the induction hypotheses, we have

B= > [&.B]= Y B.

B’eS(B") B’eS(B)

In the second case we have

B = Z €6 + Emtrs B Z B

B’eS(B") B'€S(B)
This proves the lemma. v

By the preceding lemma, each vector field in Lie(*® (‘52) is a R-linear sum
of vector fields in Lie m)(%é). Moreover, the characterization of Lie m)(%é)
has already been obtained, during the course of the proof of Theorem 7.36,
in terms of Lie brackets and symmetric products of the vector fields
{vIft(Y7), ..., vift(Yy,), vIft(Y)}. In this way, we arrive at a description of
Lie(w)(ffg) in terms of Lie brackets and symmetric products of the vector
fields {vIft(Y7),..., vlft(¥y,), vift(Y)}. We claim that Algorithm S2.1 deter-
mines exactly which R-linear combinations from Lie®) (Sym ) (% U {v}))
we need to compute.

Lemma. Let gy € Q. Then

ver

Lie®) (€5)o,, = Co(Z,Y )go ® C (XY ) -

Proof. Studying Algorithm S2.1 that we have used to compute Gver (#,Y)
and G(oo)(@ Y), the reader will notice that we have exactly taken each

hor
primitive bracket B’ € Br(¢’) and computed which R-linear combinations
from Br(¢) appear along with B’ in the decomposition of some B € Br(&)
given by the first lemma of the proof. Since it is only these primitive brack-
ets that appear in Lie(oo)(‘ﬁg) | Z(TQ), this will, by construction, generate
Lie™) (%) | Z(TQ).

We need to prove that as stated in the first step of the algorithm, if
|B'|,,+1 = 0, then Ev0 (B’) € Lle(oo)(‘gg) . To show that this is in fact the
case, let B € Br(&) be the bracket obtalned from B’ by replacing ¢/, with &,,
for a € {0,1,...,m}. We claim that the only bracket in S(B) that contributes
to Ev®®(B) is B. This is true since any other brackets in S(B) are obtained
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by replacing &, in B’ with £/, ;. Such a replacement will result in a bracket
that has at least one component that is in Br_,(¢’) for £ > 2. These brackets
evaluate to zero by Lemma B.5.

We also need to show that, if B’ has components of the form (&), &, 1],
then it will not contribute to Lie®) (%) | Z(TQ). This is clear since, when
constructing B(B’) in the algorithm, the component [£,&;, ] will become
[€0, &o0], which means that B(B’) will be identically zero. v

The preceding lemma is none other than Theorem S2.2. |

Clearly one should be able to recover Theorem 7.36 from Theorem S2.2.
This can indeed by done by following Algorithm S2.1 in the case where Y = 0.
A non-obvious, but useful, fact is the following.

Proposition S2.3 (Involutivity of Cl(f:;)(@, Y)). Gflzor)(@,Y) is involu-
tive.

Proof. Let By, By € Br(€) be brackets that, when evaluated under Ev;‘iz, give
vector fields Uy, Uz € 1““’(@(00)(@7 Y)). Then, for i € {1, 2}, the decomposition

hor
of B; given by the first lemma of the proof of Theorem S2.2 has the form
B; = B! + B;, where B € Bry(¢') and B, is a sum of brackets in Br;(¢’), for
j > 2. Therefore, [By, Bs] = [B{, B5] + B” where B” is a sum of brackets in
Br;(¢'), for j > 2. This shows that [Uy, Us](0,) € /%, Y), & {0,}, using
Lemma B.2. ]

S2.1.2 Controllability results

Next we state a sufficient condition for small-time local controllability of sys-
tems of the type under consideration. The result we give is an adaptation of
Theorem 7.20 to the current setting. To state the theorem requires another
redevelopment of the use of weights and obstructions to this setting. An un-
derstanding of the proof of Theorem S2.2 at the same level required to make
sense of Algorithm S2.1 is required. Also, in order to eliminate the introduc-
tion of additional notation, we shall reuse some of the notation used in stating
Theorem 7.40. The reader should be aware of this not so slight abuse of no-
tation, and understand that the notation used from here to the end of the
section applies only to the results contained therein.

We consider an analytic affine connection V on a manifold Q, and ana-
lytic vector fields %’ = {Y1,...,Y,,, Y} on Q. We work at a point gy € Q
for which Y(gp) = 0g4,- Thus ¢ is an equilibrium configuration for the
forced affine connection control system (Q,V,Y, % U). The indeterminates
E={¢,&,...,&nyand & = {€,&,... v &y &1y have the same meaning as
in Theorem S2.2. We also introduce indeterminates 7' = {n1,..., %m, Nm+1}
with the free symmetric algebra Sym(n’). An admissible weight for n’ is
an (m + 1)-tuple (w1,. .., Wm, Wn4+1) of nonnegative real numbers satisfying
Wq > Wiy, @ € {1,...,m}. The set of admissible weights is denoted by
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wgt(n'). Let B’ € Br_i(¢') be primitive and construct L(B’) as in Algo-
rithm S2.1. There then exists k(B’) € N and P1(B’),..., Py (B') € Pr(n’)

such that
k(B')

Evg® (L(B') = ) Vlit(Evg, (P;(B'))). (52.3)
j=1
Note that k(B’) and P1(B’),..., Pyp)(B’) € Pr(n’) are uniquely defined by
Algorithm S2.1. Also note that |(P;(B’))|,, a € {1,...,m,m + 1}, is inde-
pendent of j € {1,...,k(B’)} (this is a matter of checking the definition of
L(B’)). Now we define subsets Symy(n’) and Symg(n’) of Sym(n’) by

Symg(n') = { Py(B') + -+ + Pyp(B') \ B’ € Br_y(¢') primitive},
Symg(n') = spang {Symq(n’)} .

For w € wgt(n’) and for S € Sym,(n’), define the w-weight of S by

||S||w = Zwa |S|a + wm+1(2 |S|m+1 - 1)7

a=1

where |S|, means |P|,, where P € Pr(n’) is any, it matters not which, of the
summands of S. A member of Symy(n’) is w-homogeneous if it is a sum of
terms of the same w-weight. For w € wgt(n’) and k € N, let us denote

Vil = spang {EvZ'(S)| S € Symy(n'), [|S],, < k}-

By convention we take V’é’,’,o = 04, If S € Symg(n’) is w-homogeneous, then

it is w-neutralized by %" at qq if there exists an integer k < [|S]|,, such that

EngO/(S) € V¥, Denote

B(Symy(n')) = spang{S € Symgy(n’) | |S], is even, a € {1,...,m}}.
For o € S, and w € wgt(n’), define
J(w) = (wa(l)a <oy Wo(m)s merl)v

and denote by S™ those permutations for which o(w) = w. For P €
Pr(n'), denote by o(P) the product obtained by replacing 7, with 7,(),
a € {1,...,m}. For S € Symy(n’), let o(S) be defined by applying o to
each of the summands from Symg(n’). For w € wgt(n’), define

BY (Symo(n')) = {5 € B(Symg(n')) | o(S) = S for all 7 € S2}.

A w-obstruction is an element of B’ (Symg(n’)). Next define p%, (w) € N
to be the largest integer for which all w-obstructions S satisfying ||S]|,, <
pYy (w) are w-neutralized by %" at qq.
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Since Y (go) = 04, we may define symy (qo) € L(T4,Q; T4, Q) as in Exer-
cise E7.23. Now define

V% (q0) = spang {symy (q0)’ (X)| X € Vy, wrw (), e No}.

We are now ready to state the adaptation of Theorem 7.20 to the systems
we are considering.

Theorem S2.4 (Controllability of affine connection control systems
with a basic external force). Let ¥ = (Q,V,Y, D, % = {Y1,...,Ynn}) be
an analytic forced affine connection pre-control system with Y basic, and let

0 = {0, Mmy1}- If Y(qo) = 0y, and if

Z v}f’(qo) Ver (@ Y)qoa

wewgt(n')

then the following statements hold:
(i) if el (#,Y)q, = Dy, and if G}(l?r)(@,Y)qo =T, Q, then X is properly
STLC from qo;
(i1) if (?(OO)(@ Y4 = T Q, then X is properly STLCC from qq.

hor

Proof. We claim that, if B € B(£), then EV;iZO(B) = vlftg, (EV%I(S)) where
S € B(Symgy(n')). First note that Symg(n’) is specifically constructed such
that, if B € Br_;(€) is primitive, then Ev;iED(B) = Vlfth(qugO/(S)) where
S € Symgy(n’). Now let B € B(€). Thus |B|, is even for a € {1,...,m}
and |B|, is odd. When we evaluate EVO%;Z0 (B), the only terms that will re-

main in the decomposition of Evfii (B) given by the first lemma in the proof

of Theorem S2.2 are the terms obtained from brackets in S(B) that are in
Bro (¢ )UBr_1(¢'). Thus let B’ € S(B)N(Bro(¢')UBr_1(¢')). Since B € B(¢),
we must have |B’|, even and |B'[, + |B'[,,,; odd. We now have two cases.

L. If [B'| is odd, then |B’[ ., must be even. In this case we get Zm+1 |B'|,
as even and |B’|O as odd. Thus the only such brackets B’ € S(B) that
contribute to EVO%;E0 (B) must be in Br_;(¢).

2. If [B'|, is even for B’ € S(B), then |B’[,  , must be odd. In this case
S B, is odd and |B'|,, is even and again, the only brackets in S(B)
that contribute to Evocii (B) must be in Br_;(¢).

Thus we must have EVO%;E0 (B’) as a linear combination of terms like

Vlfth(qu@O/ (P")), for P’ € P(n’). Since this is true for every B’ € S(B) N
(Bro(¢') U Br_y(¢')), it is also true for B. Clearly, if B € B(), then
S € B(Symg(n)).

The above argument shows that all obstructions evaluate to vectors in
el (#,Y). Since Y (qo) = 0y, it follows as in Exercise E7.23 that we may re-
gard symy (qo) as a linear map on T4, Q. The hypotheses of the theorem ensure
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the existence of wy,...,wy € wgt(n') and elements Si,..., S € Symy(n’)
such that [|S;,, < p%.(w;), j € {1,...,k}, and such that

(symy (qo),spang {EvZ (S;)| j € {1,...,k}}) = CL(Z.,Y)y,.  (S2.4)

For j € {1,...,k}, write w; = (wj1,...,Wjm,Wjm+1), and define w; €
wgt(€) by w; = (Wjmt1,Wj1,- ., Wjm). Next we note that a direct compu-
tation may be used to verify that Ay, (0g,) is the linear map on T, TQ ~
Ty Q @ Ty, Q represented by the block matrix

0 iquO Q
symy (qo) 0 '

Now, our definitions of Symg(n'), |||, p& (w;), BY(Symy(n)), and
symy (qo) ensure that (S2.4) implies the existence of By, ..., By € Br(£) such
that

<Af0 (0q0)7spanR{Ev<0izo (BJ)‘ Jje€ {17 R k}}> = {OQO} @ e\(/z?)(@vy)%)'

A similar (but easier since there are no obstructions to consider) argument
may be used to show that

Co T Y )g @ {06} € Y VE(0g,),

wewgt(§)
and this gives the theorem. [ ]

We next state the “good/bad product” characterization for controllability
resulting from an application of Corollary 7.24 to our present setting. We
adopt the notation deployed in the buildup to Theorem S2.4. In particular,
recall the subset Symg,(n’) of Sym(n’) consisting of sums of products of the
form P(B'),..., Pyp)(B’) for a primitive B’ € Br_;(¢). Recall that, for
a € {1,...,m,m+ 1}, |S|, is well-defined for S € Symg(n’). We say that
S € Symgy(n') is bad if |S|, is even and good otherwise. The degree of
S € Symy(n') is

m+1
deg(s) = Z |S|a :

a=1

For S € Symg(n’), define

0ESm

As usual, the following result may be proved by a direct application of The-
orem S2.4 (or of Theorem 7.20), and we leave the working out of this to the
motivated reader.
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Corollary S2.5 (Controllability of affine connection control systems
with a basic external force). Let ¥ = (Q,V,Y, D, %) be an analytic forced
affine connection control system with Y (qo) = Og,. Suppose that, for every
bad S € Symy(n'), there exists good Q1,...,Qr € Symy(n') with deg(Q;) <
deg(S), j € {1,...,k}, and constants ay,...,ar € R such that

k
Bv2 (p(S) = > a;Bvi (Q)).
j=1

Then the following statements hold:
(i) if GE,Z?(@, Y)g, = Dy, and if G(OO)(@,Y)% = T4 Q, then X is properly

hor
STLC from qo;
i) if el YY) = T4 Q, then X is properly STLCC from qq.
hor q0 q0

Remark S2.6. Theorem 5.15 in [Lewis and Murray 1997], which is an at-
tempt to state Corollary S2.5, is incorrect. While the statement in [Lewis and
Murray 1997] is correct when specialized to systems without potential (this is
Corollary 7.41 in the text), for systems with potential, the more complicated
development of Corollary S2.5 is necessary. °

S2.2 Accessibility of systems with isotropic dissipation

The final general situation we consider is that when, to an affine connection
control system, we add a dissipative force of a certain type. Specifically, we
consider a simple mechanical control system ¥ = (Q, G,V = 0, Fyiss, D, F =
{F1,...,F™},U) where Fy is a dissipative force satisfying Fuiss(v,)* = 6vg,
for some ¢ > 0. Thus the dissipation is “isotropic,” meaning that the dissi-
pative force is independent of direction. This is not a very general model for
dissipation in practice, and the results in this section merely provide a starting
point for further investigation of controllability of systems with dissipation.
The governing equations for a system of this type are

m
D

Vo (1) =Y u(t)Yal(e(t)) — 69'(2)- (S2.5)

a=1

We consider, therefore, the setting of a forced affine connection control system
(Q,V, —didtq, #,U). This gives the corresponding control-affine system (M =
TQ7C5E = {fo =5 - (SVL,fl = Vlft(Y1>7...,fm == Vlft(Ym)}7U), where VL
is the Liouville vector field. Cortés, Martinez, and Bullo [2003] provide the
following characterization of the accessibility of the system (S2.5).

Theorem S2.7 (Accessibility of affine connection control systems
with isotropic dissipation). Consider the analytic forced affine connection
control system ¥ = (Q,V, —didrq, % ,U). Then we have
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Lie®(@x)o, = Lie™) (Sym® (Y))g, @ Sym > (4),.

In particular, if U is almost proper, then the following statements hold:
(i) X is accessible from qo if and only if Sym(‘x’)(y)qo = Dy, and
Lie(OC)(@)QU = TQUQ;
(ii) ¥ is  configuration  accessible  from qo if and only if
Lie(oo)(sym(oo)(y))qo = Tg Q.

Proof. We work with the families of vector fields

G, = {fo =5, fi =vItt(V1),..., fr, = vIft(Yi)},
Ge={fo=5—06Vi, fr = VIft(Y1), ..., fm = vIft(V;,)}.

We claim that the ideal generated by {f{,..., .} in [°°(Lie(>)(%%)) agrees

with the ideal generated by {f1, ..., fm} in [°°(Lie(>) (%%)). These ideals are
generated by vector fields of the form

[fL/zk,la[fz/zk,ga"' 7[fL/11’fa]Ha
a,...,ak—1 €4{0,1,...,m}, a€{1,...,m}, k€N,

and

[fak—lv[fak—w"' 7[fa17fa]]]7
ay,...,ax—1 € {0,1,...,m}, a€ {1,...,m}, k€N,

respectively. For fixed k € N, let ¢, and ¥, denote these sets of generators.
We will show by induction that, for each k € N,

1. [VL,9]] C spang {¢/} and
2. spang {9, } = spang {¢4}.
These trivially hold when & = 1. One may readily compute [Vi,, vIft(Y,)] =
vift(Yy), a € {1,...,m}, and [V, S] = S, thus giving Fact 1 for k£ = 2. Also,
it is clear that Fact 2 holds when k = 2.

Now assume that Facts 1 and 2 hold for kK = ¢ > 2. To show that
[VL,¥,.,] C spang {¥/,,}, we show that

Vi, [X,Y]] € spang {¥/ 1}, Xeds, Yey,.

By the Jacobi identity, we have [V, [X, Y]] = —[Y, [V, X]] = [X, [Y, VL]]. Since
Fact 1 holds when k = 2, we have [Vi,, X] € spang {¥4/} and so [Y, [VL, X]] €
spang {¢/,}. By the induction hypotheses, [Y,Vi] € spang{%/}, and so
[X,[Y, VL] € spang {¥/,, }. This shows that Fact 1 holds when k = ¢+ 1.

Now we show that Fact 2 holds when k = ¢+1. Let X' € €5, and Y’ € .
If X' = vlft(Y,) for some a € {1,...,m}, then [X',Y’] € spang {¥+1} since
X' € €x and since Y’ € spang {4} by the induction hypothesis. If X’ = S|
then we write X’ = S + V1, — V4, and we have
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(XY =[S+W,Y'] —[W,Y'] € spang {Z11},

using the fact that both Facts 1 and 2 hold when k = ¢. This shows that
spang {¥/,,} C spang {%41}. Now let X € €5 and Y € &,. If X = vIft(Y,)
for some a € {1,...,m}, then [X,Y] € spang {¢/, | } since X € 4%, and since
Y € spang {¢,} by the induction hypothesis. If X = S + V4, then we have

(X, Y] =[S+ W,Y]=[5Y]+[W,Y] € spang {4/, },

using the fact that both Facts 1 and 2 hold when k& = ¢. This shows that
spang {%;+1} C spang {¢/, }. Thus we have shown that the ideals stated as
being equal are indeed equal. Thus Lie(> (%) and Lie(®) (%) differ only by
spang { fy — fo} = spang {V1.}. Since V1(0,4) = 0o, , the result follows. [

S2.3 Controllability in the presence of symmetry

The results stated in Section 7.3 are general in nature. In this section we
consider the effects of some additional structure on the configuration space,
namely that when a Lie group G acts on Q in such a way that the problem
data is invariant. We consider two cases of this. The first, considered in Sec-
tion S2.3.1, is that when Q is itself a Lie group. In this case, the controllability
results of Section 7.3 can be simplified to algebraic tests. This work was pre-
sented in the paper of Bullo, Leonard, and Lewis [2000]. In Section S2.3.2 we
consider the situation where Q is a principal fiber bundle, and where the in-
put vector fields % = {Y1,...,Y,,} are G-invariant and horizontal. A situation
similar to this was considered by Bloch and Crouch [1992].

S2.3.1 Controllability of systems on Lie groups

We shall consider simple mechanical control systems for which the config-
uration space is a Lie group: Q = G. We ask that all problem data be
invariant under left translations in the group. Since left-invariant functions
are locally constant, we assume that the potential function is zero. Indeed,
let us for simplicity assume that there are no external forces on the sys-
tem, so that we may reduce to the case of an affine connection control sys-
tem ¥ = (G, V,D,% = {Y1,...,Yn},U), where V is a left-invariant affine
connection, D is a left-invariant distribution, and % is a collection of left-
invariant vector fields. Let us write Y,(g) = T.L4(7,), thus defining 5, € g,
a € {1,...,m}. We define a bilinear map (- : -), on g by

(€:mg = (X:Y)(e),

where X and Y are the left-invariant extensions of £, € g. Note that, if V
is the Levi-Civita connection for a left-invariant Riemannian metric, one may
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use Theorem 5.40 to deduce the following formula, which is given as part (b)
in Exercise E7.19 in the text:

(€ )y = —TF (adg () + ad;, I°(€)), (S2.6)

where I is the inner product on g induced by the left-invariant Riemannian
metric, and where £, 7 € g (this follows from part (iii) of Theorem 5.40).
The controllability of the system can now be stated, using Theorems 7.36
and 7.40, in purely algebraic terms. The following result characterizes the
distributions needed to decide accessibility as per Theorem 7.36.

Proposition S2.8 (Accessibility of affine connection control systems
on Lie groups). Let ¥ = (G, V,D, % ={Y....,Y,,},U) be a left-invariant
affine connection control system. The following statements hold:
(i) Sym ™) (Y). is the smallest subspace of g containing Yo and closed under
the product (- :-) ;
(ii) Lie®™®) (Sym®) (Y)). is the smallest Lie subalgebra of g containing
Sym(oo)(y)e;
(iii) Sym©® (Y), = T.Ly(Sym ™ (Y).);
(iv) Lie'™ (Sym > (4))g = T Ly(Lie'™ (Sym> (¥)).).

It is also possible to restate Theorem 7.40 for left-invariant systems on Lie
groups. We leave the straightforward details to the reader in Exercise E7.20.

Remark S2.9. Some advantages of the methods we propose in this section
are the following.

1. They reduce the computations to algebraic manipulations, and so elimi-
nate any differentiations. Additionally, left-invariance allows one to check
for accessibility or controllability only at the identity, and the conclusions
will then automatically hold at any other configuration.

2. There is no need to introduce coordinates on G, a process which can be
cumbersome on Lie groups such as SO(3) or SE(3). .

Example S2.10 (Section 7.4.2 cont’d). As we saw in Example 5.47, the
planar body with a thruster can be regarded as a left-invariant system on
the Lie group G = SE(2). The Lie algebra is naturally isomorphic as a vector
space to R @ R? ~ R3, and we let {e;, ez, e3} be the standard basis. The
input vector fields Y7 and Y5 for the system are left-invariant extensions of
m = %62 and ny = —%61 + %63. In Example 5.47 we give the Lie algebra
structure constants in this basis (cf. (5.20)), and using this and (S2.6) we
make the following computations:

h 2h
<771 1771>52(2) =0, <771 3772>5e(2) = _meB> <772 : 772>5e(2) = ——é€y,

mdJ
2h
- miJQe?’ .
One may now use Proposition S2.8 and Exercise E7.20 to deduce the control-
lability conclusions we produced in Section 7.4.2. .

(M2 (M2 1 12)) ge(2) =
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S2.3.2 Controllability of a class of systems on principal fiber
bundles

We now look at a simple mechanical control system ¥ = (Q,G,V,# =
{F',...,F™},U), and we consider the situation where a Lie group G acts
with an action ® on the configuration manifold Q in such a way that
m: Q — B = Q/G is a principal fiber bundle. We also suppose that G is a left-
invariant Riemannian metric on Q. This setup is described in Section 5.4.3,
where, in particular, the momentum map Jg: TQ — g* is defined. We denote
by VQ the subbundle of TQ defined by V,Q = ker(Z,7). Thus VQ is the ver-
tical subbundle. The horizontal subbundle HQ of TQ is the G-orthogonal
complement of VQ.
Let us first record a useful fact about the momentum map.

Proposition S2.11 (Characterization of the horizontal subbundle).
The horizontal distribution HQ is smooth, reqular, and geodesically invariant
distribution on Q, and furthermore, HQ = qul(O),

Proof. By definition of Jg, it is clear that Jp(vg) = 0 if and only v, is G-
orthogonal to £q(q) for every £ € g. That is to say, J;l(O) is the G-orthogonal
complement to VQ. Since VQ is smooth and regular, so too is qul(O). Con-
servation of momentum translates to Jg ' (0) being a submanifold of TQ that
is invariant under the flow of S. The result now follows from fact 1 given in
the proof of Theorem 3.108. |

As usual, we let @ = {V; = G}F"),...,Y,, = G}(F™)} be the input
vector fields for the system. We shall suppose that the input vector fields %
1. take values in the regular distribution J5'(0) and
2. are G-invariant.

These assumptions, particularly the first, are quite restrictive. More generally,
one can consider vector fields satisfying just the second assumption, although
the situation here is not understood in as elegant manner as is likely possi-
ble (but see [Cortés, Martinez, Ostrowski, and Zhang 2002]). Note that this
renders our treatment in this section “opposite” to that in Section S2.3.1. In-
deed, in Section S2.3.1 the regular distribution J'(0) is trivial. Essentially,
we deal in this section with input vector fields that are horizontal, whereas
the situation of Section S2.3.1 uses input vector fields that are vertical (al-
though the reduced space is a point in Section S2.3.1). The two assumptions
we make on the input vector fields % ensure that there are vector fields
%% = {Yg,1,...,Yem} on B with the property that T,7(Y,(q)) = Yg 4(b) for
each ¢ € 771(b) and for each a € {1,...,m}. What is more, we also have a
reduced Riemannian metric Gg on B defined by

GB(ub, ’Ub) = G(hlftq(ub), hlftq (Ub))

for some (and so for all) ¢ € 7 1(b). We also denote Fg = {Fg =
Gy(Yga),---, F§* = G3(Ya,m)}. Assuming that the potential function V is
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also G-invariant, this defines a function Vg on B by Vg(b) = V(q) for some
(and so for all) ¢ € m~1(b). We then obtain a reduced simple mechanical
control system Yg = (B,Gg, Vg, Zg,U). We refer the reader to Section 5.5
for related constructions. We wish to ascertain the relationship between the
controllability properties of ¥ and Xg.

The following result lists some of the conclusions that may be drawn.

Theorem S2.12 (Controllability of simple mechanical control sys-
tems on principal fiber bundles). Let ¥ = (Q,G,V, #,U) and Xg =
(B,Gg, Vs, Z5,U) be as above, and suppose that all data are analytic. The
following statement holds:

(i) if dim(G) > 0, then X is not accessible from any q € Q.

Now suppose that Lie>) (J5(0)) = TQ and that V = 0. Then the following
statements hold:
(ii) 3 is configuration accessible from g € Q if 3p is accessible from w(q) €
B:
(iii) ¥ satisfies the hypotheses of Theorem 7.40 at q¢ € Q if and only if Xg
satisfies the hypotheses of Theorem 7.40 at w(q) € B.

Proof. (i) As in the proof of Proposition S2.11, the geodesic spray S is tan-
gent to J3'(0) C TQ. Since the vector fields % take values in Jg'(0), the
vector fields v1ft(Y,), a € {1,...,m}, are also tangent to J5'(0) by fact 3
given in the proof of Theorem 3.108. Since V is G-invariant, V' is constant on
fibers of m: Q — B. Therefore, dV € T'*°(ann(VQ)), and from this it follows
that GfodV € T°°(J5'(0)). Again, using fact 3 given in the proof of The-
orem 3.108, it follows that vlft(gradV) is tangent to J5'(0). Therefore, the
control-affine system corresponding to ¥ has Jg 1(0) as an invariant submani-
fold, precluding the possibility of accessibility, unless Jg 1(0) = TQ. However,
this can happen only if VQ = Z(TQ), from which the result follows.

(ii) By Theorem 7.36, ¥pg is accessible from b € B if and only if
Sym(>) (Yg) = T,B. Since the vector fields % are G-invariant, and since sym-
metric products commute with ®4 for each g € G, we have

Tym(Sym ™) (4),) = Sym™ (Ys)y

for each ¢ € m1(b). Therefore, Yg is accessible at b if and only if
Sym>)(Y), = J3'(0), for each ¢ € 7 '(b). From the assumption that
Lie(oo)(qul(O)) = TQ, this part of the result now follows.

(iil) We introduce some terminology that makes connections with the work
on reduction described in [Marsden 1992]. The computations here will also
be seen to be strongly reminiscent of the computations of Section 5.5. The
mechanical connection is the map Ag: TQ — g defined by

G((Ac(vg))al(),8a(q)) = G(vg,éq(q)),  vg € TQ.
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Thus Ag(vg) returns the Lie algebra element whose infinitesimal generator at
q is the vertical component, relative to G-orthogonality, of v4. The curvature
of the mechanical connection is the map Bg: TQ x TQ — g defined by

Bg(ug,vq) = —Ag([hor(U), hor(V)](q)),

with hor: TQ — TQ being the G-orthogonal projection onto J;l(O), and
where U and V are arbitrary vector fields extending v, and v,, respectively.
One can show that

Vy,Yp = hlft(Vy, , o) — 1Bo(Ya, Vi)o.
Since Bg is skew-symmetric, we have
(Ya : Ya) = Blf6((Ye.a : Yau):
From this the result immediately follows. [

To illustrate the theorem, we consider the robotic leg example considered
in the text at various points.

Example S2.13 (Example 5.71 and Section 7.4.1 cont’d). The robotic
leg whose controllability was considered in Section 7.4.1 is a system of the type
considered in this section. To illustrate this, we need to specify the symmetry
group and its action on Q. We take G = SO(2) and the action of G on Q =
R, x S! x St given by ®(R, (r,z,y)) = (r, Rz, Ry). Recall the coordinates
(r,0,1) used for this example. The quotient space B = Q/G is diffeomorphic
to R x S, and we identity the orbit through the point (7,6, ) with (r, 0 — ).
That is to say, we use (r, ¢) as coordinates for B, and the projection 7: Q — B
is given by 7 (r,0,v) = (r,6 — ). For a € g ~ R, the infinitesimal generator is
aq(r,0,¢) = a(% + %)

We let {e;} be the standard basis for g ~ R with {e'} the dual basis. With
this, a direct computation yields

Ja((r,0,9), (Ur7v97vzp)) = (Juy + mr21)9)e1,

Jmr?

GB(T, ¢)((ur7u¢)v (UMU¢)) = MUrvy + m

’U,¢U¢.
The input vector fields Y7 and Y5 are horizontal lifts of the vector fields

J+mr? 0 0

Ye1=——FF+—, Ygo=—

Bt Jmr2 8¢ B* T or
on B. Thus this system does indeed fit into the class of systems discussed in
this section, and the results of Theorem S2.12 may be applied. To apply the
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results, we need a few computations. The nonzero Christoffel symbols for the
Levi-Civita connection on B associated with Gg are

ro_ J27’ F¢ _F¢ - J
0T (T +mr2)?’ e e T (J +mr2)

This then gives the symmetric products

2 0 2J 0
Ye1: Y% = Ye1: Y& =
< B.1 B’1> m2r3 Or’ < 5.1t YB2) mr(J +mr?) or’
2J%r 0
Yoo:Ygo)=—— 2 2
< B:2 B’2> (J +mr2)? or
We also recall that
Vi) = 2 0
Lo T3 g

from which we conclude that Lie(oo)(qul(O)) =TQ.
From Theorem 52.12 we draw the following conclusions.

1. All cases: By part (i) of Theorem S2.12; we conclude that the system is
not accessible from any ¢ € Q.

2. Yy only: Since {Yg1,(Yg,1 : Y& 1)} generate TB, we deduce from part (ii)
of Theorem S2.12 that X is configuration accessible from any ¢ € Q.
The hypotheses of Theorem 7.40 do not hold for ¥g, and so they also
do not hold for X. Also, 3g can be directly seen to be neither STLC nor
STLCC at any b € B. This alone does not allow us, using the results
that we give here, to deduce anything concerning the controllability or
configuration controllability of . However, we have already seen that it
is neither STLC nor STLCC from any ¢ € Q.

3. Y, only: Yg is not accessible, so we conclude from part (ii) of Theo-
rem S2.12 that ¥ is not configuration accessible from any ¢ € Q. This,
of course, also precludes ¥ from being STLC or STLCC.

4. 'Yy and Ys only: Since Yg is fully actuated, we deduce from part (ii) of
Theorem S2.12 that ¥ is configuration accessible from each g € Q. Also,

since Y. is fully actuated, it satisfies the hypotheses of Theorem 7.40 for
each b € B. Thus we conclude that ¥ is STLCC from each ¢ € Q.

These conclusions, of course, agree with the conclusions of Section 7.4.1. e






S3

Linearization and stabilization of relative
equilibria

In Section 6.3 of the text, we considered the stability of relative equilibria. In
this supplement, we apply this analysis, in combination with the analysis of
Section 10.4 on nonlinear potential shaping, to obtain some results concerning
the stabilization of relative equilibria. In the literature, this problem has been
addressed by, for example, Bloch, Leonard, and Marsden [2001], Jalnapurkar
and Marsden [1998, 2000] and Bullo [2000]. Papers dealing with applications
include the work on underwater vehicles by Woolsey and Leonard [2004]. We
do not discuss here systems with constraints, although preliminary work in
this area includes [Zenkov, Bloch, and Marsden 2002].

Let us outline what we do in this supplement. Since we wish to consider
stabilization using linear techniques, in Section S3.1 we consider the lineariza-
tion around a relative equilibrium. The development here is significantly more
complicated than linearization about equilibrium configurations. For example,
it utilizes the Ehresmann connections of Section S1.3 that give rise to the Ja-
cobi equation. The processes of reduction and linearization produce various
natural energies, and these are related in Section S3.2. Linear stability of
relative equilibria is studied in Section S3.3. In Section S3.4 we define the
natural stabilization problems for relative equilibria. In Section S3.5 we then
discuss stabilization of relative equilibria using linear and potential shaping
techniques. The results in this last section are analogous to those in Sec-
tions 10.3 and 10.4 for the stabilization of equilibrium configurations. There
are, however, some additional complications arising from the extra structure
of the relative equilibrium.

S3.1 Linearization along relative equilibria

We let ¥ = (Q,G,V, F,.%,R™) be a C*®-forced simple mechanical control
system with F' time-independent, X be a complete infinitesimal symmetry
of ¥, and x: R — Q be a regular relative equilibrium for (Q, G, V, F'). Thus
X is an integral curve for X that is also an uncontrolled trajectory for the
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system. We let B denote the set of X-orbits, and following Assumption 5.78,
we assume that B is a smooth manifold for which mg: Q — B is a surjective
submersion. We let Y, = G*oF® a € {1,...,m}, and if u: [ — R™ is a
locally integrable control, we denote

Yultg) = Y u'()¥ulg),  tel qeQ, (83.1)

for brevity. Define vector fields Yg o, a € {1,...,m}, by Yg o(b) = T,me(Y,.(q))
for ¢ € 75" (b). Since the vector fields % are X-invariant, this definition is
independent of ¢ € g *(b). Similarly to (S3.1), we denote

Yeu(t,b) = > u(t)Ys.a(b).

In Theorem 5.83 we showed that the reduced system has TB x R as its
state space, and satisfies the equations

Vo (£) = —gradg (V5 ) s (0(1)) + 0(0)Cx (1 (1))
+ T oGl o F(+/(£)) + Yo ,u(t, (1)),

a(e) = O (X [12)s(n(®)in' (1), (F('(0): X(2(1))) (83.2)
(IX118)s(n(t) (IX112)e(n())

L Gt (1), X(+(1)))
(IX112)8(n(t)

where (y,u) is the controlled trajectory on Q, n = mg oy, and v is defined by
ver(y'(t)) = v(t) X (y(t)). As we saw in the proof of Theorem 6.56, the rela-
tive equilibrium x corresponds to the equilibrium point (T'mg(x’(0)), 1) of the
reduced equations (S3.2). Therefore, linearization of the relative equilibrium
x could be defined to be the linearization of the equations (S3.2) about the
equilibrium point (T'7g(x’(0)), 1). This is one view of linearization of relative
equilibria. Another view is that, since x is a trajectory for the unreduced
system, we could linearize along it in the manner described in Section S1.3.1
when describing the Jacobi equation. In this section we shall see how these
views of linearization of relative equilibria tie together. We build up to this
by first considering linearization in more general settings.

)

S3.1.1 Linearization of a control-affine system along a controlled
trajectory

In order to talk about linearization along a relative equilibrium, we first discuss
linearization along a general controlled trajectory. In order to do this, it is
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convenient to first consider the general control-affine case, then specialize to
the mechanical setting.

First we need to extend our notion of a control-affine system to be time-
dependent. This is because the linearization of a control-affine system will
generally be time-dependent.

Definition S3.1 (Time-dependent control-affine system). For r € NU
{0} U {w}, a C7"-time-dependent control-affine system is a triple
(M, % = {fo, f1,---» fmm}, U) where
(i) M is a C"-manifold,
(ii) fo, f1,- .-, fm are locally integrally class C"-vector fields on M, and
(iii) U ¢ R™, .
The governing equations for a time-dependent control-affine system
(M, Z,U) are then

m

Y () = folt,v(8) + Y u(t) falt, (1))

a=1

Clearly, the only difference from our usual notion of a control-affine system
is the dependence of the drift vector field and the control vector fields on
time. Many of the same notions one has for control-affine systems, controlled
trajectories, controllability, stability, etc., carry over to the time-dependent
setting with appropriate modifications. However, we shall only use this more
general time-dependent setup in a fairly specific manner.

Suppose that we have a (time-independent) control-affine system (M, % =
{fo, f1,---s fm},U) of class C*°, and a controlled trajectory (vyo,uo) defined
on an interval I. Let us take U = R™ to avoid unnecessary complication. We
wish to linearize the system about this controlled trajectory. Linearization is
to be done with respect to both state and control. Thus, speaking somewhat
loosely for a moment, to compute the linearization, one should first fix the
control at ug and linearize with respect to state, then fix the state and linearize
with respect to control, and then add the results to obtain the linearization.
Let us now be more formal about this.

If we fix the control at ug, we obtain the LIC*-vector field f,, on M
defined by

Fuo (t:2) = fola) + Y uf () ful).
a=1

We call f,, the reference vector field for the controlled trajectory (o, uo).
The linearization of the reference vector field is exactly described by its tan-
gent lift, as discussed in Remark S1.10—4. Thus one component of the lin-
earization is fg; . The other component is computed by fixing the state, say
at z, and linearizing with respect to the control. Thus we consider the map

RxR™ 3 (t,u) = fol@) + Y (uf(t) +u") folw) € ToM,

a=1
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and differentiate this with respect to u at w = 0. The resulting map from
ToR™ ~R™ to Ty, (t,2)(TeM) = T,M is simply given by

U Z u® fo ().
a=1

In order to add the results of the two computations, we regard T,M as being
identified with Vfuo (t,z) TM. Thus the linearization with respect to the con-
trol yields the linearized control vector fields v1ft(f,), @ € {1,...,m}. In this
way, we arrive at the C*°-time-dependent control-affine system X7 (vg, ug) =
(TM, {f 2 VIft(f1), - .., vlft(fa)},R™), whose controlled trajectories (£, u) sat-
isfy

m

(t) = £l (4E0) + Y u(tVIft(fa) (€(1))- (93.3)
a=1
The following result gives an important property of these controlled trajecto-
ries.

Lemma S3.2. For every locally integrable control t — u(t), the LIC™ -vector
field

m

(t,va) = fu (tva) + D u (E)VIEE(fa) (02)

a=1

is a linear vector field over f,,.
Proof. This is easily proved in coordinates. [

From our discussion of linear vector fields in Section S1.3.4, we then know
that, if (£, u) is a controlled trajectory for X7 (v, ug), then mrp o€ is an inte-
gral curve of f,,,. In particular, if (£, u) is a controlled trajectory for 7 (o, ug)
that satisfies mrm o &(t) = vo(t) for some ¢ € I, then ¢ is a vector field along
7Yo-

To formally define the linearization along (7o, ug), we need an additional
concept, following Sussmann [1997].

Definition S3.3 (Differential operator along a curve). Let M be a C"-
manifold, r € NU{co}U{w}, let v: I — M be an LAC curve, and let 7: E — M
be a vector bundle. A differential operator in E along ~ assigns, to each
LAC section ¢ of E along v, a locally integrable section £ () along v, and the
assignment has the property that, if f € C"(M) and if Z € I'"(E), then

L((forv(Eey)t) = foy(t)ZL(Ecy) + (Lyny /) V()= ox(t). .

Thus a differential operator simply “differentiates” sections of E along
v, with the differentiation rule satisfying the usual derivation property with
respect to multiplication with respect to functions. Sussmann [1997] shows
that, in coordinates (z!,...,2") for M, if t — (£(¢),...,£™(t)) are the fiber
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components of the local representative of an LAC section £ of E, then the fiber
components of the local representative of £ () satisfy

m

(ZE) (1) =&(0) + Y Ly®e(t),  ae{l,...,m},

b=1

for some locally integrable functions t — L2(t), a,b € {a,...,m}. Ify: [ — M
is an integral curve of an LIC"-vector field X, then there is a naturally induced
differential operator in TM along «, denoted by %7, and defined by

LX) = [Xy, E)(v(t),  ae tel,

where = is a vector field satisfying £ = Zo+, and where X; is the C"-vector
field defined by X;(z) = X(t,z). In coordinates this differential operator
satisfies

oX't
oz

LX) =€) — (g (t), ied{l,....n}
This differential operator is sometimes referred to as the “Lie drag”
(see [Crampin and Pirani 1986, Section 3.5]).

A coordinate computation readily verifies the following result, and we refer
to [Lewis and Tyner 2003, Sussmann 1997] for details.

Proposition S3.4 (Relationship between tangent lift and a differen-
tial operator). Let X: Ix M — TM be an LIC" vector field, let v, € T, M,
let to € I, and let v: I — M be the integral curve of X satisfying v(to) = xo.
For a vector field £ along ~y satisfying &(to) = va,, the following statements
are equivalent:
(i) & is an integral curve for XT;
(ii) there exists a variation o of X along 7 such that % 0t 8) = &(1)
for each t € I;
(iii) LX7(€) = 0.

With the preceding as motivation, we can define the linearization of a
control-affine system.

Definition S3.5 (Linearization of a control-affine system about a
controlled trajectory). Let ¥ = (M, # = {fo, f1,---, fm},R™) be a C"-
control-affine system with (79, 1) a controlled trajectory. The linearization

of ¥ about (y9,ug) is given by { %5 (v0,u0),bs1(70,u0),---,bs,m (Y0, u0)},
where

(i) L5 (y0,up) is the differential operator in TM along ~y, defined by
L5 (0, up) = L0,

and
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(ii) bs,q, @ € {1,...,m}, are the vector fields along 7, defined by
b27a(707u0)(t) :Vlft(fa(VO(t))7 ac€ {1=~-~7m}' b

The equations governing the linearization are

Z5(70,u0)(€)(8) = D u (t)bsa (70, u0),
a=1

which are thus equations for a vector field £ along ~y. By Proposition S3.4,
these equations are exactly the restriction to image(vo) of the equations for
the time-dependent control-affine system in (S3.3). In the special case where
fo(xo) = 04y, up = 0, vo = xo for some xy € M, one can readily check, along
the lines of Proposition 3.75, that we recover the linearization of the system
at xg as per Definition 7.27.

S3.1.2 Linearization of a forced affine connection control system
along a controlled trajectory

After beginning our discussion of linearization in the context of control-affine
systems, we next specialize to affine connection control systems. We let ¥ =
(Q,V,Y, % ,R™) be a C*®-forced affine connection control system. In this
section, we make the following assumption about the external force Y.

Assumption S3.6 (Form of external force for linearization along a
controlled trajectory). Assume that the vector force Y is time-independent
and decomposable as Y (v,) = Yo(q)+Y1(v,), where Y is a basic vector force
and where Y is a (1, 1)-tensor field. o

This assumption will allow us to model potential forces and Rayleigh dis-
sipative forces when we discuss stabilization in subsequent sections. The gov-
erning equations for the system are

m

VoY (8) = Yo(r(£) + Y1(v'(£) + Y u®(t)Ya(v(t).
a=1
To linearize these equations about any controlled trajectory (7o, ug), following
the development in the preceding section, we first need to compute the tangent
lift for the LIC*-vector field S, on TQ defined by

Suo (t,vg) = S(vg) + VIE(Yo(q) + Y1(vg) + Yo (£, q)),

where Y,,, is defined as in (S3.1). The Jacobi equation, as we have seen in
Theorem S1.34, contains the essential features of the tangent lift of S. Fur-
thermore, the computations of Lemma S1.33 allow us to determine what needs
to be added to the Jacobi equation to include the external and control forces.
We recall the notation from Section S1.3.10 where points in TTQ are written
as Uy, D w,,, relative to the splitting defined by the Ehresmann connection on
m11Q: TTQ — TQ. The following result gives the linearization along (o, ug)
using the Ehresmann connection of Section S1.3.8.
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Proposition S3.7 (State linearization of an affine connection control
system). Let X = (Q,V,Y, % ,U) be a C*-forced simple mechanical control
system where Y satisfies Assumption S3.6, let (yo,ug) be a controlled trajec-
tory for X defined on I, and let t — To(t) = v,(t) be the tangent vector field
of vo. For a € I, let u,w € T (4)Q, and define vector fields U, W: I — TQ
along o by asking that t — U(t) @ W(t) € ToomQ @ Tyo)Q = Ty TQ be
the integral curve of ST with initial conditions u®w € Ty (@) Q& Toy(a)Q
Try(@)TQ. Then U and W satisfy the equations

W(t) = Voo U) + 37U (1), 7(1)),

Va3 U®) + RU@),%(0))70(t) + Voo (TU ), 70(t)))

= Vo (Yo + Yu) (o) + (Von Y1) (1(1) + Yi(Vay i U(?)).

Proof. Let us denote X, = Y¢ + Y., for brevity. A computation in coordi-

nates readily shows that the tangent lift of the vertical lift of X, is given
by

Vlft(yuo)T(“vq D wy,) =0® Xuy(q) © 0D (VXy,(t,) + %T(Xuo (q), o, ))-

A coordinate computation also gives

vlft(?l)T(uvq D qu) =04 ?1(’Uq) @0
® (Vu,, Y1(0) + Yi(we,) + 5T (V1(vg), u,) + 5 1(T (1n,, vg)))-

The tangent lift of S is given by Propositions S1.29 and S1.32 as

ST(uq,q D Wwy,) = Vg © 0D wy, D (—R(uy,,vq)vq — %(VUqT)(uvq, vg)
+ 1 T(T (un,: v4),vg))-

Thus, using Lemma S1.33, we have that U and W satisfy

Vs U(t) + ( (), 70(8) = W(1),

Vg W(t) + 3T(W (), %(t) = —R( (1), 70 ()0(t)
- 3(9, (t)T)(U(t)a (1) + 3T (TU ), 10(t), 70 (t))
VXuo (U(t) + 3T (Xug (t,70(1)), U (1))
Vo

v Y1(6() + Y1(W (1) + 3T(Y1(10(1), U(t))
V1T (U(),70(1))-

The first of the equations is the first equation in the statement of the propo-
sition. Differentiating this first equation, and substituting the second, gives
the second equation in the statement of the proposition, after some simplifi-
cation. [

+
+
+
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Next we linearize with respect to the controls. This is simpler, and fol-
lowing the procedure in the preceding section gives the control vector fields
vift(vift(Ys)), a € {1,...,m}. Thus, we arrive at the time-dependent control-
affine system %7 (yg,ug) = (TTQ, {SL | vIft(vift(Y1)), ..., vIft(vlft(Y;,)), R™).

up?

With respect to the splitting defined by the Ehresmann connection associated
with V, it is easy to verify that

VIFE(VIEE(Y,)) (g @ wy) = 06 06 0 & Ya(q).

If we write a controlled trajectory for X7 (yo,ug) as (U @ W, u), reflecting the
notation of Proposition S3.7, we see that the following equations govern this
trajectory:
W(t) = Vo U(t) + 5T(U (1), 7(t))
VU ) + RU ), %()76(t) + Vo () (T(U (£),75(1)))
=V(Yo+Yu)U®) + (VoY) (no) +Y1(VynU(t)

+ > ut()Ya(y0(1)).

With the above as backdrop, we make the following definition, and in so
doing, hope the reader will forgive our using the same notation as was used
for control-affine systems.

Definition S3.8 (Linearization of affine connection control system
about a controlled trajectory). Let ¥ = (Q, V,Y, %, R™) be a C*°-forced
affine connection control system where Y satisfies Assumption S3.6, and let
(70, ug) be a controlled trajectory. The linearization of 3 about (yo,ug) is
given by {Ax (70, u0),bx.1(V0,%0), - - - bs.m (70, uo) }, where

(i) As (70, uo) is the differential operator in TQ along vy defined by

As (Y0, u0)(t) - £(t) = R(E(1), v0(8) 90 (1) + Vg ) (T(€(1), 70(1)))
—VeryYo(10(4) = Ve Yuo (£ 700)) +H(Very Y1) (36 () +Y 1(Vay (98 (1)),

and
(ii) bs,q (70, u0), a € {1,...,m}, are vector fields along -y, defined by

bs,a (0, u0)(t) = Ya(v0(t))- *

The equations governing the linearization are then

m

Vi(g(t)f(t) + As (70, u0)(t) - £(t) = Z u®(t)Ya(v0(t))- (53.4)

a=1

In particular, a controlled trajectory for the linearization of ¥ along (7o, uo)
is a pair (§,u), where u: I — R™ is a locally integrable control, and where
&: T — TQ is the LAD curve along g satisfying (S3.4).
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Remarks S3.9. 1. Note that the structure of the Ehresmann connection in-
duced by V allows us to use a differential operator along 7o rather than
along (.

2. If V is torsion-free and if Y; = 0, then Ax (70, ug) is no longer a differential
operator, but is actually a (1,1)-tensor field. In such a case, it is still
possible to consider this as a differential operator, but one of “order zero.”

[ ]

S3.1.3 Linearization of the unreduced equations along a relative
equilibrium

With the work done in the preceding two sections, it is easy to give the form of
the linearization along a relative equilibrium. We let ¥ = (Q, G, V, F, #,R™)
be a C'*°-forced simple mechanical control system. In this and the next section,
we make the following assumption about the external force F'.

Assumption S3.10 (Form of external force for linearization along a
relative equilibrium). Assume that the force F' is time-independent and
that F(v,) = A°(v, — X(g)) for an X-invariant (0, 2)-tensor field A. .

This assumption will allow the inclusion of Rayleigh dissipative forces
along the relative equilibrium in the stabilization results in subsequent sec-
tions. We suppose that X is an infinitesimal symmetry for ¥ and that y is
a relative equilibrium. Then, according to Definition S3.8, a pair (§,u) is a
controlled trajectory for the linearization of ¥ along (,0) if and only if

V2,0 (0) + RO X ()X (1)
= Vet (gradV) (x(1)) — Vo) (GF 0 4”0 X)(x(1))
(Ve (GF o AN ( (1) + GF o A (Vo) + 3wt (0Ya(x(1).  (83.5)

In order to facilitate making the connection between the preceding result and
the reduced linearization given in the next section, we state the following
characterization of the unreduced linearization.

Theorem S3.11 (Linearization of relative equilibrium before reduc-
tion). Let ¥ = (Q,G, V, F, #,R™) be a C*-simple mechanical control system
satisfying Assumption S3.10, let X be a complete infinitesimal symmetry of
Y for which the projection mg: Q — B onto the set of X-orbits is a sur-
jective submersion, and let x: R — Q be a regular relative equilibrium. For
a vector field & along x, let x(t) = Tyyme(§(t)) and v(t) = C(t), where
ver(&(t)) = C(6) X (x(t)). Then the pair (§,u) is a controlled trajectory for the
linearization of X along (x,0) if and only if
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hlft, () (E(t) + 2(8) X (x(t)) = —G¥ o Hess Vi (hlfty 4 (z(t)))
_ 2V (x(®); hlfty ) (1))
1X1% () )
+ hlft, () (Cx (£(t))) + 2v(t)gradV (x(t))

+ GFo A’ (hlft, (4 (&(t))) + v(t)GF o A" 0 X (x(t)), (S3.6)

where by = me(x(0)).

G
Proof. As in Proposition 5.64(ii), VxX = —1grad ||XH?; Therefore,

G
VxX +gradV = grad(V — 1 ||X||é) = gradVx.

By Theorem 6.56(i), for each t € R, gradVx(x(¢)) = 0. Using this fact, it is
straightforward (e.g., using coordinates) to show that

V(gradVy ) (x(£)) = G (x(t)) o Hess V4 (x(t)).

Furthermore, since Vx is X-invariant, for any « € Ty, B, we have

GH(x(t)) o Hess V3 (x(£)) (hlfty ) (x))
= hlft, () (G (bo) © Hess(Vx ) (bo) ().

For a vertical tangent vector vy ;) € V,(;)Q we have

V(gradVx)(vy ) = 0,

using the fact that gradVx (x(¢)) = 0 and using X-invariance of Vx. Summa-
rizing the preceding computations is the following formula for a vector field &
along x:
G G
V(VxX + gradV)(£(t)) = hlfty ) (G (bo) o Hess(Vx)g(bo) (T (£(1)))).
(S3.7)
Now let € be a vector field along y and let = be a vector field extending &.
Since X (x(t)) = x'(t), we have, using the definition of the curvature tensor,

X X
= Vi VE(x(1) + VaVx X (x() — Vx V=X (x() = Vizx X (x(£)-

G
A straightforward manipulation, using the fact that V has zero torsion, gives

G G G G G G G G G G
VXan%»VEVXXfVXVEXfV[E’X]X = VEVXX+2V[X7E]X+[X, (X, =]].

(S3.8)
Around a point x(to) € image(x), let (U, ¢) be coordinates with the following
properties:
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1. X = ain;
q
2. ((¢%,...,q" 1), (¢")) are fiber bundle coordinates for mg: Q — B;

3. for any point x(¢) € U, the basis {%(X(t)), cee %(X(t))} for T, Q is
G-orthogonal.

In these coordinates one readily determines that

XE®) =0 X EN00) = €0 (539)

for all values of ¢ for which x(¢) € U. In these coordinates it also holds that

0 0

Therefore, if £ is as above and if x(t) = Twg(£(t)), then we have

VX (X, Z)(X(1))) = 2(Viit o (o) X (X(1))) + 2V X (ver([X, Z)) (x(1)))
= — lfty ) (Cx ((t))) + 2ver(VX (hlft, () ((2))))
+2VX (ver([X, Z]) (x(1))
= hlftmc (#(t))) + 2V X (ver([X, Z]) (x(1)))

X(l)
" mG(VX<hlftx<t>< #t)), X (x(1))

= — Rlfty ) (Cx ((1))) + 2V X (ver([X, Z)) (x(1)))
2X (x(t))

_7G%XX t ’hlfxt q(t
IXIE () SOV XX O): bl (1)

=~ hlfty ) (Cx (d(1))) + 2V X (ver([X, Z]) (x(1)))

EXOAD) (4 (1)) bt (0 $3.11
TR (e O @) (851D

G
using the fact that Vx X = gradVx — gradV, and that dVx (x(¢)) = 0 for all
t € R. Also,

hift () (#(t) = hor([X, [X,Z))(x())),  t€R. (S3.12)

In the coordinates (¢, ..., q"), one also computes

.0
VX = F”ﬂa ®d¢’,

from which we ascertain that
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9
oq'’

G

2V X (ver([X, Z)) (x(1))) = 20%, £

where no summation is intended over the index “n.” One readily verifies that,
in our coordinates,

— = %XX = gradVyx — gradV.
Since dVx (x(t)) = 0, we have

2V X (ver([X, Z])(x(1))) = —2ver([X, Z](x(1)) jgradV (x(t). (53.13)

We also clearly have, by definition of .ZXX,

f'"“)a% — ver(ZXX(E(D)), (53.14)

where no summation is intended over “n.”
To simplify the terms involving the external force, we note that

Ve (G o (X (x(1)))) = (Ve (B o A7) (X (x(1)) + GF 0 2 (Vi X (x(1))).

G
Thus, using the fact that V is torsion-free, we have

— Ve (GF o 4 X)(x(£)) + (Ve (GF 0 ) (X (1))
G A (Vi (1) = G o A (X, Z) (1),
Using (S3.9) and (S3.10) we arrive at

Ve (G o A7 0 X) (x(1)) + (Ve (GF o A7) (X (1))

+Glo Ab(%x%t)f(t)) = G o A (hlfty (r) (£(t))) + £"GF o A (X (x(1))),
(S3.15)

where z(t) = Tx(t)ﬂ'B(f(t)).
Finally, for a vector field £ along x;, let z(t) = Tmg(£(t)) and let v(¢) X (t) =

ver(ZXX(£)). In terms of our coordinates above, v(t) = £"(t). One now
combines equations (S3.7), (S3.8), (S3.9), (S3.11), (S3.12), (S3.13), (S3.14)
and (S3.15) to get the result. |

Remark S3.12. The preceding theorem is not very obvious; in particular,
the equivalence of equations (S3.5) and (S3.6) is not transparent. Indeed,
the relationship between the curvature tensor and the components of the
system that appear in the theorem statement, C, Hess(Vy), and gradV, is
rather subtle. In this respect, the proof of the theorem bears study, if these
relationships are to be understood. °
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S3.1.4 Linearization of the reduced equations along a relative
equilibrium

We again consider a C°°-forced simple mechanical control system ¥ =
(Q,G,V, F,. 7 ,R™) satisfying Assumption S3.10, take X to be a complete
infinitesimal symmetry for ¥, ask that 7g: Q — B be a surjective submersion,
and let x be a relative equilibrium. In this section we provide the form of the
linearization along a relative equilibrium by linearizing, in the usual manner,
the reduced equations, which we reproduce here for convenience:

Vo (t) = —sradg (VT ) (1() + v(t)Cx (1 (1)
+ T o GF o A° (7/(£) — X(7(£))) + Ya,u(t, n(t)),
M®:,<xmxm>wmmw»+<<vw—xwmmxwwn
(I1X12)8(n(t)) (I1X12)8(n(t)

4 Gult. (1), X(v(1)

(1X12)s(n())
(S3.16)
Here (vy,u) is a controlled trajectory for ¥, n = mge~y, and v is defined by
ver(+ (1)) = v(t) X (1(1)):
The reduced equations are straightforward to linearize, since we are merely
linearizing about an equilibrium point. To compactly state the form of the
linearization requires some notation. Define a (1, 1)-tensor field Ag on B by

Ag(vy) = Ty o G¥(q) 0 A°(q) o hlft, (vp),

for ¢ € 7' (b). This definition can be shown to be independent of the choice
of ¢ € ' (b) by virtue of the X-invariance of A. Define a vector field ag on
B by

ag(b) = Tyme °G*(g) o A’()(X (),
where g € g 1(b), and again this definition can be shown to be well-defined.
Finally, define a covector field ag on B by
(A° (hlfty (vs)); X (9))
2
(1X1ic)e(®)
where ¢ € ng(b) and vy € T4Q. This definition, too, is independent of the

choice of ¢ and v,.
We may now state the form of the linearization of the reduced equations.

)

(ag(b);vp) =

Proposition S3.13 (Linearization of relative equilibrium after reduc-
tion). Let ¥ = (Q,G,V, F, % ,R™) be a C*-forced simple mechanical control
system, let X be a complete infinitesimal symmetry of ¥ for which the pro-
jection mg: Q — B onto the set of X-orbits is a surjective submersion, and
let x be a regular relative equilibrium with by = mg o x(0).
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The linearization of equations (S3.16) about (Op,, 1) is the linear control
system (Tp,B@® Tp,BO R, As:(by), Bx(bo)), where

O idTbOB
As(bo) = ~Gg(bg)to Hess(VX)B(bO)b C)é(b?b) )+ As(bo)
Vi
! ~20x12e 0y + 800
0

2gradBVB(b0) + aB(bo)
(A" (X (40));iX (q0))
(I1IX112)e(b0)
0
By;(bg) = |[Bsxa2(bo) |,
By 5(bo)

where By, 2(bo) € L(R™; Ty, B) is defined by

By 2(bo)(u) = Z uYg,a(bo),

and where By, 3(bg) € L(R™;R) is defined by

™ GV, (x(0)), X (x(0)))
B bo)(u) = u .
malto)() = 2 (X128 bo)

Proof. Let us outline the computations that can be used to prove the result.
For convenience, we break down Ay (by) into nine entries which we call the
(,7)th entry, i,5 € {1,2,3}, based on the block form of Ax(by). To linearize
the equations (S3.16) we use three curves. The first curve is on Z(TB), we
denote it by 71, and we require that 71(0) = 0p, and 7} (0) = vy, @ Op,. The
second curve we use is a curve ¢ — 13(t) on Ty, B for which 72(0) = 0, and for
which 75(0) = 0y, S vp, € Tp,BH Ty, B. In defining 7; and 7, we have used the
identification of To, TB with T,,B&® Tp,B as given in Lemma 6.33. The third
curve is on R, and is defined by ¢ — v(t) = 1 + ¢t. During the course of the
proof, 1 (t), n2(t), and v(t) will always be taken to be so defined. Following
the same arguments leading to Proposition 6.37, we arrive at the following
conclusions.

1. The (1,1), (1,2), and the (1, 3) entries are directly verified to have the
stated form.

2. One computes

d €

dt ‘t:ograds (VXffl)B(nl(t)) = vp, @ Op,,

d €

&‘t:ogradB (Vvafl)B(m(t)) = 0p, @ G(bo)* o (Vx ) (bo)",

d €
a‘tzograds(vxf,fv(t))g(bO) = Op, © (—2gradgVe(bo)),
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where we use the fact that VX = Vi(g) — /\72 ||X||é and that (Vx)g has a
critical point at bg.

3. One computes

Sl Oxm®) = v, © 0y,

MJ (12()) = O3, & Cx(vn,).
= L_ £)Cx (0y) = Oy, @ Op.

This gives the first term in the (2,2) entry of Ax(bo).

4. Let qo € m5"(bo). Let 71 be the curve on Z(TQ) satisfying v1(0) = 0y,
and with tangent vector field ~; (t) = hlft., ) (n1(¢)) — X (71(t)), where we
make the identification of Z(TB) with B and of Z(TQ) with Q. Let 72 be
the curve on TgQ with 72(0) = 04, and with v5(t) = hlftg, (n5(t)) — X (go)-
Finally, let 5 be the curve in Q satisfying v3(0) = ¢o, and with tangent
vector field v4(t) = v(t)X (y3(t)). To simplify notation, let A: TQ — TB
be the vector bundle map over mg defined by A =TrgoGPo A°. We then
compute

%’ A(n(t) — Xomrq(71(2))) = vpy @ Ogy,

t=0

1 ‘tZOA(Vz(t) — X omrq(12(t))) = Opy @ (Tyo s © G*(q0) © A’ (go) © hlfty, (vp,)).

d ~
21, A0 = X (33(1))) = Opy © (Tye e °G*(g0) © A (90) (X (0)))-
This computation can be done directly using the coordinates (¢!, ..., ¢")

introduced in the proof of Theorem S3.11. It gives the second parts of the
(2,2) and the (2, 3) entry in Ax(bp).

5. We compute

4 (d(|1 X 1[2)s (e o (£)) m1 (£))
dtle=o (| X||3)e(mre om (1))
g‘ (dUXNE)ebo); ma(t)) _ . (_2<dVB(bO)§Ubg>>
dele=o (||X]|%)s (bo) ' (IX12)e(®)
{w(t)d([|X 1) (bo); Ov,)
t=0 (I1X 112 )& (bo)
using the fact that Vy =V — 3 ||X||é7 and that bg is a critical point for
Vx. This gives the (3,2) entry of Ax(bp).

6. Let qo € 75" (bo) and define curves 7;, i € {1,2,3}, as in step 4 of the
proof. We compute

= Vp, D Op,,

d

dt

= Obo D Obo,
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(A (1 (t) = X omrq(m(1)); X (mrq oM (1))

d X(
(IX 1) (T8 0m1(t))

= Vgo D Ogy

i‘ (A (2 (t) = X omrq(12(1)); X (a0)) _ (A" (hlfty, (vs,)); X (q0))
dt =0 (11X 1128 (bo) (I1X1&)ebo)
7‘ A (r3(t) = X (33(8)); X (13(1)) _ (A°(X(90)): X (q0))
dt le=o0 (111 (bo) (IX18)8(bo)

so giving the (3,3) entry in Asn(qo)-
The linearization of the input vector fields is readily verified to give the stated
form for By (bo), and this concludes the proof. [ |

The equations governing controlled trajectories for the linearization of the
reduced system are

#(t) = — Gal(bo) o Hess(Vx)s(bo)’ (z(t)) + Cx (bo) (i(1))
+ 2v(t)gradg Ve (bo) + Ag(bo)(x(t)) + v(t)as(bo) + By 2(bo) - u(t),
. (dVB(bo); (1)) ~
T NTS IR
V(1) (A°(X(q0)); X (90))
(X1 )8 (bo)
The following result gives the relationship between the reduced and the
unreduced linearization.

+ By 3(bo) - u(t).

Theorem S3.14 (Relationship between linearization before and after
reduction). Let ¥ = (Q,G,V, F,.% ,R™) be a C*°-forced simple mechanical
control system with F satisfying Assumption S3.10, let X be a complete in-
finitesimal symmetry of ¥ for which the projection mg: Q — B onto the set of
X-orbits is a surjective submersion, and let x be a reqular relative equilibrium
with by = mg © x(0).
For a curve t — z(t) € Ty,B, a vector field & along x, a function v: R —
R, and a locally integrable control t — wu(t), the following statements are
equivalent:
(i) t — (x(t)®z(t)Br(t), u(t)) is a controlled trajectory for the linearization
of the equations (S3.16) about (Oy,,1), hor({(t)) = hlft, ) (z(t)), and
v(t) = ((t), where ver(&(t)) = ¢(t) X (x(t));
(ii) (&,u) is a controlled trajectory for the linearization of ¥ about (x,0),

x(t) = Tme(&(t)), and v(t) = ((t), where ver(§(t)) = ((8)X (x(t))-
Proof. This follows easily from Theorem S3.11 and Proposition S3.13. [ ]
The theorem is an important one, since it will allow us to switch freely
between the reduced and unreduced linearizations. In some cases, it will be

convenient to think of certain concepts in the unreduced setting, while com-
putations are more easily performed in the reduced setting.
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S3.2 Linearized effective energies

In many of the existing results concerning stability of relative equilibria, a
central role is played by Hessian of the energy. This is a consequence of the
fact that definiteness of the Hessian, restricted to certain subspaces, can easily
deliver stability results in various forms. In this section we study the Hessian
of the effective energy for a relative equilibria. In particular, we consider the
interplay of the various natural energies with the reduction process and with
linearization. Specifically, we spell out the geometry relating the processes of
linearization and reduction.

S3.2.1 Some geometry associated to an infinitesimal isometry

The utility of the constructions in this section may not be immediately ap-
parent, but will become clear in Proposition S3.20 below.

In this section we let (Q, G) be a Riemannian manifold with X an infinites-
imal isometry satisfying Assumption 5.78. We denote by TTQx the restriction
of the vector bundle mrrq: TTQ — TQ to image(X). Thus TTQx is a vec-
tor bundle over image(X) whose fiber at X(q) is Tx(,)TQ. We denote this
fiber by TTQX7X(Q). In like manner, HTQ x and VTQx denote the restrictions
of HTQ and TQ, respectively, to image(X). The Ehresmann connection on

mrq: TQ — Q, defined by % as in Section S1.3.6, gives a splitting of each
fiber of TTQx as

TTQx,x(g) = HTQx,x(g) ® VTQx x(q)-

This gives a vector bundle isomorphism ox: TTQx — HTQx & VTQx. De-
note by Ilg: TQ — TQ/R the projection onto the set of X7-orbits. We let
¢g: TQ — TB x R be defined by

PB(wq) = (Tme(wq), vx (wy)),

where vx(wg) is defined by ver(vq) = vx(vq)X(q). Note that ¢goX(q) =
(Oxg(q)» 1). Indeed, one can easily see that ¢ x £ ¢pglimage(X): image(X) —
Z(TB) x {1} is a surjective submersion. We next define a vector bundle map
Yg: TTQ — T(TB x R) over ¢g by g = T'pg. We denote g x = 9g|TTQx,
noting that this is a surjective vector bundle map from TTQx to the restricted
vector bundle T(TBxR)|(Z(B)x{1}). Next we wish to give a useful description
of the vector bundle T(TB x R)|(Z(B) x {1}). We think of TB x R as a vector
bundle over B x R, and we let Rgxg be the trivial vector bundle (B x R) x R
over B x R. We then note that To, TB >~ T, @ T;B, as in Lemma 6.33. Thus
we have a natural identification

T(TB x R)|(Z(B) x {1}) ~ (TB x R) & (TB x R) & Raxz ($3.17)

of vector bundles over Z(TB) x {1} ~ B x {1}. The fiber over (b, 1) is isomor-
phic to TpB @ T,B @& R. We shall implicitly use the identification (S3.17)
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in the sequel. Next, we define a vector bundle map tg: HTQ & VTQ —
(TBxR)® (TB x R) ® Rgxr by

G G

18(Uy, © Wy, ) = (Tqﬂ'g(uvq),Tqﬂ'B(w@q = VX (ty,)), vx (wWy, — VX(ul,q))).

We then let (g x be the restriction of tg to HTQx @ VTQx.
The following result summarizes and ties together the above constructions.

Lemma S3.15. The following statements hold:

(i) ox s a vector bundle isomorphism over idimage(x) from TTQx to
HTQx ® VTQx;
(i1) ¢B,x is a surjective submersion from image(X) to B x {1};
(#3) Vg, x is a surjective vector bundle map over ¢g x from TTQx to (TB x
R) @ (TB x R) ® Rgxrg;
(iv) tg,x is a surjective vector bundle map over ¢g x from HTQx & VTQx
to (TB X R) () (TB X R) @RBXR;

(v) the following diagram commutes:

TTQx X HTQx & VTQx

k B, X

(TBxR)® (TB x R) @ Rgxr

Proof. This is most easily proved in an appropriate set of coordinates. Take
coordinates (¢',...,q") for Q with the following properties:

1X = 2.
6(]" I
2. for times ¢ for which x(¢) is in the chart domain, {@%l(X(t))a 22 ()}
is an orthogonal basis for T, ;)Q.
This means that (¢!, ...,¢"!) are coordinates for B. These also form, there-
fore, coordinates for Z(TB) and thus also for Z(TB) x {1}. Since a typical
point in image(X) has the form

in natural coordinates for TQ, we can use (¢',...,q") as coordinates for
image(X). We denote natural coordinates for TTQ by ((q,v), (u,w)). Then
(g, u,w) form a set of coordinates for TTQx.

The map ¢g from TQ to TB x R has the form

In the coordinates for image(X) and for Z(TB) x {1}, the map ¢g x has the
form
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The coordinate form of g is then
(' v g™ (0™, (™), (™))
= (g ¢ h), (b ™), ((uh e, (L w™ ) w™))
and the coordinate form for v¢g x is given by
((¢*,...,q"), (u'y ... u™), (wh, ..., w™))
— (4. .., ¢" Y, (Wb, . u™ ), (wh L w ), w™)  (S3.18)

In coordinates, the map ox is given by

Finally, in our above coordinates, the form of the map tg x is

((¢*, ..., q"), (u', ... u™), (W, ... w™))

G X G . G .
— ((qla R qn—1)7 (u17 T 7un)7 (wl_rvlzju]’ e awn_l_FZj_le)’ wn_FZ]uj)

All statements in the statement of the lemma follow directly from the preced-
ing coordinate computations. [

We shall see in Proposition S3.20 that (g x relates two natural energies
associated to a relative equilibrium.

S3.2.2 The effective energies and their linearizations

We let ¥ = (Q,G,V, F) be a C*°-simple mechanical system with X a com-
plete infinitesimal symmetry for 3 satisfying Assumption 5.78. First recall
from (6.17) that the effective energy for a forced simple mechanical system
¥ =(Q,G,V, F) with complete infinitesimal symmetry X is

EX(Uq) = % ||Uq - X(Q)Hé + Vx(q),

where Vx =V — 1| X ||(ZG is the effective potential. The relative equilibria for
Y. are then characterized by the critical points of Ex, as in part (i) of Theo-
rem 6.56. As we shall see in Section S3.3, the Hessian of the effective energy at
such critical points is useful for determining the stability of the corresponding
relative equilibrium. The following result characterizes this Hessian in terms

G
of the splitting of the fibers of TTQ using V.
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Lemma S3.16 (Hessian of effective energy). Let ¥ = (Q,G,V, F) be
a C*-forced simple mechanical system and let X be a complete infinitesi-
mal symmetry for ¥. Let vy be a critical point for the effective energy and

G
let T,Q @ T,Q be the splitting of T, TQ associated with V, as described in
Section S1.3.6. Then

G G
Hess Ex (u1®w1, ug®wsz) = G(w;—Vy, X (q), wa—Vu, X (q))+Hess Vx (u1, uz).

Proof. This is a messy, but straightforward, proof in coordinates. [

With this as background, we make the following definition, recalling the
notation u,, ®w,, to denote a point in T, TQ relative to the splitting defined

G

by V.

Definition S3.17 (Linearized effective energy). Let ¥ = (Q,G,V, F) be
a C*°-forced simple mechanical system, let X be a complete infinitesimal
isometry for ¥, and let x be a relative equilibrium. The linearized effective
energy is the function on TTQ|image(x’) defined by

G
Ey(uy, ®wy,) = %||lwy, — VuquHé + £ Hess Vx (uy, , Uy, ),
where v, = x'(0). .

Next we consider the linearized effective energy, but now for the reduced
system. To do so, we assume that mg: Q — B is a surjective submersion, as
in Assumption 5.78. The effective energy Fx is X-invariant and so drops to
TQ/R ~ TB x R. During the course of the proof of Theorem 6.56, we further
explicitly computed this “reduced effective energy,” denoted here by E%¢4, as

EX (wy, v) = 3Ga(wp, wy) + (Vx)s(b) + 5 (I X]2)a(b) (v — 1)%.

It then makes sense that the “reduced linearized effective energy” should be
the Hessian of this function at a critical point, which corresponds, as we have
seen, to a relative equilibrium. The following result records the form of the
Hessian.

Lemma S3.18. Let ¥ = (Q,G,V, F) be a C*®-forced simple mechanical sys-
tem, let X be a complete infinitesimal symmetry for X satisfying Assump-
tion 5.78, and let (0p,1) € TB x R be a critical point for E5¢Y. Then
Hess EB?d(Ob, D(ur @ v vy, us vy @ ra)
= Ga(b)(v1,v2) + Hess(Vx )g (b) (u1, uz) + (|| X[|2)s (b)1va.
Proof. This is a straightforward computation. [

Based on this computation, let us make the following definition.
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Definition S3.19 (Reduced linearized effective energy). Let ¥ =
(Q,G,V, F) be a C*-forced simple mechanical system, let X be a complete
infinitesimal isometry for 3 satisfying Assumption 5.78, and let by = mg(x(0)).
The reduced linearized effective energy is the function on T;,B& T, ,BAR
defined by

B (upy, 00y, ) = 5 [[on, I, + 5 Hess(Vx e (bo) (s, , usy) + 5 (1X[12)8 (bo) 2.

The preceding definition of the reduced linearized effective energy is ob-
tained by “reducing” the effective energy, and then “linearizing” it. It should
be possible to perform the operations in the opposite order to get to the
same answer. To do this explicitly, we use the constructions of the preceding
section. In particular, we use the vector bundle map g x. As the following
result indicates, one should think of this map as describing how the process of

G
linearization is reduced when using the Ehresmann connection defined by V.

Proposition S3.20 (Relating the linearized effective energies). Let
Y = (Q,G,V,F) be a C*®-forced simple mechanical system with X a com-
plete infinitesimal symmetry satisfying Assumption 5.78. If x is a regular
relative equilibrium, then LB’X(XI(t))*E;ed =FE, forall t € R.

Proof. Let ¢ = x(t) and let b = wg(q). We compute

LB,X(X/(t))*E;Cd(Uvq S3) qu) = %HTqﬂ'B(qu - VX(UUQ))H?GB

+ L(IX]2)8 (v (ws, — VX (ug)))
+ % HeSS(Vx)B(b) (Tqﬂ'B (ub), T,m8 (ub))

G G
= 3hor(wy, — VX (uy))IZ + llver(w,, — VX (uy,))||Z
+ % Hess Vix () (to, ; o, ),

as desired. m

S3.3 Linear stability of relative equilibria

In the text, we did not discuss linear stability of relative equilibria. Since we
will be performing stabilization using linear methods, we now present this
linear theory.

S3.3.1 Definitions and alternative characterizations

We let ¥ = (Q,G,V, F) be a C*®-forced simple mechanical system where the
force F satisfies Assumption S3.10, with X a complete infinitesimal symme-
try for the system, and with x: R — Q a regular relative equilibrium. First
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we need a definition for linear stability of a relative equilibrium. The defini-
tion relies on the linearization along the relative equilibrium, which, from the
developments of Section S3.1, satisfies an initial value problem of the form

V2, &) + RED) X ()X (1)
= Vg (V) (x(1)) = Vo (6o 42 X) (x(1)

+ (Ve (GF o ) (X (1) + GF o A (Vo (1)),

£0) = &, LXX(E)(0

Remarks S3.21. 1. Note that it is immaterial that we specify the initial
condition at ¢ = 0 due to X-invariance of the system.

)
) =ve0. (S3.19)

2. Also note that we can specify the initial derivative condition for & by spec-
ifying %x/(o)f( 0). Since both ZXX and V + are differential operators in
TQ along x, .Z%X(€)(t) -V (t)f( ) depends only on £(t). Thus specifying

G
€(0) and £XX(£)(0) is equivalent to specifying £(0) and V. (0)£(0). For
our purposes, it is more convenient to specify the derivative initial condi-
tion in terms of .ZXX(£)(0). o

We may now state our stability definitions.

Definition S3.22 (Linear stability of relative equilibria). Let ¥ =
(Q,G,V, F) be a C*-forced simple mechanical system with F' satisfying As-
sumption S3.10, with X a complete infinitesimal symmetry for ¥, and with
x: R — Q a relative equilibrium. For a vector field £ along x, let v(t) = {(¢),
where ver(€(t)) = C(£)X(x(1)).

(i) The relative equilibrium y is linearly base (resp. fiber) stable if
there exists M > 0 such that the solution ¢ — £(t) to the initial
value problem (S3.19) satisfies |[hor(&(2))|lg + [-Z XX (hor(€))(®)|c <
M(Jhor(€o)llg + loe.olle) (resp. [v(0)] < M(hor(€o)llg + lue.le)):

(ii) The relative equilibrium y is linearly asymptotically base
(resp. fiber) stable if each solution t — £(t) to the initial value prob-
lem (S3.19) satisfies limy—,oo ([Jhor(£(2))[lg + [|-£XX (hor(€))(t)[lc) = 0
(resp. limy—, oo v(t) = 0). °

Let us now give the relationship between these definitions of linear stability
and the linear stability of the reduced system. To do this, let us write the
equations governing the reduced linearization, following Proposition S3.13:

i(t) = — Gg(bo)* o Hess(Vx)g(bo)" («(t)) + Cx (bo) (&(t))
+ 2v(t)gradg Va(bo) + Fi(bo) (#(t)) + v(t) fa(b )

p(t) - _ 2w 4 as(bg)(:b(t)) + (t)< ( )) <QO)>

)

(IX112)e(bo) <||XHG> (bo)
(S3

20)
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where we adopt the notation for Fg, fg, and ag as given before the statement
of Proposition S3.13.

Proposition S3.23 (Base characterization of linear stability of rel-
ative equilibria). Let ¥ = (Q,G,V, F) be a C*-forced simple mechanical
system with F satisfying Assumption S3.10, with X a complete infinitesimal
symmetry for the system, and with x: R — Q a regular relative equilibrium.
Suppose that the projection mg: Q — B onto the set of X-orbits is a surjective
submersion, and let by = mg(x(0)). The following statements hold:

(i) x is linearly base stable if and only if, for every solution t — x(t) ®
#(t) @ v(t) of the equations (S3.20), the function Ry >t 12l g (b)
is bounded;

(ii) x is linearly asymptotically base stable if and only if, for every solution
t—at)Sa(t) ©v(t) of the equations (S3.20), limy— oo [|2(t)] gy ) = 05

(iii) x is linearly fiber stable if and only if, for every solution t — x(t) @
@(t) @ v(t) of the equations (S3.20), the function Ry > t — |v(t)| is
bounded;

(iv) x is linearly asymptotically fiber stable if and only if, for every solution
t— x(t) ® @(t) ® v(t) of the equations (S3.20), lim;_, |v(t)| = 0.

Proof. Since the equations (S3.20) are linear, their solution has the form
x(t) ® z(t) ®v(t) = exp(Ax(by)t)(x(0) & £(0) & v(0)).
Let us abbreviate V = T,,B ® T, B ® R, and define maps p1,p2,p3 € L(V;V)
by
P1(Uby D Vp, D V) = up, ® 0p, B0,
p2(ub, © vy, & v) = Oy, B vy, B0,
P3(Up, © vy, © V) = Oy, © Opy D V.
Define a norm ||-|| on V by

2

(11X 118 )8 (bo)

Due to the nature of exp(Ax(bo)t) (its components are linear combinations
of products of polynomial, exponential, and trigonometric functions of ¢), the
function ¢ — [[z(t)[|g, s, is bounded if and only if

[[uby @ Voo @ VIl = [ttt ll g 5) + 1050 lga(be) +

sup { [[p1  exp(As(bo)t)[| | t € Ry} < oo,

where ||-|] is the operator norm (see Definition 3.15). Again due to the nature
of the components of exp(As(bo)t), if ¢t — [[2(t)|g, s, is bounded, then so
too is t = [|£(t) gy s, Thus we have

sup { [[p2 o exp(As(bo)t)]l | ¢ € Ry} < oo.
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Therefore, if ¢ +— [|z(t)llg,,) is bounded, it follows that, since xz(t) =
p1 o exp(As(bo)t)(x(0) ® #(0) © »(0)) and &(t) = p2 o exp(As(bo)t)(z(0) &
2(0) ® v(0)),

12l gy ) + 12 llggm) < M [|2(0) @ &(0) © v(0)], (S3.21)

for some M7 > 0. Conversely, if (S3.21) holds for every solution of (S3.20), then
it clearly holds that ¢ — [|z(?)|g, 4,) is Pounded for every solution of (53.20).
Thus we have shown that t — [[z(t)||g,,) is bounded for every solution
of (S3.20) if and only if (S3.21) holds for every solution of (53.20).

A similar argument can be used to show that ¢ — |v(t)| is bounded for
every solution of (53.20) if and only if the estimate

()] :
T < Ma|z(0) © (0) @ v(0)]| (S3.22)
(IXTl¢)e(bo)
holds for every solution of (S3.20), for some My > 0.
Parts (i) and (iii) now follow from (S3.21), (S3.22), and Theorem S3.14,
along with the fact that the maps

Tt B 2 up, = hlfty g (us,) € Hy)Q,
T3, B @R 3 vy, ® v hlft (i) (vg,) + X (x(t) € Tyn)Q

are isometries. Part (ii) follows from Theorem S3.14, along with the fact that,
by properties of the components of exp(As(bo)), limy— oo [|E(t)]gy () = O if
limy— o0 [|2(2)[| gy ny) = 0- Part (iv) follows immediately from Theorem S3.14.

|

Remark S3.24. The definitions of base and fiber stability are examples of
what is sometimes called “partial stability” in more general contexts. With
this sort of stability, one is only interested in the behavior of some of the states
of the system. This is studied in the text [Vorotnikov 1998], and, in particular,
there one can find characterizations of partial stability of linear systems. e

S3.3.2 Sufficient conditions for linear stability of relative equilibria

Now let us give some natural sufficient conditions that we can use for the
stabilization theory we give in the sections to follow. These conditions should
be thought of as the linear analogue to the stability results of Section 6.3. As
such, they use the preceding two notions of linearized effective energies. In
this regard, the next result is the main result in this section.

Theorem S3.25 (Linear stability of relative equilibria). Let ¥ =
(Q,G,V,F) be a C*®-forced simple mechanical system, with X a complete in-
finitesimal symmetry for % satisfying Assumption 5.78, and with x: R — Q
a regular relative equilibrium. Suppose that F(v,) = — R (vy — X (q)), where
Raiss i a Rayleigh dissipation function. For by = mgox(0), the following
statements hold:
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(i) x is linearly base and fiber stable if Hess(Vx)g(bo) is positive-definite;

(ii) x is linearly asymptotically base stable and linearly asymptotically fiber
stable if Hess(Vx)g(bo) is positive-definite and if Raiss 1S positive-
definite.

Proof. Note that combined linear (asymptotic) base and fiber stability of x is
equivalent to the linear (asymptotic) stability of the equilibrium point by for
the reduced system on TB x R. Therefore, in the proof, we shall check for the
stability in the reduced space, using the reduced linearized effective energy,
E;e‘i, as a candidate Lyapunov function. First note that, under the hypothesis
that Hess(Vx )g(bg) is positive-definite, it follows that E;ed is positive-definite
about 0, ® 0 & 0. Next, a straightforward computation, the details of which
we omit, shows that

red
dE™
dt

(x(t) ® &(t) ® v(t)) = Ga(&(t), F(bo)(£(t))) + v(t)Ga (2, fa(bo))
v(#)([1X 1) (bo)as (bo) (£ (1)) + v(£)* (A" (X (40)); X (a0)),

along a solution ¢ +— x(t)@#(t)®v(t) to equations ($3.20), where go € 75 (bo),
and where A is as in Assumption S3.10. One now can easily show that

Ga(#(t), Fi(bo)(2(t))) = A(hlfte, ((2)), hlfte, (£(2))),
v()Ge(2, fe(bo)) = A(v(t) X (qo), hlft, (£(2))),
v(t)(1X 1138 (bo)as (bo) (£(1)) = A(hltty, ((t)), ()X (0)).

These computations allow us to conclude that

dBred ,
(@) ® (1) © v(1))

= A(hlfty, (&(t)) + v(t) X (qo), hlfte, (#(2)) + v(£) X (g0))-

In part (i), A = —Raiss 1S negative-semidefinite, and in part (i), A = — Raiss
is negative-definite, and the result then follows directly. ]

Alternatively, one can check the hypotheses of the theorem using the lin-
earized effective energy. The following result contains the results of this tran-
scription.

Corollary S3.26 (Linear stability of relative equilibria using unre-
duced data). Let ¥ = (Q,G,V, F) be a C*-forced simple mechanical sys-
tem, with X a complete infinitesimal symmetry for % satisfying Assump-
tion 5.78, and with x: R — Q a regular relative equilibrium. Suppose that
F(vy) = —R%.(vy — X(q)), where Raiss is a Rayleigh dissipation function.
The following statements hold:
(i) x is linearly base and fiber stable if Hess Vx (x(t)) is positive-definite on
any (and so every) complement to spang {X (x(t))} for some (and so
for all) t € R;
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(i) x is linearly asymptotically base stable and linearly asymptotically fiber
stable if HessVx(x(t)) is positive-definite on any (and so every) com-
plement to spang {X (x(t))} for some (and so for all) t € R, and if Raiss
1s positive-definite.

Remarks S3.27. 1. Note that since positive-definiteness of the Hessian of
(Vx)g at by implies that by is an isolated local minimum for (Vx)g, the
satisfaction of the hypotheses of Theorem S3.25 implies the satisfaction of
the hypotheses of Theorem 6.56.

2. The presence of gyroscopic forces in the reduced linearization makes it
difficult to draw the sharpest possible conclusions regarding linear stabil-
ity. This is to be contrasted with the linear stability of equilibrium points,
where, in Theorem 6.42, we are able to give much sharper stability condi-
tions in the presence of only dissipative forces.

3. In part (ii) of Theorem S3.25 we require that Rgiss be positive-definite.
As is the case with stability of equilibria for mechanical systems, this
hypothesis is stronger than required. When we discuss stabilization in
Theorems S3.41 and S3.47 below, we shall see that controllability of the
linearization is all that is required to achieve asymptotic stabilization. e

S3.4 Stabilization problems for relative equilibria

The problems one encounters for stabilization of relative equilibria are, of
course, similar to those one encounters for equilibria. However, the additional
structure of a base space and a symmetry direction make for more variants
of the sort of stability one can encounter (cf. Definitions 6.52 and S3.22), and
these should also be accounted for in the stabilization problems.

First let us characterize feedback for relative equilibria.

Definition S3.28 (Feedback for relative equilibria). Let ¥ =
(QV,V,F,.D, 7% ={F1,...,F,},U) be a C*-general simple mechanical con-
trol system for which F' is time-independent, and let X be a complete infinites-
imal symmetry for X.
(i) A controlled relative equilibrium for ¥ is a pair (x,ug) where
(a) x: R — Q is an integral curve of X and
(b) ug € U has the property that

VX (t) = —gradV (x () + Y _ ugGHo F*(x(t)).

a=1

(ii) An X -invariant state feedback (resp. X-invariant time-
dependent state feedback) for ¥ is a map u: TQ — U (resp. u: Ry x
TQ — U) with the property that uo~'(s) (resp. u(t,7'(s))) is indepen-
dent of s for each integral curve v of X.
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(iii) For an X-invariant state feedback (resp. X-invariant time-dependent
state feedback) u for X, the closed-loop system is the forced simple
mechanical control system with constraints defined by the 5-tuple ¥ =
(Q,G,V, F,,D), where

Fa(vg) = F(vy) + Z“a(vq)Fa(Q)v

a=1

(resp. Fu(t,vg) = Fvg) + > u“(t, Uq)Fa(q)).

(iv) For r € Z4 U {oo} U {w}, a state feedback (resp. time-dependent state
feedback) is C™ if the corresponding closed-loop system is of class C".

(v) For r € Z;4 U {oo} U {w} and x: R — Q an integral curve for X, a
state feedback is almost C" about x if there exists an X-invariant
neighborhood U of image(y) such that the corresponding closed-loop
system is C” on U \ {image(x)}. .

Remark S3.29. Note that, for a controlled relative equilibrium, we take the
control to be constant. More generally, one could allow time-dependent con-
trols to maintain a relative equilibrium. However, the constant control has the
advantage that a controlled relative equilibrium corresponds to a controlled
equilibrium point for the reduced system. °

Note that we include constraints in the formulation here. Although rela-
tive equilibria, and therefore base and fiber stability, are not given in Defini-
tions 6.51 and 6.52 for systems with constraints, the modifications to those
definitions are straightforward. In particular, a relative equilibrium is still an
integral curve of X that is a solution of the equations of motion. The defini-
tions for stabilizability are as follows.

Definition S3.30 (Stabilization problems for relative equilibria). Let
¥=Q,V,V,F,D, 7 ={Fy,...,F,,},U) be a C*®-general simple mechanical
control system for which F' is time-independent, and let X be a complete
infinitesimal symmetry for 3.

(i) A controlled relative equilibrium (x,ug) is base (resp. fiber) stabi-
lizable by X -invariant state feedback (resp. stabilizable by X -
invariant time-dependent state feedback) if there exists an X-
invariant state feedback (resp. X-invariant time-dependent state feed-
back) u for ¥ with the property that the closed-loop system has x as a
base (resp. fiber) stable relative equilibrium.

(ii) A controlled relative equilibrium (x, ug) is locally asymptotically base
(resp. fiber) stabilizable by X -invariant state feedback (resp. by
time-dependent state feedback) if there exists an X-invariant state
feedback (resp. X-invariant time-dependent state feedback) and an X-
invariant neighborhood U of image(x) with the properties that
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(a) the closed-loop system leaves TU invariant, and
(b) the restriction of the closed-loop system to TU possesses x as an
asymptotically base (resp. fiber) stable relative equilibrium.

(iii) A controlled relative equilibrium (x,ug) is globally asymptotically
base (resp. fiber) stabilizable by X-invariant state feedback
(resp. by X-invariant time-dependent state feedback) if, in
part (vii), one can take U = Q. .

Remark S3.31. As was the case with stabilization of equilibrium points, we
shall use the language of “u base (resp. fiber) stabilizes the controlled
relative equilibrium (y,0)” to mean that the closed-loop system with the
control u is base (resp. fiber) stable. Similar statements can be made, of course,
for local asymptotic stability. °

S3.5 Relative equilibrium stabilization

In this section we produce results for relative equilibria, mirroring those in
Sections 10.3 and 10.4 for equilibria. Before we give our stabilization results,
we first discuss how stabilization of the unreduced equations is related to sta-
bilization of the reduced equations. Since the latter case involves stabilization
of an equilibrium point, it is simpler to prove stability in this case.

S3.5.1 The relationship between reduced and unreduced
stabilization

In this section, we let ¥ = (Q, G, V, F, .#,R™) be a C*°-simple mechanical con-
trol system with F' satisfying Assumption S3.10, X be a complete infinitesimal
symmetry for ¥ satisfying Assumption 5.78, and (y, 0) be a regular controlled
relative equilibrium. We let by = mg(x(0)), so that (0p,, 1) is the equilibrium
point for the reduced equations

GVBn/mn’(t) = —gradg <V§ v(
+ TrgoGFoA®
o(t) = — v(t)(d(IX][2)s (n(?))
(IX&)s (0 (1))
4 Gl ()),X(v(t)))'
(I1X112)s (n(?))

Let us denote by £ the control-affine system on TB x R deﬁned by these
equations. Let Ug be a neighborhood of by in B, and note that Uq = 75 HUp)
is a neighborhood of x that is X-invariant. Now let ug: TUg x R — Rm be a
state feedback for X4, and define uq: TUq — R™ by

B +

Y (t) — X (v )>)+Ya,u(t,n(t)),

;' (1)) +< "(v'(t) — X((t))
(

0)s (1
(
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uq(vg) = us(Tms(vy), vx (vg)),

where vx (vy) € R is defined by ver(v,) = vx (vq) X (q).

The following result says that uq is an X-invariant state feedback, as
per Definition S3.28, and that stabilization of the reduced equations gives
stabilization of the unreduced equations.

Proposition S3.32 (Relative equilibrium stabilization using reduced
stabilization). Let ¥ = (Q,G,V, F, .7 ,R™) be a C*°-simple mechanical con-
trol system with F satisfying Assumption S3.10, X be a complete infinitesimal
symmetry for ¥ satisfying Assumption 5.78, and (x,0) a regular controlled
relative equilibrium. If ug and uq are defined as above, then uq is an X-
invariant state feedback for ¥. Furthermore, if ug is of class C*°, then the
following statements hold:
(i) if ug stabilizes the controlled equilibrium point ((Op,, 1),0) for ¥4, then
uq base and fiber stabilizes the controlled relative equilibrium (x,0);
(ii) if ug locally asymptotically stabilizes the controlled equilibrium point
((0py,1),0) for X4 then uq locally asymptotically base and fiber sta-
bilizes the controlled relative equilibrium (x,0).

Proof. First let us show that uq is X-invariant. Let v: R — Uq be an integral
curve of X lying in Ug. We then have

uqQ(y'(t)) = us(Tme(y' (1), v(t)) = us(0p,, 1) = uq(y'(0)),

using the fact that ver(y/(t)) = X (y(t)).
The second two statements in the proposition follow directly from the
definitions of base and fiber stability. [

One can refine the result by separately considering base and fiber stability.
However, the results we state below will be for joint base and fiber stability.
We therefore leave the refined statements to the reader.

On the basis of Proposition S3.32, the results we give in the remainder of
the section concern stabilization of the reduced system associated to a relative
equilibrium.

S3.5.2 Stabilization of linearization of reduced system

In Section 10.3, we developed the theory of potential shaping for linear sys-
tems, and then applied this to the stabilization of not necessarily linear sys-
tems in the case when their linearization satisfied the hypotheses needed for
linear stabilization. In this section, we carry out the same procedure, but now
for relative equilibria. As we shall see, the ideas do not translate verbatim,
as the extra structure of the relative equilibrium introduces some additional
complications.
Let us recall that the reduced system is governed by the equations



S82 S3 Linearization and stabilization of relative equilibria

)

Vol (£) = —gradg (Vi) g (1) + v(£)Cx (7 (1))
+TrgoGho A’ (7’(7&) X(4(1)) + Yault, (1),
() (A(IX][2)s (n(8); ' (£) LA (Y () = X(v(1)));
(I1X 1128 (n(t)
G(¥u(t, 1), X(+(1))
(I1X115)e (n (1))
Let us denote by ¥4 the control-affine system on TB x R defined by these

equations. The linearization of ¥**d about the equilibrium point (0,,1) is
governed by the equations

o(t) = —

= ==
~
|-
~

(1X 11 )e(n

() = — Gp(bo)" o Hess(Vx)s(bo)’ ((t)) + Cx (bo) (&(t))
+ 2v(t)gradg Ve (bo) + Ag(bo) (2(t)) + v(t)as(bo) + Bs,2(bo) - u(t),
. (dVB(bo); &(t)) :
v(t) = —2——5—— + ag(by)(z(t
O = = xRy o)
(A" (X (90)); X (q0))
v(t) 3
(I1X1Ig)e(bo)

Let us denote by Xr°41n the linear system on T, B®T,,B@R defined by these
equations. Recall the notation Ax(by) and Bx(bg) from Proposition S3.13.
Let us give some definitions concerning the type of feedback we use to
stabilize ¥r°4lin We first make some constructions concerning the control
forces F = {F!,...,F™}. For a € {1,...,m}, define a covector field F§ on
B by
(R (b); w) = (F(q)s bty (w)),

for ¢ € 75" (b). Denote Fg = {Fa,...,F§'}. Also define functions fg, a €

{1,...,m}, on B by
fe(b) = (F“(q); X(q)),

for ¢ € m5'(b). Now define linear maps Fg(b) € L(R™;T;B) and fg(b) €
L(R™;R) by

Fg(b)-u=> u*Fg(b), fa(b) -u=>_ u"f§(b)
a=1 a=1

With these definitions we have the following result that characterizes the linear
maps By 2(bg) and By, 3(bg) that arise in Proposition S3.13.

+ Bg@(bo) . u(t).

Lemma S3.33. The following statements hold:
(i) By 2(bo) = Ge(bo)* o Fig(bo);

. __fabo)
(ii) Bs. 3(bo) = (IX112)e(bo) *
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Proof. Let qo € 5" (by). We compute

By o(bo) - u = Zu Y.a(bo) = Zu Tyom8(Ya(qo))
a=1

m

= Zu o7 (hor(Y, Zu“hor (G*(F*(q0)))

— S GH(FE (b)) = Colbo)« Falbo) -u
a=1

and
m m Fa‘ X
B, (bo) - Z (90); X (o))
po ||X||<c,) bo = (IX1%)s(bo)
fe(bo) - u

T (IX)12)s(b0)

For PD control for the reduced linearization, it will be necessary to place
restrictions on the proportional and derivative gains that respect the horizon-
tal/vertical splitting of tangent spaces to Q; this is a complication added by
the fact that we are stabilizing a relative equilibrium. The following definition
indicates how this is done.

Definition S3.34 (Compatible gain matrix and control vector). Let

=(Q,G,V,F, %, ,R™) be a C*-forced simple mechanical control system and
let X be a vector field on Q. For K € 35((R™)*), define Ax € I°(T9(TQ))
by

Ak (ug,vq) = K(Fx(q)" (uq), Fx(q)" (vg))-

We make the following definitions:

(i) K € Yo((R™)*) is compatible with X at ¢ € Q if A%(H,Q) C

ann(V,Q);

(ii) v € R™ is compatible with X at ¢ € Q if Fx(q) - v € ann(H,Q).
We denote by ¥o((R™)*)x(q) the subset of ¥a((R™)*) consisting of tensors
compatible with X at ¢, and we denote by R”XT( 9 Rg( g)5€t of compatible
control vectorsthe subset of R consisting of vectors compatible with X at
q. °

It is fairly clear that ¥o((R™)*)x(q) is a subspace of ¥((R™)*) and that
RY g is @ subs.pac.e of R™. Let us denote by pry: R™ — Ry, the Grm-
orthogonal projection.

The following result gives a useful, alternative characterization of compat-
ibility, in the sense of the preceding definition.

Lemma S3.35 (Characterization of compatibility). Let ¥ =
(Q,G,V,F,.Z,R™) be a C™-forced simple mechanical control system
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and let X be a complete infinitesimal symmetry for ¥ for which the projec-
tion mg: Q — B onto the set of X-orbits is a surjective submersion. The
following statements hold:

(1) K € So((R™)*)x(q) if and only if fe(ms(q)) o K* o Fg(ms(q)) = 0;

(it) uw € R, if and only if u € ker(Fg(ms(q))).

Proof. (i) Let b = mg(q). Note that, by definition of fg, u € ker(fg(b)) if and
only if Fx(¢)-u € ann(V,Q). Now, for any u € R™ and w,, € T;,B, we compute

(F(q) e K* o F(b)* (w0); X (a)) = (Fs(q)  K* o Fi(q)" (lft (w3)); X (q))
= K (Fx(q)* (hlfty(ws)), Fx(q)* (X (q)))
= Ag (hlfty(ws), X(q))-

Thus Ko Fg(b)*(wy) € ker(fg(b)) for every w, € T,B if and only if
A% (hlft, (wp)) € ann(V,Q) for every w, € T;B. But this is exactly this part
of the lemma.

(ii) By definition of Fg, u € ker(Fg(b)) if and only if Fx(q)-u € ann(H,Q),
which is the result. ]

Now, with Lemma 10.22 in mind, we make the following definition.

Definition S3.36 (PD control for linearization of reduced system).
Let ¥ = (Q,G,V, F,.%,R™) be a C*°-forced simple mechanical control system
and let X be a complete infinitesimal symmetry for ¥ for which the projection
mg: Q — B onto the set of X-orbits is a surjective submersion. For the linear
control system Xr°4ln o linear proportional-derivative (PD) control
law at by is a linear state feedback of the form

u(z,v,v) = —K{i, oFg(by) -z — K]ﬁ3 ° Fg(bo) - v — kDDPrx (4 © fB(b0) "V,

where Kp, Kp € S2((R™)*) x(40)+ 90 € 75 (bo), and where kp € R. If Kp and
kp are both zero, then u is a linear proportional control law. °

Remark S3.37. There are some potentially confusing identifications that
arise in properly interpreting the term “kDer(qo)fB(bo)*y” in the linear
PD control law. Let us address these. First of all, we had defined fg(by) as a
linear map from R™ to R. However, were we to be consistent with forces be-
ing cotangent space-valued, then we would more properly have defined fg(bo)
as taking values in R*. However, this is resolved by noting that there is a
natural isomorphism of R with R*. Therefore, although by our definition
fe(bo)* € L(R*;(R™)*), we should really think of fg(by) € L(R;(R™)*).
In order that kpprx () © fa(bo) v lie in R%(qu) C R™, as it should, we must,
therefore, regard pry 4, as a linear map from (R™)* to Rnxl(qu). To do this, we
would properly replace pry .y With pry g ) ©tm, where ¢, € L((R™)*;R™)
is the canonical isomorphism (i.e., defined by the standard inner product on
R™). The reader might find it useful to keep these identifications in mind,
since they will be made tacitly in the calculations below. °
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Let us give the form for the closed-loop system for linear PD control.

Lemma S3.38 (Closed-loop system for linear PD control). Let
Kp,Kp € E2((R™)") x(40), 0 € ng(bo), define a quadratic function Vi on
TboB by

Va(x) = § Hess(Vx)s(bo) (z, ) + 5 Fi(bo) © K}, o Fa(bo)” - (2, ),
and define a symmetric (0,2)-tensor field Ay on Q by
Aci(ug, vq) = A(ug, vg) — Fx(q) OK]u) o Fy(q)" - (hor(ugq), hor(vg))
— kpllprx () (fs(b)")
where vx(wq) € R is defined by ver(w,) = vx (wy) X (q) for wy € TQ.

Then, the closed-loop system for the linear PD control law defined by Kp
and Kp is the linear system on T, B ® T, B ® R defined by the linear map

IIQQMVX (uq)vx (vg),

0 idr, 5
As a(by) = | —Ge(bo)* o Hess Vi Cx (bo) + Ac1,B(bo)
0 —o_dVelbo) ac1,8(bo)

(IX12)e (bo)
0
2gradg Ve (bo) + aq1,8(bo)

(A% (X (90));X (90))
(1X112)& (bo)

where A g, Ga,B, and aq g are as defined preceding the statement of Propo-
sition S3.13.

Proof. Let us first perform some computations. For brevity, we let b = by and
q = qo. For wy, € TyB and 5, € T;Q we compute
Aap(wy) = Tymg 0G(q)* o Aa(q)” o hlfty (wp)
= Ag(wy) — Tymg 0 G(q)* ehor” o Fy(q) o Kfy o Fs(q)* o hlft, (w,)
= Ag(wp) — T,me °G(q) o Fi(g) o K, © F(¢)" o hlfty (wn)
= Ap(wy) — G (b)* o Fis(b) o Ky 0 Fig(b)" ().
Here hor™ denotes the projection onto ann(V,Q) associated with the decom-

position T;Q = ann(V,Q) @ ann(H,Q). In the third step in the calculation,
we have used the fact that Kp € Xo((R™)*)x(4). We next compute

aa,8(b) = Tyme 2 G(q)" ° Aa(q)’ (X (q))
= ag(b) — ko [[prx () (fa(0)*)|&m Tyme ° G(g) v
= aB(b)7

where we think of v as an element of ann(H,Q) C T;Q. We compute
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(IX 28 (0) (et (b); wp) = (A% (hlfty(ws)); X (q))
(I1X112)8 (b) (s (b); wp),

using the definition of A.;. Finally, we have

(A%(X(9)); X(q)) = (A(X(0)); X(9)) — kpIpry (g (fa (D)) R

With these computations, and using Lemmas S3.33 and S3.35, the result
follows from a direct computation. [ |

Remark S3.39. In order that the closed-loop system have the desired form,
it is essential to restrict the proportional gain Kp to lie in ¥a((R™)*)x(g)-
It is not, however, necessary to so restrict Kp, nor is it necessary to project
f8(bo)* onto RQ( )" However, by placing these restrictions on the form of the
derivative feedback, we ensure that the horizontal and vertical components of
the derivative feedback are separated. In practice, this may be useful. How-
ever, it is also possible to state Lemma S3.38 for the most general derivative
feedback, and we leave the details of this to the reader. °

We may also make the corresponding definitions for stabilizability of the
reduced system using linear PD control.

Definition S3.40 (Stabilizability of reduced linearized system using
linear PD control). The system Xredln is

(i) stabilizable by proportional control if there exists a linear pro-
portional control law that stabilizes the controlled equilibrium point
(05, @ 05, ©0,0), and is

(ii) asymptotically stabilizable by proportional-derivative control if
there exists a linear PD control law that asymptotically stabilizes the
controlled equilibrium point (0y, & Op, & 0, 0). o

We can now state conditions for stabilization of the reduced linearization,
and of the reduced system, using linear PD control. First let us state a suffi-
cient condition for stabilization of the linearization.

Theorem S3.41 (Stabilizability of reduced linearization by linear
PD control). The following statements hold:

(i) if Hess(Vx)g(by)|coann(image(Fg)) is positive-definite, then Xredlin js
stabilizable by proportional control, and XY is stabilizable at (Op,, 1) by
linear proportional control;

(ii) if

(a) Hess(Vx )g(bo)|coann(image(Fg(by))) is positive-definite and

(b) Xredlin s STLC from (04, & Op, ®0),
then Xredlin s asymptotically stabilizable by PD control, and ' is
locally asymptotically stabilizable at (Op,,1) by linear PD control.



S3.5 Relative equilibrium stabilization S87

Proof. Let us define the closed-loop linearized reduced effective energy by
E;ed7C1(x7 v, V) = %GB(bO)(U7 U) + %V;?l(x) + %("Xllé)B(bO)V27

where V) is as defined in Lemma S3.38. For a general linear PD control defined
by Kp, Kp, and kp, we compute, following the proof of Theorem S3.25,

gEred’Cl(x(t) @ i(t) @ v(t))

dt X
= Aa(hlftg, (£()) + v(t) X (qo), hlftg, (£(t)) + v(£) X (g0)),

where A is as defined in Lemma S3.38, and where t — x(t) ® @(t) @ v(t) is
a trajectory for the closed-loop system.

(i) In the case that image(Fx(qo)) C ann(Vg,Q), it follows that fg(by) = 0,
and that 3((R™)*)x(q) = Z2((R™)*). In this case, the result follows in
the same manner as part (i) of Theorem 10.26. For simplicity, we there-
fore assume that image(Fs(qo)) ¢ ann(VyQ). Let go € 75" (bo) and de-
fine V = coann(image(Fx(qo))) + V4 Q. Note that, by our assumption that
image(Fx(qo)) ¢ ann(Vg,Q), it holds that V = coann(image(Fx(qo))) @ Vg, Q-

The following lemma contains the essential observation in this part of the
proof.

Lemma. Let ¢: T,,Q — R be a quadratic function (i.e., one that satisfies
B(Avgy) = AN2¢(vy,) for every A € R and vy, € T, Q) satisfying

(i) dp(vg,) € ann(V) for each vy, € T4, Q and

(ii) {dg(vg, ); X (q0)) = 0.
Then there emists K €  Yo((R™)")x(q) such that Hess¢ =
Fx(qo) o K*o Fx(go)*.

Proof. Without loss of generality, suppose that Fx(qo) is injective. Let
{e1,...,en} be a basis for T, Q with the following properties:

1. {ek+1,-..,en} is a basis for coann(image(Fx(qo)));

2. " = X(q).

Let (v',...,v™) be the induced coordinates for T,, Q. Then the function ¢ in
the statement of the lemma is a function of the coordinates v, ..., v*~1. The

matrix representation for Fy, in the basis is

[F5(q0)] = F, ;
O(nfk) Xm

where F; € RE=Dxm and Fy € R'™. To prove the lemma, we must solve
the equation
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Fl T T
F> K[F{ F5 Ouyxn-i)
O(nfk)xm
@ O—1)x1 O—1)x(n—k)
= | Oixk-1) 0 O1x(nr) |, (93.23)

Om—t)yx(k—=1) Om-r)x1  O@m—k)x(n—r)

for K € R™*™ where & = [Hess ¢] € R*~D*(k=1) Since Fy(qo) is assumed
to be injective, the equation

F, T T @ Ok-1)x1
K |F F5| =
[FJ [Fy 2] O1x(k—1) 0

can be solved for K, and this same matrix clearly solves (S3.23). Next we need
to show that, if K is the matrix representative for K € Xo((R™)*), then it
holds that K € 35 ((R™)*)x(q,)- This is true, however, since Ag (qo) = Hess ¢,
and since it is clear that (Hess ¢)’(H,, Q) C ann(V,, Q). v

To complete the proof of this part of the theorem, note that the hypotheses,
along with the lemma, ensure that there exists Kp € Xao((R™)*)x(4,) such
that Hess Vx + Fx(qo) © Kg, o F5(qo)* is positive-definite on Hg, Q. Since Kp €
Yo ((R™)*) X (go) it holds that

Fs(qo) ° K 0 F(40)" (g, wgy) = Fa(bo) © K o Fi(bo)* (T (vg, ), T (wg,)

for all vg,, wq, € Tq,Q. Thus E;ed’d is a Lyapunov function for the closed-loop
system, and so stability follows from Theorem 6.14.

(ii) To prove this part of the theorem, we suppose that a linear propor-
tional control law has already been designed as in part (i), and thus we may
suppose that Hess(Vx)g is positive-definite. For simplicity, and without loss
of generality, let us also assume that there is no open-loop dissipation. We
next claim that the derivative part of the PD control law is dissipative as
in Section 10.1.5. To see this, let b, € Ty, B® Ty, B@® R, a € {1,...,m}, be
defined such that

Bs(bo) - u =Y bou".
a=1

Using Proposition S3.13 and Lemma S3.33, and thinking of b, as a constant
vector field on Ty, B @ Ty,B @ R, we compute

Ly, BNz @ v @ v) = (Fg(bo);v) + f (bo)r.

Now define ugiss: Tp,B ® Tp,B &R — R™ by ul (z,v,v) = _‘iﬂbaE;cd,lin.
We next note that, if Kp € Xa2((R™)*)x(q0)5

Prx (g o FB(bo)"(v) =0, v € Ty,B,
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and
Fg(bo) °K1ﬂ)(fB(bo)*) =0,

with both equalities following from Lemma S3.35. These facts then give the
following formula:

Fg(bo) (K, + EDPT x (40)) (Udiss (T B v D v))
= —Fg(bo) o K} 0 F(bo)* (v) — kpFa(bo) o P x (40 (e (bo) "1

This shows that the derivative control law associated with Kp €
Yo ((R™)*) x (o) and kp € R is equivalent to the feedback

TDBUVDV (K]ji3 + EDDT x (40)) (Udiss (T B v D V).

We next claim that it is possible to choose Kp € Ya((R™)*)x(q,) and
kp € R such that the linear map Agy, x, defined by

R™ 5w (K} + kppry(g,)(u) € (R™)* (S3.24)

is positive-definite with respect to the standard inner product on R™. This will
follow if we can show that Kp can be chosen so that the linear map in (S3.24) is
positive-definite on a complement to RQ( ) in R™. To prove this, we proceed
indirectly. Denote by F'r,, f, the linear map from R™ to T; B x R defined by

Fry g5 (u) = (Fg - v) @ (fa(bo) - ).

We assume, without loss of generality, that this map is injective. On Ty, B®&R
consider the symmetric bilinear map defined by

v®OV— Fry g OAﬁKD,kD oFp (V@)
The computations of Lemma S3.38 show that this map can be expressed as

0@ v (Fa(bo) o K o Fa(bo) (1)) & (ko lprx (g0) (fo (b0) HIEnr).  (53.25)

From the lemma used in the proof of the first part of the theorem, we know
that it is possible to choose Kp € Xa((R™)*)x(4,) such that the symmetric
bilinear map defined by

v = Fg(bo) o Kf, o F(bo)* (v)

is positive-definite on a complement to coann(image(Fg(by))). Therefore, it
is possible to choose Kp € ¥a((R™)*)x(q) and kp > 0 such that the
symmetric bilinear map defined by (S3.25) is positive-definite on a com-
plement to coann(image(Fr, f,)). This, however, implies that Agp xp is
positive-definite. That derivative feedback is dissipative now follows from
Remark 10.18-2. That derivative control asymptotically stabilizes Sredlin fol-
lows from Lemma 10.17, along with the assumption that X%l is STLC from
0p, ® 0y, @ 0. [ |
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Remark S3.42. Theorem 10.26, the result for stabilization of equilibria for
linear mechanical systems using PD control, gives necessary and sufficient
conditions for stabilizability and asymptotic stabilizability. This is because,
in Theorem 6.42, we were able to give necessary and sufficient conditions for
stability of linear mechanical systems with dissipative forces. However, since
the linearization of the reduced equations for a relative equilibrium involve gy-
roscopic forces, it is more difficult to give sharp stability conditions for stability
(cf. Exercise E6.10). Moreover, while the linear controllability condition for
systems with no external forces can be simplified to a computation involving
vector spaces of dimension equal to the dimension of the configuration mani-
fold, rather than the dimension of its tangent bundle (see Theorem 7.31), no
such results are known when gyroscopic forces are present. Thus there is the
possibility of weakening, or improving the computability of, the hypotheses of
Theorem S3.41 in multiple directions. °

S3.5.3 Stabilization of reduced system using linear control law

We may also define the notion of stabilizability of the nonlinear system Xred
using linear state feedback. To do so, we recall from Definition 10.29 the notion
of a near identity diffeomorphism. If (¢, Up, U;) is a near identity diffeomor-
phism at by € B, then we denote by T% ! x idg: TU; x R — (Up x Tp,B) xR
the map

Ty~ x idg(wy,v) = (T~ (wy), v).

‘We now make a definition.

Definition S3.43 (Stabilizability of reduced system using linear
PD control). If wy, is a linear PD control law for Zred’““, then an tm-
plementation of u'"™ for ¥'*d is a state feedback on TU; x R given by
Unonlin = Utin © (T~ X idr), where (¥, Uy, U;) is a near identity diffeomor-
phism at bg.
Furthermore, we say that ¥4 is
(i) stabilizable by linear proportional control at (0, 1) if there exists
a linear proportional control law w);, and an implementation of this
control law for ¥ which stabilizes ((0p,,1),0), and is
(ii) locally asymptotically stabilizable by linear proportional-
derivative control at (0p,,1) if there exists a linear PD control law
uin and an implementation of this control law for ¥4 which locally
asymptotically stabilizes ((0p,,1),0). .

The following result follows from Theorem S3.41 in the same manner in
which Theorem 10.32 follows from Theorem 10.26.

Theorem S3.44. For a near identity diffeomorphism (v, Uo,U1) at by and a
linear PD control law

win(z,v,v) = =K} o Fg(by)* () — K} o Fg(bo)* (v) — EDPI x (g9) © fB(b0) "V,



S3.5 Relative equilibrium stabilization S91

for yred;lin define a state feedback for yred on TU; x R bY Unonlin =
i o (Tx ™t x idg). The following statements hold.

(i) If Hess(Vx)g(bo)|coann(image(Fg(bg))) is positive-definite, then
there exists Kp € Xo((R™)*)x(qy) such that Hess(Vx)g(bo) +
Fg(bo) OK{iD o Fg(bo)* € Xa(TyQ) is positive-definite. Furthermore,
((0py,1),0) is stabilized by the state feedback unomin with Kp so chosen
and with Kp positive-semidefinite.

(i) Suppose that Hess(Vx)g(bo)|coann(image(Fg(bo))) is positive-definite,
that Kp is chosen as in part (i), that X741 is STLC from 0y, ® 0, OO,
and that Kp € 3a((R™)*)x(qo) is positive-definite. Then ((0p,,1),0) is
locally asymptotically stabilized by the state feedback uponin with Kp and
Kp so chosen.

S3.5.4 Stabilization of reduced equations using potential shaping

In this section we define the notion of PD control for the system ¥'*¢, and
we give sufficient conditions for stabilization of an equilibrium point for the
reduced system using PD control. The results here are analogous to those in
Section 10.4 in the text.

To get started, we need some notation. We let Fg be the codistribution on
B defined by Fg, = image(Fg(b)). Following our notation in Section 10.4, we
denote by C*°(B)g, the set of C*°-functions ¢ on B for which d¢ € I'>°(F).
By fﬂ(soo) we denote the codistribution annihilating the involutive closure of
coann(JFg) (see the discussion in Section 10.4.1), and recall that Fg is totally
regular at by if Fg and ff"éoo) are both regular at by.

With this notation, let us define what we mean by PD control for ¥red.

Definition S3.45 (PD control for reduced system). Suppose that Fg
is totally regular at by. A proportional-derivative (PD) control law at
(Opy, 1) is a state feedback satisfying

FB(b) . u(wb,v) = 7de(b) - K]ﬁD OFB(b)*(wb) - kDer(q) Ofg(b)*’v,

where Vp € C®(B)g,, Kp € S2((R™)*)x(q), ¢ € 75 ' (b), and kp € R. If Kp
and kp are zero, then u is a proportional control law. °

Correspondingly, one has the following notions of stabilizability.

Definition S3.46 (Stabilizability of reduced system using PD con-
trol). Suppose that Fp is totally regular at by. X7 is
(i) stabilizable by proportional control at (0p,,1) if there exists a pro-
portional control law at (0p,,1) such that the closed-loop system pos-
sesses (0p,, 1) as a stable equilibrium point, and is
(ii) locally asymptotically stabilizable by proportional-derivative
control at (0p,,1) if there exists a PD control law at (0p,,1) such that
the closed-loop system possesses (0, 1) as a locally asymptotically sta-
ble equilibrium point. °
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It is now straightforward to state a sufficient condition for stabilization
using PD control.

Theorem S3.47 (Stabilization of reduced system using PD con-
trol). Suppose that Fg is totally regular at by and that Fg =
{d¢t, ... Aok, F*+1 . F™} is proportionally adapted at by. Then the fol-
lowing statements hold.

(i) If Hess(VX)B(bo)\coann(fﬂ(;ig) is positive-definite, then there exists

Kp € So((R¥))x(g) such that Va = (Vx)g + £ Xk . (Kp)act®6°
is locally positive-definite about by. Furthermore, (0p,,1) is stabilized by
the proportional control law

k
w(wp,v) = — Z (Kp)act®(b)eq,

where {ey,..., ey} is the standard basis for R™.

(ii) Suppose that Hess(VX)B(bo)\coann(?éﬁg) is positive-definite, that Kp
is chosen as in part (i), that ¥ s STLC from 0y, @ 0y, ® 0, that
Kp € Xa((R™)*) x(q40) 18 positive-definite, and that kp > 0. Then (Op,, 1)
is locally asymptotically stabilized by the PD control law

k
u(wy,v) == > (Kp)ac®(b)ea — Kfy o Fa(b)" (ws) — kppr ) © fa(b) v,
a,c=1
Proof. Let us define a function E on TB x R by
1
E(wy,v) = 5 Ge(ws, wp) + (Vx)s(b)
1 & 1
a c 2
+3 > (Kp)act® (b)g°(b) + (IX1)s(®) (v = 1)%
a,c=1

Let us compute the time-derivative of E along controlled trajectories ¢ —
(7' (t),v(t)),u(t)) of £ when the control is a general PD control law. We
compute

S B0/ (0) (1)

= Aa(hlft (1 (1)) + o) X (v(t)), hlfty oy (0 (1)) + v () X (v(t)),

where A is as defined in Lemma S3.38.

(i) That there exists Kp as asserted follows in the same manner as the
analogous statement in Theorem 10.43. To prove the second assertion of this
part of the theorem, one notes that <2 (1/(t), v(t)) < 0. The result then follows
from Theorem 6.14.
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(ii) For simplicity, let us suppose that the open-loop dissipation is zero, and
let el be the control-affine system on TB x R obtained after the potential
has been shaped as in part (i). From the proof of part (ii) of Theorem S3.41,
we know that the derivative control is dissipative. Thus the result will follow
from Lemma 10.17 if we can show that X%l has a controllable linearization
at (0p,,1). We observe that the linearization of ¥4l at (0p,, 1) is given by
the linear control system (Tp,B & Tj,B@® R, AL (bo), Bs:(bo)), where Bs(bp) is
as defined in Proposition S3.13, where

As(bo) + Bs(bo) [0 —Kf o Fg(bo) 0],

and where Ayx(bg) is as defined in Proposition S3.13. The proof is completed
by making the observation that if a linear system (V, A, B) is STLC from 0,
then so too is the linear system (V, A+ BoF, B), for any F' € L(V;R™). We
leave the fairly straightforward proof of this fact to the reader to look up in
[Wonham 1985]. n






S4

Optimal control theory

In the field of control theory, optimal control theory is one of the more distin-
guished subjects. For example, the linear stabilization methods discussed in
Section 10.5.1 have their roots in optimal control theory. However, the sub-
ject goes well beyond the linear theory. The seminal work in the subject is
without question that which led to the publication of [Pontryagin, Boltyan-
skii, Gamkrelidze, and Mishchenko 1961]. This work came to fruition in the
years following the Second World War. In this work appeared the first state-
ment and proof of the Maximum Principle, to which a significant portion of
this chapter is dedicated. Another cornerstone of optimal control theory is
the Dynamic Programming Principle, the initial contributions to which are
described in the book of Bellman [1957]. Since the appearance of these basic
works, many fundamental contributions to the subject have been made, and
it would be nearly impossible to give an accurate outline of the research liter-
ature. However, the contributions of Kalman [1960] to the linear theory have
been very important, since they provide implementable design tools that see
wide use in practice. Contributions to the geometric theory of optimal con-
trol, particular geometric formulations of the Maximum Principle, have been
made by Sussmann in a series of papers in the late 1990’s (see, for example,
[Sussmann 1997, 2000]). Sussmann’s work is devoted to giving versions of the
Maximum Principle that hold with very weak hypotheses, and in quite general
control theoretic frameworks. Beyond the Maximum Principle, the subject of
higher-order conditions for optimality are important in optimal control theory.
Significant contributions have been made here by Krener [1977]. Second-order
conditions (thinking of the Maximum Principle as being a first-order condi-
tion) have been studied in great depth by Agrachev and coauthors, and these
results are detailed in the book of Agrachev and Sachkov [2004], along with
a nice geometric formulation of the Maximum Principle. For additional refer-
ences, we refer to the books [Agrachev and Sachkov 2004, Jurdjevic 1997, Lee
and Markus 1967].

One way to view the Maximum Principle in optimal control theory is as
a generalization of the classical calculus of variations. This is the point of
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view with which we start this chapter, in Section S4.1, following the excellent
account of Sussmann and Willems [1997]. After this motivation, we precisely
state the Maximum Principle in Section S4.2, following the account of Suss-
mann [1997], although our treatment is far less general than that of Sussmann.
We make use here of the Hamiltonian framework developed in Section S1.1.
In Section S4.3 we discuss some ways in which one can interpret the Max-
imum Principle. Here we make connections between optimal control theory
and controllability theory. This hints at something quite deep, and we refer
to the treatment in [Agrachev and Sachkov 2004, Lee and Markus 1967] for
further discussion along these lines. In Section S4.4 we give a version of the
Maximum Principle for affine connection control systems. Here we make use
of the tangent bundle geometry described in Sections S1.2 and S1.3. In Sec-
tions S4.5 and S4.6 we consider the special cases of optimal control problems
that minimize the inputs (in a certain sense) and time, respectively. We con-
clude the chapter with an analysis, in Section S4.7, of force- and time-optimal
control for the planar rigid body system discussed in the text.

S4.1 Going from the calculus of variations to the
Maximum Principle

A profitable view of the Maximum Principle is that it is a generalization of
the classical calculus of variations, as discussed briefly in the first two sections
in Section 4.3. However, this connection is not obvious when one simply states
the Maximum Principle and Hamilton’s Principle side-by-side. Therefore, in
this section we explicitly develop the calculus of variations in a manner that
fairly obviously leads to the Maximum Principle. We suppose all data to be
of class C*° in this section.

S4.1.1 Some additional discussion of the calculus of variations

In Section 4.3 we stated a problem, Problem 4.37, in the calculus of variations,
and a necessary condition, Theorem 4.38, for the solution of this problem. In
this section we give two additional necessary conditions that will be essential
to understanding how the Maximum Principle arises from the calculus of
variations. In this section, to simplify notation and to emphasize geometry, we
deal exclusively with time-independent Lagrangians. The extension to time-
independent Lagrangians is straightforward. We do not prove the results in
this section, but refer the reader to any somewhat more than basic account
of the calculus of variations, e.g., [Giaquinta and Hildebrandt 1996].

Let L: TM — R be a C*°-Lagrangian. To state the first of the two condi-
tions, we need to associate to a L a certain symmetric (0, 2)-tensor field. More
accurately, this tensor field will be a section of the vector bundle 79 (VTM).
First we define a map FL: TM — T*M by
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(FL(vg);ws) =

L(vg + twy).

d
dt lt=0

In natural coordinates for TM and T*M, F'L has the local representative

oL oL ))

((z,...,2"), (v} ..., ")) ((ml,...,w"),(ﬁ,...,w

Note that F'L is a fiber bundle map, but is not generally a vector bundle map.
If L(v,) = %G(vx,vw) for a Riemannian metric G on M, then FL = G°. The
map F'L is called the fiber derivative of L, and plays an important role in
the calculus of variations. Next one defines a section G, of T9(VTM) by

G0 (U Vo) = | FLe 10, (s4)
for U,,,V,, € V,, TM. Note that, in writing (S4.1), we are making the natu-
ral identification of V,, TM with T,M. Under this identification, if (x,v) are
natural coordinates for TM, then {%, e 62"} can be thought of as local
generators for VTM.! With this notation and with these identifications, one
verifies that

0?L i 4
GL = de ® dx‘].
From this we see that Gp is a symmetric tensor field. Also, if L(v,) =
3G(vg,vy), then G (Us,, Vi) = G(U,,, V., ), where again we identify V,, TM
with T,M.
We can now state a second necessary condition for a solution to Prob-
lem 4.37 in the calculus of variations.

Theorem S4.1 (Legendre Condition). If v € C?*([a,b],74,x) solves
Problem 4.587, then GL(v'(t)) is positive-semidefinite for each t € [a,b].

Note that this necessary condition is automatically satisfied when L(v,) =
1G(vy, v,) for a Riemannian metric G on M. However, in the framework of the
Maximum Principle, it is no longer natural to restrict attention to Lagrangians
of this special form.

The third necessary condition we provide is due to Weierstrass, and relies
on a new construction for its statement. We let TM @& TM be the Whitney sum
of TM with itself. The Weierstrass excess function is then the function
Wr: TM @ TM — R defined by

Wi (ve ® ug) = Lug) — L(vy) — FL(vg) - (g — vg).

We now have the following result.

Theorem S4.2 (Weierstrass Side Condition). If v € C?([a,b], 24, 7)
solves Problem 4.37, then, for each t € [a,b], WL(7/'(t) ® uy)) > 0 for all
Uy(t) € TypM.-

1 Another way of understanding this, as elucidated in Section S1.3.4, is to note that
VTM is isomorphic to the pull-back bundle 7f+yTM.
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S4.1.2 A Hamiltonian setting for the calculus of variations

Now we provide a reorganization of Theorems 4.38, S4.1 and S4.2 in a Hamil-
tonian setting. This seems slightly contrived at this point. However, as we
shall see, it provides just the right setting for the generalization of the calcu-
lus of variations to optimal control. We let TM & T*M be the Whitney sum
of TM and T*M. We denote a typical point in TM & T*M by v, & «a,. Given
a Lagrangian L as above, define a C'°*°-function Hy, on TM & T*M by

Hy(vy ® az) = (ag; vg) — L(vg).

Let us make some constructions associated to the function Hy. The notation
suggests that Hy might serve as a Hamiltonian in some manner. This is indeed
the case, although the standard Hamiltonian setup needs to be adapted to the
Whitney sum TM @& T*M. We have a natural projection mo: TM & T*"M —
T*M defined by 7o (v, @ ) = . We then define a differential two-form on
TM @ T*M by Wy = m5wp, where wy is the canonical symplectic form on T*M.
In natural coordinates (x,v,p) for TM & T*M we have

wo = dIi A dpz
We now state a condition that is equivalent to Theorem 4.38.

Proposition S4.3 (Hamiltonian version of the Euler-Lagrange equa-
tions). The following statements are equivalent for a curve t — Y(t) & A(¢)
in TM @ T*M:
(i) the Euler—Lagrange equations for o\ are satisfied, along with the equa-
tion A(t) = FL(Y(t));
(i) if t — Y'(t) & N (t) denotes the tangent vector field to the curve t —
Y (t) © A(t), then T(YT'(t) ® N (1)) = —dHL(T(t) & \(t)) for each t.

Proof. The most straightforward proof is done in natural coordinates (z,v, p)
for TM @ T*M. We denote by ¢ — (x(t),v(t), p(t)) the local representative
of t — Y(t) ® A(t). One readily determines that the local representative of
Lo (Y1) & N (1) i

pi(t)dg" — & (t)dp;.

From this, one readily ascertains that part (ii) is equivalent to the three equa-
tions

B = S (0,00 p0), i€ (L)
b= = GEO00.p0), e Lok (542
0= Mot v p(0), i€l ).

(i) = (ii) The equation additional to the Euler-Lagrange equation imme-
diately implies the third of equations (S4.2). The Euler-Lagrange equations

imply that v(¢t) = &(t). Since aagf =o', i € {1,...,n}, this implies that
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i(t) = ‘98];; (@), v(t),p(t)),  ic{l,....n}

which is the first of equations (ii). Taking the time derivative of the equation
A(t) = FL(Y(t)), and using the relation

0H], oL .

W__@7 'LE{].,...7TL}7
gives

OHy,

pi(t) = —W(w(t)m(t),p(t)), ieq{l,...,n}

which is the second of equations (54.2).
(ii) = (i) The third of equations (S4.2) implies that

pilt) = SE(E@ D), i€ L),

which is the local form for A(t) = FL(Y(t)). The first of equations (54.2)
implies that @(¢) = v(t), which means that T is the tangent vector field of
some curve v on M. Also, since

0H|, oL

81,'1 8];1’7 ? e{ ) 7n}7

this shows that part (ii) implies

d /0L ) oL ‘ .
dt ((%i)(m(t)’ () = B ((t), &(t)), ie{l,...,n},
which are the Euler—Lagrange equations. -

Part (ii) of Proposition S4.3 involves the classical Hamilton’s equations,
although they now involve a “parameter” v. In natural coordinates these equa-
tions are as given in the proof as (S4.2). The importance of the third of equa-
tions (S4.2) becomes fully realized when one throws Theorem S4.1 into the
mix. We now state how the three necessary conditions, Theorems 4.38, S4.1,
and S4.2, can be expressed in Hamiltonian language.

Proposition S4.4 (Hamiltonian version of necessary conditions in
calculus of variations). The following statements are equivalent for v €
C?([a,b], 2o, p):
(i) v satisfies the necessary conditions of Theorems 4.38, S4.1, and S4.2;
(i) there exists a covector field X along v such that, for the curve t —
(' (t) ® A(t)), the following relations hold:
(a) if t— Y'(t) ® N(t) denotes the tangent vector field to the curve
t = Y(t) @ At), then Wy(Y'(t) ® N (1)) = —dHL(T(t) © A(t)) for
each t;
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(b) for each t € [a,b],
Hi(v'(t) ® A(t)) = sup { Hr(vy) @ A1) | vy € TyM} -

Proof. As in the proof of Proposition S4.3, we use natural coordinates (x, v, p)
for TM @ T*M. In this case, the coordinate expression of part (ii) consists of
the four equations

() = aazf (@), &), pt),  ie{l,...,n},
5l = - SEO.E0.P0), T (L gy
0= %Zf (@), &), pt),  ie{l,....n},

Hi(x(t),&(t),p(t)) = sup { Hr(z(t), u, p(t)) | weR"}.

Clearly, these four equations are equivalent to the three equations remaining
when the third is omitted, and therefore, part (ii) is equivalent in coordinates
to the first, second, and fourth of equations (54.3).

(i) = (ii) Define a covector field A along v by A(t) = FL('(t)). A direct
calculation shows that the excess function satisfies

WL (Y (1) © vyy) = HL(v' (1) ® A1) — HL (040 ® A1),

for ¢ € [a, b]. Therefore the necessary condition of Theorem S4.2 translates to
asserting that, for each ¢ € [a, b],

Hy (v () ®A) — Ho (030 @A) >0, w3y € TyyM, £ € [a,b]. (S4.4)

This is exactly the fourth of equations (S4.3). By Proposition S4.3, the neces-
sary condition of Theorem 4.38 implies the first two of equations (S4.3). This
shows that (ii) holds since the first, second, and fourth of equations (S4.3)
hold.

(ii) = (i) We suppose that the first, second, and fourth of equations (54.3)
hold for some covector field along v whose local representative is t — p(t).
The fourth of the equations (S4.3) implies that

OH|,

ov?
The definition of Hy then gives p;(t) = gfi (£(t),€(t)), i € {1,...,n}. This
then shows that A(t) = FL(v/(t)). By Proposition S4.3, this also implies that
the necessary condition of Theorem 4.38 holds. The fourth of equations (54.3)
also implies that (S4.4) holds. Thus the necessary condition of Theorem S4.2
holds. Since (S4.4) holds, it follows that the matrix with components

(x(t), &(t),p(t)) =0, i€ {l,...,n}.

0’Hp,

oL E0 D), g el n)
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is negative-semidefinite for each ¢ € [a, b]. Since

82 H, 02L o
goiow ~ avige I €ileonk

it follows that the necessary condition of Theorem S4.1 holds. [

Remark S4.5. Readers familiar with mechanics will recall that, in La-
grangian mechanics, there is a standard technique for going from the Eu-
ler-Lagrange equations on TQ to Hamilton’s equations on T*Q. In order for
the equations to have a nice correspondence, there are conditions that must be
placed on the Lagrangian, namely that FIL: TQ — T*Q be a diffeomorphism.
In the setup in this section, no restrictions are placed on the Lagrangian. That
this is possible is a consequence of the fact that, in the Hamiltonian setting
in this section, we use, not T*Q, but TQ ® T*Q. As we shall see, this way
of doing things pays off when one looks at optimization problems in control
theory. °

S4.1.3 From the calculus of variations to the Maximum Principle

We now make a transition to optimal control from the calculus of variations
setting of the preceding section. We begin by introducing the “Maximum”
in the Maximum Principle. As in the previous section, we let L be a C'°°-
Lagrangian on M, and we let Hp be the corresponding Hamiltonian defined
on TM @ T*M. We then define a function H;"** on T*M by

H™ () =sup {Hp(vs ® o) | vy € T,M}.

It is possible that H*** might take the value +o00 at some or all points in T*M.
However, let us suppose that L has the property that H;®* is well-defined as
a R-valued function. Let us also suppose that H®* is of class C*°. In this
case, we have the following theorem giving a necessary condition for solutions

of Problem 4.37.

Theorem S4.6 (Maximum Principle version of necessary conditions
in calculus of variations). Assume that H* is a C*-function that is
well-defined on T*M. If v € C?%([a,b], x4, xp) solves Problem 4.37, then there
exists a covector field A along v such that

(1) Hp(v'(t) © A(t)) = HE™(A(t)) and

(i) X is an integral curve of the C*-Hamiltonian vector field X grmax.

Proof. This will follow from the Maximum Principle that we state precisely in
Section S4.2.2. We leave the translation to this special case to the reader. =

Now we adapt the preceding theorem to a control-theoretic setting. It is
convenient in this development to allow a slightly more general class of control
system than the control-affine systems considered in the text.
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Definition S4.7 (Control system). For r € NU {0} U {w}, a C"-control
system is a triple (M, f,U) where
(i) M is a C"-manifold,
(ii) f: M x R™ — TM is a map with the following properties:
(a) f(x,u) € TM for each (z,u) € M x R™;
(b) £ is of class O}
¢) the map = — f(x,u) is of class C" for each u € R™,

and
(iii) U c R™. .

Clearly, control-affine systems are examples of control systems as per the
preceding definition. In our statement of the Maximum Principle, the extra
structure afforded by control-affine systems will not be useful, and will simply
complicate the notation. There are generalizations of the notion of a control
system (e.g., [Nijmeijer and van der Schaft 1990, page 16]), but we shall not
find these sorts of generalities illuminating, especially since Definition S4.7
includes control-affine systems.

A control system (M, f,U) gives rise to the control equations

V() = (1), ult)). (54.5)

A controlled trajectory for a control system ¥ = (M, f,U) is a pair (v, u)
where v: I — M and u: I — U have the property that u is locally integrable
and ~ satisfies (S4.5). Thus + is locally absolutely continuous. We denote by
Ctraj(X) the set of controlled trajectories for ¥. A controlled arc for ¥ is
a controlled trajectory defined on a compact interval, i.e., an interval of the
form I = [a,b]. We denote by Carc(X) the set of controlled arcs for X.

We now suppose that we have a C'*°-control system ¥ = (M, f,U). Note
then that the admissible velocities at * € M are now parameterized by the
control set U. Therefore, a Lagrangian will now be a function, not on TM,
but on M x U. Thus, for such a Lagrangian and for (y,u) € Carc(X) with u
and v defined on [a, b], we define

b

As 1 (y,u) = / L(u(t), (1)) dt.

a
Let us state a problem related with this setting.

Problem S4.8. Given z,, zp € M, find (v, u) € Carc(X) that minimizes Ays, 1,
subject to the constraint that v(a) = z, and y(b) = zy. .

We now argue from Theorem S4.6 to a proposed (but imprecisely stated)
solution to Problem S4.8. The objective is to establish a link from the calculus
of variations to optimal control. The control Hamiltonian for ¥ and L is
the function on T*M x U given by

HE,L(Oéacvu) = <aw§f($’u)> - L(Z‘,U)
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Where in the calculus of variations we chose the velocity v, to maximize the
Hamiltonian with «, € T*M fixed, we now fix a, € T*M and maximize the
control Hamiltonian:

Hy'T (o) = sup{ Hs (az,u) | weU}.

With Theorem S4.6 in mind, we state the following conjecture.?

Conjecture S4.9 (Naive, incorrect version of the Maximum Princi-
ple). If (y,u) € Carc(X) solves Problem S4.8, then there exists an LAC
covector field A along v such that

(1) He L (A1), u(t)) = HP**(A(t)) and

(i) X is an integral curve of the C*-Hamiltonian vector field Xgax.

We devote the next section to stating the correct version of the preceding
conjecture. As we shall see, many of the essential features of the conjecture
are correct, but certain hypotheses are missing. Also, the complete statement
of the Maximum Principle contains slightly more information that our con-
jecture.

S4.2 The Maximum Principle

In this section, we continue the development from the preceding section, but
now we are significantly more precise in our statement of the optimal control
problem, and in our necessary condition, the Maximum Principle, for a solu-
tion to this problem. In keeping with the flavor of the treatment in the text,
we state a geometric version of the Maximum Principle. This differs somewhat
from some standard treatments for which states typically live in an open sub-
set of Euclidean space. It also bears mentioning that the Maximum Principle
on Euclidean space does not imply the Maximum Principle on manifolds as
we state it here. While it is natural to extend the statement of the Maximum
Principle from Euclidean space to manifolds, the proof does not extend so
easily. We rely on the extension of Sussmann [1997] of the Maximum Prin-
ciple to manifolds. However, our framework is significantly less general than
Sussmann’s. We do, however, employ the notion of a control system from
Definition S4.7 which generalizes the notion of a control-affine system.

We begin with a precise statement of the sorts of optimal control problems
we consider.

2 Actually, this is not a conjecture, since we know it to be false. We hope the reader
can forgive the abuse of style.
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S4.2.1 An optimal control problem

We consider a C*°-control system ¥ = (M, f,U) as in Definition S4.7, and
additionally consider the added data of a cost function® for ¥ that is de-
fined to be a continuous function F: M x R™ — R for which the function
x — F(z,u) is of class C* for v € R™. Although we are only interested in
the value of F' on M x U, it is convenient to suppose F' to be the restriction of
a continuous function on M x R™. Note that the function (¢,z) — F(z,u(t))
is an LIC®-function if (y,u) € Carc(X). We shall say that (y,u) € Ctraj(X)
is F'-acceptable if the function ¢ — F(vy(t),u(t)) is locally integrable. We
denote by Ctraj(X, F') the subset of Ctraj(X) consisting of F-acceptable con-
trolled trajectories. We similarly denote by Carc(X, F) the subset of Carc(X)
consisting of F-acceptable controlled arcs.
For (y,u) € Carc(X, F) with u and 7 defined on [a, b], define

b
Asr(r) = [ FO),u(0)

The map Carc(X, F') 3 (v,u) — Ax p(vy,u) is the objective function. Let
Sp and S7 be disjoint submanifolds of M. We denote by

Carc(X, F, Sp, S1) = {(v,u) € Carc(X, F)| v(a) € Sp and ~(b) € 51,

u and v are defined on [a, b] for some a,b € R}.

In like fashion, for a,b € R with a < b, we define

Carc(X, F, So, S1, [a,b]) = {(v,u) € Carc(Z, F)| u and v
are defined on [a,b] and v(a) € Sp and (b) € S1}.

The problems concerning the optimal path connecting two submanifolds are
stated as follows.

Definition S4.10 (Optimal control problems). Let ¥ = (M, f,U) be a
C*°-control system, let F' be a cost function for X, and let Sy and S; be
disjoint submanifolds of M.

(i) A controlled arc (v.,u.) € Carc(X,F,Sy,51) is a solution of
P(E, F,S0,51) if As p(ve,us) < As p(y,u) for every (v,u) €
Carc(E, F, So, Sl)

(ii) A controlled arc (7., u.) € Carc(Z, F, Sy, S1,a,b]) is a solution of
gz[a,b](27F7 So, S1) if AE,F(A/*»'U/*) < AZ,F(’Y?“) for every (v,u) €
Carc(X, F, Sp, S1, [a, b]). .

3 Many authors calls such functions Lagrangians. However, since we will be deal-
ing with control systems whose dynamics themselves are sometimes Lagrangian,
we refrain from using this notation as it might lead to one Lagrangian too many.
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A special case of this problem occurs when Sy = {x¢} and S; = {z1} for
two points zg, z1 € M. The problem Z (3, F, Sy, S1) is called a free interval
problem, since the interval of definition of solutions is left unspecified. Sim-
ilarly, the problem |, (%, F, So, S1) is called a fized interval problem,
since the interval of definition of solutions is part of the problem statement.

S4.2.2 The Maximum Principle

Now that we have stated clearly the optimal control problems we wish to
investigate, let us state necessary conditions for solutions of this problem.
Key to the necessary conditions of the Maximum Principle is the use of a
Hamiltonian formalism. Let ¥ = (M, f,U) be a C*°-control system and let F'
be a cost function for 3. We define the Hamiltonian Hs r as a function on
T*M x R™ by

Hs p(og,u) = oy - f(z,u) — F(z,u).

From this we define the maxzimum Hamiltonian as the function on T*M
defined by
H% (ap) = sup{ Hy p(az,u) | we U},

and we adopt the notation Hy'%(ay) = +oo if, for each C' € R, there ex-
ists u € U such that Hy p(oy,u) > C. If w € U has the property that
Hs p(ag,u) = Hgi}x(az), then we say Hy'% is realized by u at a,. If
(v,u) € Carc(X, F), then the function Hg, p(t, a;) — Hy r(ag,u(t)) is LIC™.
Therefore, corresponding to this function will be an LIC*°-Hamiltonian vector
field XH%,F on T*M.

If (y,u) € Carc(X, F) with u and + defined on an interval [a,b], then an
LAC covector field x: [a,b] — T*M along ~ is mazimizing for (X, F') along
u if

Hs p(x(t),u(t)) < HEF (x(t))
for almost every t € [a, b].
We now state the Maximum Principle as we shall employ it.

Theorem S4.11 (Maximum Principle). Let ¥ = (M, f,U) be a C*-
control system with F a cost function for X, and let Sy and Sy be dis-
joint submanifolds of M. Suppose that (y,u) € Carc(3, F) is a solution of
Plap)(E, F, S0, 51). Then there exists an LAC covector field x: [a,b] — T*M
along v and a constant xo € {0, 1} with the following properties:

(i) x(a) € ann(T44)S0) and x(b) € ann(T4)S1);

(ii) t — x(t) is an integral curve of Xuy v
(#ii) x is maximizing for (3, xoF) along u;

(iv) either xo =1 or x(a) # 0;

(v) there exists a constant C € R such that Hy p(x(t),u(t)) = C a.e.
If (v,u) is a solution of P (%, F, Sy, S1), then conditions (i)-(iv) hold, and
condition (v) can be replaced with
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(vi) Hs, p(x(t),u(t)) =0 a.e.

Remarks S4.12. 1. If Sy = {x0}, then x(a) is unrestricted (modulo require-
ment (iv)). Similarly, if S; = {21}, then x(b) is unrestricted.

2. Since the Hamiltonian vector field Xpy is linear (Remark S1.11-2), the
condition (iv) in the statement of the Maximum Principle asserts that
(x0, x(t)) will be non-zero for t € [a, b]. .

Let us write the equations for integral curves of X o F in local coordi-

nates (x,p) for T*M. First of all, the Hamiltonian in local coordinates has the
local representative

(z,p,u) = (P, (@, ult) zr — xoF (2, u(1)),

where f and F are the local representatives of f and F, respectively. From
this, using the form (S1.1) for a Hamiltonian vector field on T*M, we see that

the governing differential equations for X gy or €

i'(t) = fl(x(t),ut), ie{l,...,n},
afi i

5i0) = = S (@0, w0 + oG (@O, u(e), i€ {1},

The first n of these equations are simply the control equations. The second n of
these equations are frequently called the adjoint equation. A difficulty with
this terminology is that there is no natural coordinate-invariant object associ-
ated to these equations. What is coordinate-invariant are both components of
Hamilton’s equations. To get around this matter, and come up with a version
of the adjoint equation, one must introduce extra structure into the problem.
For example, for systems on open subsets of Fuclidean space, and for linear
systems, one has a natural trivialization of the tangent and cotangent bundles
of M, and so Hamilton’s equations naturally decouple into an “x-part” and a
“p-part.” Sussmann [1997] uses the structure of a reference trajectory to talk
about a differential operator on sections of T*M along the reference trajec-
tory. For those familiar with the concept, this is entirely along the lines of the
so-called “Lie drag” (see [Crampin and Pirani 1986, Section 3.5]). We shall
see in Section S4.4 that the structure of an affine connection gives us a natural
way of extracting a coordinate-invariant version of the adjoint equation from
the vector field XHgvXOF-

S4.2.3 Extremals

In this section we introduce some useful terminology associated to controlled
arcs satisfying the necessary conditions of the Maximum Principle.

Definition S4.13 (Extremal). Let (M, f,U) be a C'*°-control system with
a cost function F. Let & be either 2 (%, I, Sy, S1) or P[4 4(%, F, So, S1).
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(i) A controlled extremal for & is (y,u) € Carc(X, F) that satisfies cor-
responding necessary conditions of Theorem S4.11.

(ii) An absolutely continuous curve «: [a,b] — M is an extremal for & if

there exists a control u such that (y,u) is a controlled extremal for 4.

(iii) A integrable control u: [a,b] — U is an extremal control for & if

there exists a curve v on M such that (v, u) is a controlled extremal for

Z. o

Of course, controlled extremals need not be solutions of Z(%, F, Sy, S1)
or Pq4)(%, F, So, 51), but the converse is necessarily true.

It is sometimes also useful to give names to the other objects arising from
the conditions in the Maximum Principle.

Definition S4.14 (Adjoint covector field and constant Lagrange mul-
tiplier). Let (M, f,U) be a C*°-control system with a cost function F. Let
(v,u) be a controlled extremal for one of the problems & (%, F, Sy, S1) or
Plap(E, F, So,51), with x a covector field along v, and xo € {0,1} as in
Theorem S4.11. Then x is a adjoint covector field and xq is an constant
Lagrange multiplier. °

Note that, for a given controlled extremal (v, u), there may be multiple
adjoint covector fields and constant Lagrange multipliers.

There is a fundamental dichotomy in classes of extremals, depending es-
sentially on whether the constant Lagrange multiplier is zero or one.

Definition S4.15 (Normal and abnormal controlled extremals). Let
(M, f,U) be a C*°-control system with a cost function F. A controlled ex-
tremal (7, u) for 2 (X, F, So, S1) or Pq4)(E, F, So, S1), satisfying the neces-
sary conditions of Theorem S4.11 with xo = 1, is called normal. A controlled
extremal is abnormal if it satisfies the necessary conditions of Theorem S4.11
only for o = 0.

An extremal v is normal (resp. abnormal) if there exists a control u
such that (v, ) is a normal (resp. abnormal) controlled extremal. .

The wording here must be correctly understood. An abnormal controlled
extremal is not one that satisfies the necessary conditions of Theorem S4.11
with xo = 0. It is one that satisfies the necessary conditions of Theorem S4.11
with xo = 0, but cannot satisfy the necessary conditions of Theorem S4.11
with xo = 1. A discussion of abnormality is given in Section S4.3.2, and an
example possessing abnormal controlled extremals is given in Section S4.3.3.
That abnormal controlled extremals can be optimal in the case of sub-
Riemannian geometry? has been shown by Montgomery [1994] and Liu and
Sussmann [1994].

4 In sub-Riemannian geometry, one studies distributions that possess a smooth
assignment of an inner product to each fiber. One then considers curves whose
tangent vector fields take values in the distribution. For such a curve, one can
define its length in a manner entirely analogous to the Riemannian case. The
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One of the remarkable features of the Maximum Principle is that the
controlled extremal controls can sometimes be explicitly determined from the
condition that the Hamiltonian is maximizing along an extremal. This will
be illustrated in parts of the subsequent development, and in some examples
to follow. However, cases can arise where the condition that the Hamiltonian
be maximized gives no information about the control. This gives rise to the
following definition.

Definition S4.16 (Regular and singular controlled extremals). Let
(M, f,U) be a C*°-control system with a cost function F. Let (v, u) be a con-
trolled extremal for &2(X, F, So, S1) or P}q4)(%, F, So, S1), defined on [a, b],
with xo the constant Lagrange multiplier and x the adjoint covector field.
We say that (v,u) is singular if, for each t € [a,b], Hx ,,r(x(t), 1) =
Hg$ p(x(t)) for all w € U. A controlled extremal that is not singular is
regular.

An extremal v is singular (resp. regular) if there exists a control u such
that (v, u) is a singular (resp. regular) controlled extremal. .

Thus the definition formalizes the notion that the maximization condition
gives no information about the extremal control. Dunn [1967] proposes a more
refined notion of singularity where one allows for extremals that are singular
in our sense along one part of the extremal, and nonsingular on the rest.
For control-affine systems, the classification of singular controlled extremals
involves Lie brackets. We refer the reader to the book of Bonnard and Chyba
[2003] for a detailed discussion of singular controlled extremals. In the paper of
Chyba, Leonard, and Sontag [2003], it is shown that for mechanical systems,
there can be singular extremals that are optimal.

S4.3 Coming to an understanding of the Maximum
Principle

In Section S4.1 we illustrated the connection between the classical calculus
of variations and the Maximum Principle. In this section we give additional
interpretations of the Maximum Principle, but now in terms of concepts from
control theory.

S4.3.1 The relationship between controllability and optimal
control

There is a not-so-transparent link between optimal control and controllability
that we explore in this section. First let us expose a property of solutions to
optimal control problems.

optimization problem is then to find curves connecting two points with the min-
imum length. We refer to [Montgomery 2002] for a discussion of some aspects of
sub-Riemannian geometry.
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Proposition S4.17 (Subarcs of minimizers are minimizers). Let ¥ =
(M, f,U) be a control system with F a cost function for . Let a < b € R and
let zg,x1 € M. The following statements hold.
(i) If (v,u) € Carc(X, F) solves P (X, F,{xo},{x1}) and is defined on
la, b], then, for each a, bela,b],a<b, (v[a,b],ullab]) solves
(S, F {1(@)}, 11(0)}).
(ii) If (7y,u) € Carc(X, F) solves P, (X, F,{wo},{x1}), then, for each
a,b € [a,b] with @ < b, (lla, b],ul[a,b]) solves

Pa (5 F {v@)}, {v(0)})-

Proof. (i) Suppose that (v[@, b), u|[a, b)) does not solve

P(5, F,{7(@)}, {7(b)})- Then there exists (7,a) € Carc(X, F, {7(a)}, {7(b)})
such that As r(v[[a, b],ul[@,b]) > As p(7,7). Suppose that (7,a) is defined
on [a,b]. Then define a controlled trajectory (71 * v2 % v3, u1 * ug * ug) where

ul(t):U(t), tG[a,EL[, -
us(t) = u(t +a— a), tela,a+ (b—a),
us(t) =u(t+b—a— (b—a)), tela+(b—a),b+(b—a)—(b—a),

and 71 (0) = xo. Note that (y1 * v2 * y3,u1 * ug * uz) € Carc(3, F,{zo},{r1})
and that
As p(v1 %72 * 93, u1 * ug *x uz) < As p(7,u),
contradicting (y,u) being a solution to & (X, F, {xo}, {x1}). This proves (i).
(ii) Suppose that (v|[a, b], ul[a, b]) does not solve
Pan(E, FAv(a)}, {(v(B)}). Then there exists (7, a) €

Carc(Z, F, {4(a)}, {v(b)}, [a,b]) such that Ax r(~|[a,b],u|[@,b]) > As #(7, 7).
Then define a controlled trajectory (y1 % 72 * 7y3,u1 * ug * usg) where
u; = ulla,a[, uy = @, and us = u|]b,b] and 41(0) = zo. Note that
(71 % Y2 * v3, uy * ug * usg) € Carc(3, F, {zo},{z1}) and that

As p(71 % y2 % 3, U1 % ug *ug) < As p(7v,u),

contradicting (v, ) being a solution to P (X, F, {xo}, {x1}). This proves (ii).
|

Suppose that we are in possession of a control system ¥ = (M, f,U) and
a cost function F' for 3. Associated with this is a new control system ¥Xp =
(MF, fF, U) where

1. Mp =M xR,
2. fr(x, k) = (f(z,u), (k, F(z,u))) € TM xR x R ~ TMp, and
3. U = U (abuse of notation).

The equations governing this extended system are
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Since k(t) = fat F(y(7),u(r))dr, the additional state thus keeps a run-
ning tab on the objective function. We consider the fixed time problem
P = P38, F,{wo},{z1}), and we suppose that (v, u) solves &. The op-
timal value of the objective function is then

T
L) = [ FO©.u0)
In Mf consider the ray

loyr = {(21,1) | ¢ < AFR(2)}.

Recall that Rys,. ((x0,0),T) denotes the set of points reachable from (xg,0)
by the extended system Yp in time 7. Clearly, we must have (y(T) =
:vl,A%Ij}(f@)) € Rx.((x0,0),T). One can say more, in fact, about the re-
lationship between the terminal point and the reachable set.

Proposition S4.18 (Minimizing arcs lie on the boundary of
the reachable set I). With the above notation, (xl,A%%}(@)) €
bd(Rs,. ((z0,0),T)). Furthermore, Rs.,.((x0,0),T) N Ly, 7 = 0.

Proof. Let us prove the last statement first. Suppose there is a point (x1, k) €
Ry ((20,0),T) N Ly, 7. Since (x1,k) € Ry, ((x0,0),T), there exists a con-
trolled trajectory (4 x o, @) for X g such that (3(T"),0(T)) = (x1, k). However,
this contradicts (v, u) being a solution to &.

For the first assertion, note that, while (z, A%p%(,@)) € Ry, ((20,0),T),
every neighborhood of (ml,A%IjE,(BZ)) contains a point in ¢, r. Thus by
the first part of the proposition, every neighborhood of (z1, A%p}(z@)) con-

tains a point not in Ry, ((z0,0),T). This means that (21, ALL(P)) €
bd(Rs,. ((x0,0),T)), as desired. |

Now let us consider the optimal control problem & = (%, F, {zo}, {z1})
with free time interval. We take a solution (,u) of & defined on [0,7], so
that the optimal value of the objective function is

T
AP () = / Fly(t), u(t)) dt.

The following result is analogous to Proposition S4.18.

Proposition S4.19 (Minimizing arcs lie on the boundary of
the reachable set II). With the above notation, (v1,AY(2)) €
bd(Ryx,. ((x0,0), < T)). Furthermore, Rs . ((20,0),<T)N Ly, 7= i

Proof. Let us prove the last statement first. Suppose there is a point (z1, k) €
Ry ((20,0), < T) N Ly, . Since (z1,k) € Ry, ((20,0), < T), there exists a

controlled trajectory (7 x o,1) for ¥p such that (3(T),0(T)) = (z1,x) for
some T €]0, T]. However, this contradicts (v, u) being a solution to 4.
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For the first assertion, note that, while (x, A%p}(@)) € Ry, ((w,0),<T),
every mneighborhood of (1:1,14%‘?}(9)) contains a point in £, 7. Thus by
the first part of the proposition, every neighborhood of (z1, A%p}(g’)) con-
tains a point not in Ry, ((20,0),7). This means that (xl,A%I?;(gz)) €
bd(Rs,. ((x0,0),T)), as desired. ]

Combining Propositions S4.17, S4.18 and S4.19, the picture that emerges
for an solution to an optimal control problem is that, at each time ¢, it should
lie on the boundary of the set of points reachable by X in time ¢ (resp. time
at most t) for fixed interval (resp. free interval) problems. A picture one could
have in mind regarding the proposition is presented in Figure S4.1. In the

Lo

Rrr

éT,wl

Figure S4.1. The relationship between optimal trajectories and reachable sets for
the extended system X

figure, Rp represents Rs, ((zo,0),T) or Ry, ((xo,0),< T), depending on
whether we are looking at the fixed or free interval problem, respectively.

In the case of time-optimal control, the relationship between optimal tra-
jectories and reachable sets can be made, not just for the reachable sets of
Y, but for those of X. Thus we take F(z,u) = 1, and consider the problem
P =P(E,F,{xo},{r1}) of steering from xy to x; in minimum time.

Proposition S4.20 (Time-optimal trajectories lie on the boundary of
the reachable set). With the notation of the preceding paragraph, if (v,u)
solves & and if the minimum time is T, then x1 € bd(Rg(xo,T)).

Proof. Note that
Ry p((20,0),t) = Re(zo, t) x {t}, t €10,7T].
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If 21 € int(Rg(xo,T), then (z1,T) € int(Rs, ((z0,0), < T). Now, since every
neighborhood of (z1,T) € Mp contains a point in £, 7, this means that there
are points in Ry, ((0,0), < T') that are also in ¢,, 7. But this contradicts
Proposition S4.19. [ ]

S4.3.2 An interpretation of the Maximum Principle

The above relationship between solutions to optimal control problems and
reachable sets actually leads to a fairly direct interpretation of the Maxi-
mum Principle. We suppose that (y,u) is a solution to one of the optimal
control problems (%, F, {xo},{x1}) or P44 (E, F,{xo},{21}). Let us sim-
ply denote this by 2. We suppose that the solution (vy,u) to &2 is defined
on [0,T] for concreteness. If & is the free interval problem, then let us de-
note Rpr = Ry, ((%0,0), < T), and if & is the fixed interval problem, then
let us denote Rpr = Ry, ((wo,0),T). Let us similarly denote Ry as either
Rs(zo, < T) or Rs:(xg,T), respectively. Let us denote by (g, u) the controlled
trajectory of X = (Mg, fr,U) corresponding to (v, u). We know then that
vr(T) € bd(Rp,r). It turns out (this is nontrivial) that the boundary to the
reachable set Ry possesses a normal as shown in Figure S4.2. This has to

Re,r

Figure S4.2. The reachable set possesses a normal at its boundary

do somehow with the convexity of the reachable set. However, convexity in
a manifold is not so easy to understand; one has to make the notion stand
up using the “tangent space” to the boundary of the reachable set. In any
case, the normal vector, denoted by A(T) in Figure S4.2, should be thought
of as being in T ) Mp, and coann(A(T')) is then a hyperplane in T, (7yMp
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“tangent” to the boundary. But we know that, not only does v(T) lie on the
boundary of Rg 1, but, for any 7 € [0,T], we have y¢(7) € bd(Rp,;). There-
fore, the normal construction at time 7" can be applied for all 7 € [0, T] (again
see Figure S4.2). Thus we end up with a covector field A along yr. Now
consider the reference flow <I>{'1”7t2 defined by the Carathéodory vector field
fru: (8, (z,8)) — fr((x,K),u(t)). This flow will generate the extremal from
~vr(0) to vr(T) as in Figure S4.2 (this is the dashed arc in the figure). Since

@ffT'“ (Rr+) C Rpp, we can choose A(T) such that T3 ((I’fFT“)(A(T)) =
A(T). What one can then show is that the act of defining the covector field A
such that T (@fff”)(A(T)) = A(T) for each 7 € [0, T] is exactly equivalent
to defining A as being an integral curve for the Hamiltonian vector field with
LIC™ Hamiltonian Hy,, , (t, a(s,x)) = Q(z,x) [F((, k), u(t)). This comes about
essentially for the following reason. The flow of the tangent lift of fp, will
have the property that it maps tangent spaces to the reachable set to other
tangent spaces to the reachable. This requires proof, but is certainly believ-
able if one refers to the discussion of the tangent lift in Section S1.2.1. Now,
by understanding the relationship between the tangent lift and the cotangent
lift (see Section S1.2.2), it becomes reasonable that the flow of the cotan-
gent lift should map the coannihilator of a tangent space to the reachable
set to another coannihilator of a tangent space to a reachable set. Now we
note the cotangent lift of fr, is exactly the Hamiltonian vector field with
LIC*™-Hamiltonian Hy, , (see Remark S1.11-1).

This relationship between the Maximum Principle and the reachable set
also gives us a means of understanding what happens when we have an ab-
normal controlled extremal (7, u). It turns out that the covector field A above
can be written A(7) = (x(7),x0) € T Mr = T )M X R. (The not-so-
obvious thing here is that x( is independent of 7.) If the controlled extremal
(7, w) has the property that 4/(T) is tangent to the boundary of Rpr, then
it must be the case that yo = 0. From the Maximum Principle, implicit in
this is the fact that, if 4/(T) is tangent to Rp 1, then 4/(7) is tangent to Rp ,
for each 7 € [0, T]. Thus abnormal controlled extremals can be thought of as
those that are tangent to the boundary of the reachable set for 3. Note that it
may be possible to choose o = 0 even for normal controlled extremals. What
distinguishes abnormal controlled extremals is that yo must be zero.

Now let us briefly consider this relationship between optimal control and
reachable sets as it pertains to the existence of solutions to optimal control
problems. Again, we consider the extended system X with R ¢ the corre-
sponding reachable sets, the exact nature of which depends on whether we
are considering the fixed or free interval problem. Since a controlled extremal
(7, u) defined on [0, T] and solving an optimal control problem &2 must satisfy
vr(T) € bd(Rp,1), this boundary of the reachable set must be nonempty. This
will frequently preclude the existence of solutions in cases where the controls
are not bounded. Certainly in time-optimal control, one very often bounds
the controls in order to ensure that the problem possesses a solution.
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S4.3.3 An example

We take the system 3 = (M, f,U) where

1. M=R?,

2 fl(ah,a2),u) = 22 2 + (—at + u) s,

3. U=[-1,1]CR.

The cost function we choose is that associated with time-optimization; thus
we take F(z,u) = 1. We consider the problem 2 (X, F,{(x},z3)}, {z1, 23}).
The Hamiltonian for this system is

Hy r((z,p),u) = p1a® — ppx' + pou — 1.
This gives the equations governing controlled extremals as
it =2? i?=—-al4u, pr=ps, pP2=-p1.
We may solve the equations for the adjoint variables p; and po directly:
p1(t) = Asin(t — ¢), p2 = Acos(t — ¢) (54.6)

for some A, ¢ € R.
The control u for a controlled extremal satisfies

po(t)u(t) = max{p2(t)u | €U},

meaning that, when pa(t) < 0, we have u(¢t) = —1, and when ps(t) > 0 we
have u(t) = +1. Thus u(t) alternates between +1 and —1, depending on the
sign of pa(t). However, given the form of ps(¢), this means that u(t) switches
every 7 seconds.

This shows that controlled extremals will be concatenations of solutions
of the two differential equations
1. ' =22 2= —z'+1 and

2 2

2. @l =22 32 =—2' - 1.

The solutions to the first equation are

2 (t) = Bysin(t — 1) + 1, 22(t) = By cos(t — 1), (54.7)

for constants Bj,v; € R. These are simply circles in the (z!, 2%)-plane cen-
tered at (1,0). In like manner, the solutions for the other class of optimal arcs
are determined by

z1(t) = Bysin(t — b)) — 1, 22(t) = Bacos(t — 1)s), (S4.8)

for constants Ba, 1, € R. These are simply circles in the (2!, 2?)-plane cen-
tered at (—1,0). Thus, to steer from (z,23) to (z1,2%) in a time-optimal
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Figure S4.3. Two concatenations of circles to form an extremal. The solid line is
the solution to optimal control problem, and the dashed line is another extremal.

manner, one would go from (z},22) to (z1,2%) along a curve consisting of a
concatenation of circles centered at (1,0) and at (—1,0) (see Figure S4.3).

The question then arises, “What happens if p2(¢) = 0 on an interval so that
we cannot determine u(t) using the condition that the control Hamiltonian be
maximized?” One can easily see that this is the case of a singular extremal.
In such a case, we note that (S4.6) implies that p;(¢) is also zero on the same
interval. Since the differential equation for the (p1,ps2) is linear, this means
that they must be identically zero along the entire extremal. Furthermore,
condition (vi) of Theorem S4.11 gives xo = 0, which violates condition (iv) of
Theorem S4.11. Thus this problem possesses no singular extremals.

Next we look at the abnormal controlled extremals. In this case constancy
(in fact, equality with zero) of the Hamiltonian, as guaranteed by the Maxi-
mum Principle, tells us that we must have

Hs o((z,p),u) = Plxz —pﬂl + pau = 0.

A straightforward calculation, using (S4.6), (S4.7) or (S4.8), and the fact that
u(t) = sign(pa (1) gives

prz? — poxt + pou = AB sin(¢ — ¢).

Thus a controlled extremal is possibly abnormal if and only if ¢ — ¢ = nm,
n € Z. Note that, to verify abnormality, one must also verify that there are
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no controlled extremals with yo = 1 that give the same controlled extremal,
but this is easily done in this example.

For this problem, there exist time-optimal trajectories that are abnor-
mal controlled extremals. For example, suppose that one wishes to go from
(x},23) = (0,0) to (x1,22) = (2,0). In this case the time-optimal control is
given by u(t) = 1 that is applied for 7 seconds. The corresponding trajectory
in state space is

z'(t) = —cost +1, z%(t) =sint.

That this is the time-optimal trajectory is intuitively clear: one pushes as
hard as one can in the direction one wants to go until one gets there. How-
ever, this controlled extremal is abnormal. Let us see how this works. Since the
controlled trajectory (v, u) just described is minimizing, it must satisfy the
conditions of the Maximum Principle. In particular, the maximization con-
dition on the Hamiltonian must be realized. This means that po(¢) must be
positive for 0 < ¢ < 7, except possibly at the endpoints. If ps(t) changes sign
in the interval [0, 7], then u must also change sign, but this cannot happen
since u(t) = 1. This implies that p2(t) = Asint, and so this immediately gives
p1(t) = —Acost. We see then that we may take ¢ = 7 and ¢ = 7. Given our
characterization of abnormal controlled extremals, this shows that the time-
optimal control we have found is only realizable as an abnormal controlled
extremal.

Let us see if we can provide a geometric interpretation of what is going
on here. In Figure S4.4 we show a collection of concatenated extremals that

Figure S4.4. The set of points reachable from (0,0) in time 7

emanate from the origin. From this picture it is believable that the set of
points reachable from (0,0) in time 7 is precisely the circle of radius 2 in
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the (z!,2?)-plane. Why are the points (42,0) distinguished? (We have only
looked at the point (2,0), but the same arguments hold for (—2,0).) Well,
look at how the extremals touch the boundary of the reachable set. Only at
(£2,0) do the extremals approach the boundary such that they are tangent
to the supporting hyperplane. This is what we talked about at the conclusion
of Section 54.3.2.

S4.4 The Maximum Principle for affine connection
control systems

We now reap the benefits of the work in Supplement 1 to provide a concise
translation of the Maximum Principle for systems whose drift vector field is the
geodesic spray associated with an affine connection, and whose control vector
fields are vertically lifted vector fields. As we shall see, one of the interesting
features of the Maximum Principle for affine connection control systems is
that the equations for the Hamiltonian vector field in the Maximum Principle
decouple into the control equations, along with a separate adjoint equation
for the covector field along the controlled arc. The development of this relies
on the various splittings developed in Section S1.3. These splittings have the
additional feature of simplifying the form of the Hamiltonian function.

We adopt the notation for affine connection control systems from the text.
The only additional concept we require is that of a controlled arc for an affine
connection control system ¥ = (Q,V,#%,U), by which we mean a controlled
trajectory (v,u) defined on a compact interval i.e., an interval of the form
[a, b]. The set of controlled arcs for ¥ is denoted by Carc(X). In this section,
it will also be notationally convenient to apply the summation convention
to the linear combinations of the input vector fields. That is to say, we will
abbreviate ZTZl u?®Y, with u®Y, when it is convenient to do so.

S4.4.1 Optimal control problems for affine connection control
systems

Of course, since an affine connection control system defines a control-affine
system, and so a control system as per Definition S4.7, one may simply formu-
late an optimal control problem on TQ exactly as was done in Section S4.2.1.
However, we wish to choose a class of cost functions that reflects the fact that
the problem data for an affine connection control system is defined on Q.

Let ¥ = (Q,V,%,U) be an affine connection control system. An R™-
dependent (0,7)-tensor field on Q is a map A: Q x R™ — TY(TQ) such
that

1. A is continuous, and
2. q— A(g,u) is a C* (0,r)-tensor field for every u € R™.
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Note that we are really only interested in the value of R"-dependent tensor
fields when evaluated at points (q,u) € Q x U. However, for simplicity we
suppose them to be defined on all of Q x R™. We let r > 0 and let A: Q x
R™ — T2(TQ) be an R™-dependent symmetric (0,7)-tensor field on Q. We
let f: R — R be a class C* function, and let & = (A4, f). A cost function
for X is a function Fy: TQ x R™ — R of the form

For(vg,u) = f(A(g, u)(vg, ..., vq)).

Let Fg be a cost function for 3 as defined above. We say that (y,u) €
Ctraj(X) is Fu-acceptable if the function ¢ — For (7' (t), u(t)) is locally in-
tegrable. We denote by Ctraj(X, Fy) the set of Fg-acceptable controlled tra-
jectories. Similarly, Carc(X, Fiy) denotes the set of F-acceptable controlled
arcs.

For (v,u) € Carc(X, Fey), where u and v are defined on [a, b], we define

b
Asp, (o) = [ Farly/(0).u(t) .
For go,q1 € Q, vg, € T4, Q, and vy, € Ty, Q, we denote

Carc(X, For, vy, vg,) = {(7,u) € Carc(E, For)| 7'(a) = vy,

and 7'(b) = v,,, where u and ~y are defined on [a, b] for some a,b € R}.

For fixed a,b € R with a < b, we define

Carc(Z, For, vgy, Vgr s [, 0]) = {(7, u) € Carc(E, For)| w and v
are defined on [a, b] and 7'(a) = vy, and 7' (b) = vy, }.
The above subsets of controlled arcs correspond to fixing an initial and final
configuration and velocity. For affine connection control systems, it also makes

sense to consider only fixing the initial and final configuration while leaving
the velocities free. Thus we define

Carc(X, For, qo, 1) = {(7,u) € Carc(Z, For)| v(a) = qo and (b)) = ¢1
where u and «y are defined on [a, b] for some a,b € R},

and, for fixed a,b € R with a < b, we define

Carc(X, Fuy, g0, q1, [a, b]) = {(7,u) € Carc(E, Fy)| where u and v
are defined on [a,b] and y(a) = qo and v(b) = ¢1 }.

Now we define the control problems we consider.

Definition S4.21 (Optimal control problems for affine connection
control systems). Let ¥ = (Q,V,#,U) be an affine connection control
system, let F,; be a cost function for X, let go,q1 € Q, and let vy, € T, Q and
Vg, € T, Q.
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(1) A controlled arc (ys, us) € Carc(X, Foy, vg,, Vg, ) is a solution of
P (B, ForyVqy, Vg, ) if As r, (74, us) < As p, (77, u) for every
(’Y? u) € Carc(E, Fo, Vqo s v‘h)'

(ii) A controlled arc (vs,u.) € Carc(E, For, vgy, Vg, , [@,D]) is & solution of
Pla,p) (3 Foyy Vgq5 Vg, ) if Az, (14, us) < As,p,, (7, u) for every
(v,u) € Carc(E, For, Vg, Vg, 5 (@, b]).

(iii) A controlled arc (7., u.) € Carc(X, Fur, qo,q1) is a solution of
P (2, Foryqo, q1) if As p, (74, us) < As g, (7, u) for every
(’77 u) S Carc(E, FQ{; q0, Q1)

(iv) A controlled arc (v, us) € Carc(X, Fo,qo, 1, [a,b]) is a solution of
P1ap)(Bs Foyy qo, q1) if As p, (Ve us) < As p, (7, u) for every (v,u) €
Carc(vaﬂququla[aab])‘ b

S4.4.2 Some technical lemmata

In our proof below of the Maximum Principle for affine connection control
systems, we shall need some computations concerning the representation of
various tensors in the splitting of T*TQ described in Section S1.3.9. We gather
these in this section.

We shall need some notation involving symmetric (0,r)-tensor fields.
Let A be such a tensor field on Q. For vi,...,v,—1 € T4Q, we define

A(vy, .. ,v21) € T;Q by

(A(vy,y .. vpm1);w) = A(w,v1,. .., 0021), w € T,Q.

We adopt the convention that, if A is a (0, 0)-tensor field (i.e., A is a function),
then A = 0. Obviously this notation extends to tensor fields that are R™-
dependent. The following lemma provides the form of a certain Hamiltonian
vector field that we will encounter.

Lemma S4.22. Let A be a symmetric (0,r)-tensor field on Q, let f: R —
R be of class C°, and, in the splitting of T*TQ defined in Section S1.3.9,
consider a function defined by

Qy, D 5vq = f(A(vg, - .., vq)).
The Hamiltonian vector field on T*TQ generated by this function has the

decomposition

T'(A(vg, ., v)) (0D 0D (—VA(vg, - .., vq)

— IT*(A(vgs- - -, 0q),09)) ® (=1 A(vg, - . ., vq))).

Proof. In natural coordinates for T*TQ, the Hamiltonian function defined in
the lemma is given by

((q,v); (@, 8)) = f(Ajyooj, v - 077).
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The corresponding Hamiltonian vector field in natural coordinates is given by

0A 0 , -8).

A 91 .qd TG e g1 i o d2 ]
fr(Aj .0 T)(— v vlr — 1Ay 0 T&ﬁ»
1

oq* Oa;
We now express this in a basis adapted to the splitting of TAuq T*TQ to get

. . 0A; .5 )
f/(Ajl---erﬁ .. .UJT) (_ (#Uﬁ ol
_C(FZ +F£-)'UkAZ’ . sz""()jr) a
2 ik ki J2 - Jr 80&1‘

. . 0 1 . . 0
— A2 ]7‘( (T IRV ))
T Aijjyj. U v 861 + 2( ke + fk)v 30%
From this we see that the representation of the Hamiltonian vector field is

Ay, S 61;(1 = f/(A(v(U . .,vq))(O ®0

® (=VA(vg,...,v9) = 5T (Avg ..., v9),0q)) ® (=1 A(vg, ..., vq))).
This completes the proof. [ |

The lemma clearly extends to R™-dependent tensor fields.

This is an appropriate setting in which to present the following lemma,
although it will not be used until Section S4.5. As we talk about symmetric
(0, r)-tensor fields, we may also talk about symmetric (r,0)-tensor fields. And
we generate for these latter some notation similar to that generated for the
former. Precisely, if B is a symmetric (r,0)-tensor field and if at,...,a""! €
T;Q, then we define B(a!,...,a""!) € T,Q by

<ﬂ;B(a17"'7aril)> :B(ﬂ7a17"'7aril)7 /ﬁeT;Q'
We now state the lemma.

Lemma S4.23. Let B be a symmetric (r,0)-tensor field on Q and define a
function on T*TQ by

Ay, @ﬂvq = B(ﬂ”q""?ﬂvq)'

The Hamiltonian vector field generated by this function has the representation

0@ (rB(Buys---00,)) ® (VB(Buys -+ Boy) = 5T (Buys B(Boys -+ Bu,))) ® 0.

Proof. In natural coordinates for T*TQ the function in the lemma has the
form

((q.v), (e, B)) = B0 3, - 3.

Thus the Hamiltonian vector field associated with this function is given in
natural coordinates by



S4.4 The Maximum Principle for affine connection control systems  S121
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If we write this in the splitting of TAUQ T*TQ, then we obtain the decomposi-
tion of the Hamiltonian vector field as

0@ (rB(Buys---00,)) ® (VB(Boys - -+ Buy) = 5T (Bugs B(Buys-- -+ Bo,))) ®0,

just as we have asserted. [

As a final technical lemma, we prove the form of (vift(X))”" for a vector
field X on Q. To give this formula, we need some notation. For ay € T;‘Q7
define (VX)*(ay) € T;Q by

(VX) (ag);wg) = (0g; Vi, X)), wg € TQ.
We now adopt the same notation as used in Proposition S1.36. The proof is
accomplished easily in coordinates using the formula (S1.4).

Lemma S4.24. If X is a vector field on Q, then
(VIEE(X)) ™ (w, @ f,) = 0® X (@) & (3T (Bo,, X(0) = (VX)"(By,)) & 0.

Remark S4.25. This representation of (vift(X))” has a further geometric
interpretation as follows. Let X7 be the cotangent lift of X to a vector field on
T*Q. This vector field may then be written with respect to the decomposition
corresponding to the connection on mr+q: T*Q — Q given in Section S1.3.7.
If we do so, then we have

x (aq) =X(g)@® (%T*@‘an(Q)) - (VX)*(aq))'

The interested reader will see that this is consistent with our explanation in
Section S1.2.4 of the relationship between (vift(X))”" and vift(XT"). o

S4.4.3 The Maximum Principle for affine connection control
systems

Before stating the Maximum Principle for the systems we are investigating,
let us look at the Hamiltonian for these systems. In doing so, we will use
the splitting of T*TQ that we presented in Proposition S1.36. Thus we write
Ay, € T;qTQ as ay, @ By, for some appropriately defined o, , 3,, € T;Q. The
Hamiltonian for an affine connection control system Y with cost function
Fy is the function on T*TQ x R™ defined by

HE,F,Qy(avq S ﬁvq7u) = Qp, " Vg + ua(ﬁvq . Ya<q)) - F.Qf(vqa’U/)-

The mazxzimum Hamiltonian is then defined in the usual manner:

Hgé}%;(ozvq @ Bo,) zsup{Hz,Fd(avq © P, 1) | s U}.
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Let (y,u) € Carc(X, Fy) with u and v defined on an interval [a,b]. An
LAD covector field A: [a,b] — T*Q along v is mazimizing for (X, Fy)
along wu if

Hs ., (0(1) ® () = HSF, (6(1) © A(t))

for almost every ¢ € [a, b], and where

0(t) = 3T (A1), (1)) — V) A(t)
+ 120 (A(vgs -, 0))A(Y (1), .., 7 (1), t € [a,b].
Our main result in this chapter is the following.

Theorem S4.26 (Maximum Principle for affine connection control
systems). Let ¥ = (Q,V,%,U) be an affine connection control system
with For a cost function for ¥, where of = (A, f). Suppose that (y,u) €
Carc(X, Fiy) is a solution of P 4)(E, Fer,vqy,vq, ). Then there exists an LAD
covector field X: [a,b] — T*Q along v and a constant Ao € {0,1} with the
following properties:

(i) for almost every t € [a,b] we have
V2 M) + B O),7 (07 (1) = T (oAl
= u (1) (VYa) (N®) = X (AW (), () (VAX 1), (1)
~ (VoA (0,7 (0) =7 = DUt (O AVa (50,7 (1) 7 (1)
T AW (1), (1),7 (1)
A0S (AR (1), 7 () (VAW ()7 (0:7(8)
(DAY (10,7 (1), 7 () )AO ()7 ()

(ii) A is mazimizing for (2, \oFu) along u;

(i) either Ao =1 or 6(a) & A(a) # 0;

(iv) there exists a constant C' € R such that Hx g, (0(t) ® A(t),u(t)) = C
a.e.,

with

0(t) = 3T (A(£),7' (1)) — Vi At)
+ A0S (Avg, - . ., v)) AR (1), ..., 7 (1)), t € [a, ).

If (v,u) is a solution of P (X, Fe, 04,0, ), then conditions (i)-(iii) hold,
and condition (iv) can be replaced with
(v) Hs p, (0(t) ® A(t)) =0 a.e.

If (v,u) is a solution of P, 4(%, Far,qo,q1), then conditions (i)-(iv)
hold and, in addition, A(a) = 0 and X(b) = 0. If (y,u) is a solution
of P(3,Fuw,q0,q1), then conditions(i)—(iii) hold, condition (v) holds, and
Ma) =0 and A(b) =0
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Proof. We will show the equivalence of the conditions in the theorem to those
in the general Maximum Principle, stated as Theorem S4.11, in the case when
So = {vg, } and S1 = {vg, }. First we relate the covector field A along « to the
integral curve x of the Hamiltonian vector field with Hamiltonian Hy, r, as
asserted in the Maximum Principle. We claim that the curve

tre (ST 0),7'(6) = Vo At)
Frdof (A(vg, .. v)) A (D), ... ,'y’(t))) D) (S4.9)

exactly represents x with respect to our splitting of Tf/, ( t)TQ. To show this, we
must show that (S4.9) is an integral curve of the time-dependent Hamiltonian
vector field with Hamiltonian (¢, o, @ By,) — Hs zF,, (0w, ® B, u(t)). Note
that Hs x,r,, is the sum of three functions: (1) A, +— Ay, - S(vg), (2) Ay, —
u(t)(Ay, - vIft(Ya(q))), and (3) Ay, — —AoF(q, u(t)). Thus the Hamiltonian
vector field will be the sum of the three Hamiltonian vector fields correspond-
ing to the three Hamiltonians. Let us write these three Hamiltonian vector
fields in the splitting of TAvq T*TQ. In each case we write, in the usual manner,
Ay, = ay, @ By,. By Propositions 51.29 and S1.36, the Hamiltonian vector
field for the Hamiltonian (1) has the representation

y, @ fo, = v D0 S (R*(ﬁvq,vq)vq + %(VUQT*)(ﬁ'Uq7 Vq)
= 3T (T (Bu,:vq)5vq)) © (—aw,).

By Lemma S4.24, the Hamiltonian vector field associated with the Hamilto-
nian (2) has the representation

Ay @ B, = 0@ u(t)Ya(q)
® (u" ()57 (Bo,» Yalq)) — u* ()(VYa)*(Be,)) © 0.

Now let us compute the representation of the Hamiltonian vector field as-
sociated with the Hamiltonian (3). In this case, we use Lemma S4.22 to see
that the Hamiltonian vector field for the Hamiltonian (3) has the representa-
tion

avq @ ﬁvq = _)\Of/(A(’Uq, . ,vq))(O @ 0 EB (_VA(Uq, . ,Uq)
— IT*(A(vg - ., vq),vq)) @ (=1 A(vg, ..., vy))).

Here we have suppressed the explicit dependence of A on u, but it should be
regarded as being implicit.

We now collect this all together. We write the integral curve of the Hamil-
tonian vector field as 6(t) ® A(t), similar to Lemma S1.37. From this lemma
we then have
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Note that the right-hand side of the second equation is LAC since ¢ — 0(t) @
A(t) is the integral curve for an LIC®-Hamiltonian vector field and since
t — ~/(t) is LAC. Thus A satisfies a first-order time-dependent differential
equation that is LAC in time. Therefore we may conclude that ¢ — A(t) is
LAD. Thus we may covariantly differentiate the second of these equations and
substitute the first of the equations into the resulting expression. The result
is

V3 At) = =R (1), ()7 (O +T* (Vo iy A1), 7' (6) +u (1) (VYa) " (A(2))
= X f (A (1), -7 (1)) (VA(V'(t), Y () = (VA (@), 7 (1)

—r(r = Du(OAYa(1(6),7 (1), -7 (1) + 1T (AW (1), .,/ (1)), 7’(?5)))

which holds a.e. From this we conclude that ¢t — x(t) as defined by (S4.9)
has the property that x/(t) = X HE op,, &€ Thus the existence of X\ satis-
fying (i) is equivalent to the existence of the integral curve x as asserted in
Theorem S4.11.

We note that, for u € R™, the vector field vy — S(vg) +u*Y,(q) on TQ has
the form v, — vy & u®Y,(q) in the splitting of TTQ defined in Section S1.3.8.
This shows that the Hamiltonian Hs, p, has the given form in the splitting
of T*TQ.

It is then clear that the conditions (ii)—(v) are equivalent to the condi-
tions (iii)—(vi) of Theorem S4.11.

The final assertions regarding solutions of P, 4)(3, For,q0,q1) and
P (%, For,qo,q1) follow from Theorem S4.11 in the case where Sy = T, Q
and S; = T4, Q. Note that, in the splitting Tf,qo TQ = T;OQ a5} T;‘OQ, we have
ann(T,(T¢,Q)) = T; Q@ {0} for v € T, Q, and similarly for ¢;. n
Remarks S4.27. 1. Let us consider the import of the preceding theorem.

Were we to simply apply the Maximum Principle of Theorem S4.11, we
would obtain a first-order differential equation for a covector field along
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trajectories in TQ. Theorem S4.26 provides a second-order differential
equation for a covector field along trajectories in Q. But, more impor-
tantly, the differential equation governing the evolution of this covector
field on Q provides a clear indication of how the geometry of the con-
trol system enters into the optimal control problem. We shall exploit this
knowledge in the next section to formulate an optimal control problem
that clearly utilizes the geometry of the control system through its affine
connection.

We call the second-order equation for A in (i) of Theorem S4.26 the ad-
joint equation for (X, F,/). Note that the left-hand side of this equation
is none other than the adjoint Jacobi equation. One of the features of our
constructions here is that we are able to intrinsically provide an equation
for the adjoint covector field that is decoupled from the control system
equations. This is generally not possible when talking about control sys-
tems on manifolds, but is possible here because of the existence of the
myriad Ehresmann connections associated to the affine connection V.

It is interesting and useful that we may trivially incorporate into Theo-
rem S4.26 systems with potential energy. Let us describe how this may
be done. One has a potential function V' on Q and defines a Lagrangian
by L(vy) = 1G(vg,v4) — V(q), where G is a Riemannian metric on
Q. The equations of motion for the system with control vector fields
% ={Yy,...,Y,,} are then

m

Y (1) = —gradV (y(1)) + Y u(t)Ya(3(t).

a=1

<]e

Clearly it makes no difference in the general scheme if we replace % with
an arbitrary affine connection V, and replace gradV with a general vector
field Yy on Q. The question is how to incorporate the vector field Yy into our
affine connection control system (Q, V, % ,U). We do this by defining a new
set % = {Yo, Y1,..., Y} of control vector fields, and a new control set U=
{1} xU C RxR™ ~ R™*!. One may now apply verbatim Theorem S4.26

to the new affine connection control system X.¢ = (Q,V, %, U). °

S4.4.4 Extremals

The language of Section S4.2.3 can be specialized to the affine connection
control system setting. A direct translation would give concepts defined in
terms of objects on TQ. However, since the whole point of this section was to
drop everything to Q, we should be precise and drop the language of extremals
to Q as well. Note that in doing so, we make a slight abuse of terminology,
since we use the same language as was used in Section S4.2.3.

Let us simply give the definitions, referring to Section S4.2.3 for discussion.
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Definition S4.28 (Extremal). Let (Q,V,#%,U) be a C*-affine connection
control system with a cost function Fy, and let & be one of the four problems
of Definition S4.21.

(i) A controlled extremal for & is (y,u) € Carc(X, Foy) that satisfies
corresponding necessary conditions of Theorem S4.26.

(ii) An absolutely differentiable curve v: [a,b] — Q is an extremal for & if

there exists a control w such that (v, u) is a controlled extremal for 2.

(iii) An integrable control u: [a,b] — U is an extremal control for & if

there exists a curve v on Q such that (v, u) is a controlled extremal for

P. .

Definition S4.29 (Adjoint covector field and constant Lagrange mul-
tiplier). Let (Q,V,#,U) be a C*-affine connection control system with a
cost function Fy. Let (v, u) be a controlled extremal for one of the four prob-
lems of Definition S4.21, with A a covector field along v and Ao € {0,1} as in
Theorem S4.26. Then )\ is a adjoint covector field, and \g is a constant
Lagrange multiplier. .

Definition S4.30 (Normal and abnormal controlled extremals). Let
(Q,V,#,U) be a C*®-affine connection control system with a cost function
Fo. A controlled extremal (y,u) for one of the four problems of Defini-
tion S4.21, satisfying the necessary conditions of Theorem S4.26 with Ay = 1,
is called normal. A controlled extremal is abnormal if it satisfies the nec-
essary conditions of Theorem S4.26 only for Ay = 0.

An extremal v is normal (resp. abnormal) if there exists a control u
such that (v, ) is a normal (resp. abnormal) controlled extremal. o

Definition S4.31 (Regular and singular controlled extremals). Let
(Q,V,%,U) be a C*-affine connection control system with a cost function
F. Let (,u) be a controlled extremal for one of the four problems of Defi-
nition S4.21, defined on [a, b], with Ag the constant Lagrange multiplier and A
the adjoint covector field. We say that (v, u) is singular if, for each ¢ € [a, b],
Hs 5, r(0(t) @ A1), u) = HESS p(0(t) © A(t)) for all u € U, where ¢ is defined
as in Theorem S4.26. A controlled extremal that is not singular is regular.
An extremal v is singular (resp. regular) if there exists a control u such
that (v,u) is a singular (resp. regular) controlled extremal. o

In Section S4.7 we will classify all singular extremals for a planar rigid
body example.

S4.5 Force minimizing controls

The version of the Maximum Principle stated in Theorem S4.26 is quite gen-
eral, and much of the complexity in its statement is owed to that generality.
However, when looking at specific classes of optimal problems, the general
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form of the theorem can often be reduced to something more appealing, and
we now demonstrate this by beginning to look at a simple class of cost func-
tion. We consider an interesting special case of an optimal control problem
involving minimizing a function of the inputs. Since the inputs are coefficients
of the input vector fields, and the input vector fields are related to forces in
physical systems, we dub this the force minimization problem. This problem
was considered in the fully actuated case by Noakes, Heinzinger, and Paden
[1989] and Crouch and Silva Leite [1991]. A variant of the underactuated case
is considered by Silva Leite, Camarinha, and Crouch [2000].

S4.5.1 The force minimization problems

We suppose that Q is equipped with a Riemannian metric G. The cost function
we consider is

Frorce(vg, 1) = %G(uaYa(q), ube(q)). (S4.10)

Here, as in Section S4.4, we apply the summation convention to the expression
uY,. In the parlance of Section S4.4.1, we use an R™-dependent (0, 0)-tensor
field and we choose f = idg. We choose for our control set U = R™.

For the sake of formality, let us define precisely the problem we are solving.

Definition S4.32 (Force minimization problems). Let ¥ = (Q,V,#,U)
be an affine connection control system with U = R™ and with cost function
Fiorce as defined by (S4.10). Let o, 1 € Q, and let vy, € T4, Q and vy, € T4, Q.
(i) A controlled arc (v, u) is a solution of .7 (3, vq,, Vg, ) if it is a solution
of P(Z, Frorce, Vgq Vg, )-
(ii) A controlled arc (v,u) is a solution of F4p)(2,vg,,vg,) if it is a
solution of P}, 1)(2, Frorce, Vg, Vg, )-
(iii) A controlled arc (v, u) is a solution of % (X, qo, q1) if it is a solution
of ‘@(Za Fforccv qo, (h)
(iv) A controlled arc (v, u) is a solution of Fq.41(2, qo, q1) if it is a solu-
tion of f@[a’b] (2, Fforce, q0, (Z1)- [

‘We shall sometimes find it convenient to refer to the force minimization
problems as “force-optimal control.”

S4.5.2 General affine connections

It will be helpful to make a few straightforward constructions given the
data for the force minimization optimal control problems. We denote by Y
the input distribution on Q generated by # = {Y3,...,Y,,}, and we sup-
pose this distribution to have constant rank (but not necessarily rank m).
The map iy: Y — TQ denotes the inclusion. The map Py: TQ — TQ de-
notes the G-orthogonal projection onto the distribution Y, with Py_ being
its restriction to T,Q. We may then define a (0,2)-tensor field Gy on Q by
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Gy|T,Q = Py (G|T4Q). That is, Gy is the restriction to Y of G. We also have
the associated (2,0)-tensor field hy defined by

hy(ag, By) = Gy (GH(ag), GF(5y))-

We define the vector bundle map h% :T'Q — TQ by (ag; h% (Bg)) =
hy (aq’ ﬁQ)

We first look at the case when X = (Q,V, %, U) is a general affine connec-
tion control system with U = R™. Thus, in particular, V is not the Levi-Civita
connection associated with the Riemannian metric G used to define the cost
function.

The Hamiltonian function on T*TQ x R™ is given by

Hs Fropee (avq S5 ﬁvq>u) = O, Vg + ua(ﬂvq Ya(q) — %G(uaYa(q),ube(q)).
Let us define Aging(X) C T*TQ by

Asing(z) = {avq eaﬁ'uq ‘ ﬁvq € ann(%q})~

Thus the restriction of Hs ¢ to Asing(X) x R™ is independent of u.
The following result gives the form of the maximum Hamiltonian and the
values of v by which the maxima are realized.

Lemma S4.33. The following statements hold.
(i) The mazimum Hamiltonian for the cost function Fioree 1S given by

Hg’aﬁorce(a”q D ﬁvq) = a”q : ’Uq + %hlé (51%175”4)'

If we R™ is a point at which H3'p, s realized, then u is determined

by
u"Yy(q) = Py, (G*(By,))- (54.11)

(ii) The mazimum Hamiltonian with zero cost function is

avq . ’Uq, Oévq D 61;,1 S Asing(z)a

00, otherwise.

Proof. (i) We fix the state o, © f(,,, and determine v so as to maximize
Hs Froveo (0w, © By,). We first note that, with the state fixed, we may think
of Hs, ... as being a function on the subspace Y, of T,Q. Let us denote a
typical point in Y, by w and note that Hx, f, ., as a function on Y, is

W= Q- Vg + Bu, - iy, (w) — $G(iy, (w), iy, (w))
= v, - Vg + G(GH(By,), iy, (w)) — $G(iy, (w), iy, (w))
= ay, - g + G(Py, (G*(By,)), iy, (w)) — 3G (iy, (w), iy, (w)).
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Since this is a negative-definite quadratic function of w, it will have a unique
maximum. Differentiating Hy, r, .. with respect to w, and setting the resulting
expression to 0, shows that the maximum satisfies

iy (Wmax) = qu(Gﬁ(ﬂvq))-

Controls u that give wmax are thus as specified by (S4.11). This part of the
lemma is then proved by substituting the expression for wmax into Hx, f,...-

(ii) For zero cost function, Hs o is an affine function of w. Thus it will be
bounded above if and only if the linear part is zero. This happens if and only
if Qy,, ) ﬁvq S Asing(z)- |

Remark S4.34. Note that the controls are uniquely determined by the state
if the vector fields Y7,...,Y,, are linearly independent. Otherwise, there will
be multiple vectors u that satisfy (S4.11), all of which give rise to the same
maximum Hamiltonian Hg'% . Note that, in using Theorem S4.26, we allow
Ao = 0 for and only for initial conditions lying in Agjng(X). We shall have more

to say about this in Section S4.5.5. )

It is possible to determine a simplified form for the controlled extremals
for the force minimization problem. To handle the abnormal case, we need
to define a new tensor. Let L(ann(Y) x Y; T*Q) denote the vector bundle of
multilinear bundle maps from ann(Y) x Y to T*Q. To describe the abnormal
controlled extremals, it will be helpful to define By € I'**(L(ann(Y) xY; T*Q))
by

(By(a,Y); X) = (a; VxY).
That By(a,Y) does not depend on the derivative of Y follows since, for a
function f € C*°(Q), we compute

(By(a, fY); X) = (a; Vx(fY))

= {a; fVxY) + (a; (Zx f)Y)

= <fo(Oz,Y);X> )
since Y € Y and A € ann(Y). We may now state the following theorem.
Theorem S4.35 (Maximum Principle for force minimization prob-
lem). Let ¥ = (Q,V,%,U) be an affine connection control system with
U = R™. Suppose that (v,u) is a controlled extremal for Fiqu)(X, vy, vq,)
or for F(X,v4,,vq,) with w and v defined on [a,b], and with A the adjoint

covector field and Ao the Lagrange multiplier. We have the following two sit-
uations.

(i) o = 1: In this case, it is necessary and sufficient that v and X together
satisfy the differential equations

VoY (8) = i (A(®)),
V2, Al) + REA®), Y ()7 (1) = T (Vo A®), 7' (1) (S4.12)
= T*(A(t), B (\(1))) — 3 Vhy (A(), A(1))-
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(i) Ao = 0: In this case, it is necessary and sufficient that
(a) Vv (t) = u(t)Ya(y(1)),
(b) A(t) € ann(Y ) for t € [a,b], and
(c) X\ satisfies the equation along vy given by:

V2 0 AE) + BE(A(2), 7 (0)' (1) = T* (Vo At), 7' (1)
= By (A1), u®(t)Ya(1)-

If (v, u) is a solution of Fq4)(E,q0,q1) or of F(E,q0,q1), then we ad-
ditionally have A(a) =0 and A\(b) = 0.

Proof. (i) We note that Lemma S4.33 provides for us a maximum Hamilto-
nian that is smooth. We may conclude that Hg'% is constant a.e. along
the solutions. We conclude that, to compute the controlled extremals, it suf-
fices to compute trajectories of the Hamiltonian vector field with Hamiltonian
Hg'% ... We thus simply compute the equations corresponding to the Hamil-
tonian vector field with Hamiltonian

Hgaj;;orcc (avq ® ﬁvq) = Qy, " Vg T+ %hy (ﬁvq ) ﬁvq>-

As usual, we use the notation corresponding to the splitting of T*TQ. We
also write the vector field in the splitting of T(T*TQ) as we have been doing
all along. Thus the Hamiltonian vector field with Hamiltonian Hg'% is the
sum of two Hamiltonians. By Theorem S1.38, the first Hamiltonian vector
field has the representation

Vg D 0@ (R* (ﬁquvq)vq + %(vvqT*)(ﬁquvq) - iT*(T* (ﬁvqﬂ’q)v Uq)) S7) (_O‘vq)~

By Lemma S4.23, the Hamiltonian vector field for the Hamiltonian
1 .
3hy(Bu,, B, ) 1s

0@ (A} (Bo,)) ® (3Vhy(Bo,, Bu,) — 2T (Bu,, By (Bu,))) @ 0.
This immediately gives
VoY (t) = by (A(2)),

which is the first of equations (S4.12). Now let 6(¢) ® A(t) be the integral curve
over ' of the Hamiltonian vector field. By Lemma S1.37, we have

Vo f(t) = R* A, 7' ()Y () + 5(Vy iy T)AE). (1)
f (T (/\(tﬁ)w (1)) + 3 Vhy(k(t)/d(t)) (54.13)
=3I (A ( ) kg (A(®)) + 3T (0(1), 7 (1)),
VyAlt) = = 6(t) + 3T (A1), 7' (1)).

Covariantly differentiating the second equation along y gives
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V2 M1 = =V (1) + 5T T, 7 (1)
3T (T A0, 7 (9) + 3T (1), By (A(1))):

Substituting the first of equations (S4.13) gives the second of equa-
tions (S4.12), which thus completes the proof of this part of the lemma.

(i) We first note that A can be maximizing only if 0(t) ® A(t) € Aging(X)
for all ¢ € [a, b]. This means that A(t) must annihilate Y. Since A\g = 0, our
result follows from Theorem S4.26 and the definition of By. ]

Remarks S4.36. 1. The theorem implies that all normal controlled ex-
tremals for the force minimization problem are of class C*°.

2. If one happens to choose vq,,v4, € TQ with the property that there is a
geodesic : [0,T] — Q satisfying 7/(0) = v, and +/'(T) = vg,, then the
optimal control for the problems 7 (3, vy,,vq,) and Fiq q11) (2, Vgq, Vg, )
a € R, is the zero control.

3. The matter of investigating the existence of abnormal controlled extremals
that are also minimizers would appear likely to take on a flavor similar to
that of the sub-Riemannian case [see Liu and Sussmann 1994, Montgomery
1994).

4. If (v, u) € Carc(X), then

VoY () =u'®)Ya(r(t) =
G(u®(t)Ya(y(1), u* ()Y (v(£)) = G(Vor(yy (1), Vo' (1))

Thus the force minimization problem may be seen as minimizing

b
/ G(Vyr )y (1) Vo' (1)) dt

over all LAD curves v: [a,b] — Q subject to certain boundary conditions
(fixed or free velocity), and subject to the constraint that V.. )7/'(t) €
Y+ a.e. This may be thought of as a higher-order version of the sub-
Riemannian geodesic problem. Indeed, note that the equations (S4.12) for
the controlled extremals involve only the restriction of G to the distribution
Y. In the fully actuated case (see next section) we have a classical calculus
of variations problem with a Lagrangian depending on first and second
time-derivatives. This is the approach taken in [Crouch and Silva Leite
1991, Noakes, Heinzinger, and Paden 1989, Silva Leite, Camarinha, and
Crouch 2000], for example. .

S4.5.3 The fully actuated case

As mentioned in the introduction, Crouch and Silva Leite [1991] and Noakes,
Heinzinger, and Paden [1989] consider the force minimization problem with
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the Levi-Civita connection and with full actuation. Let us now consider the
general case with full actuation. Thus in this section we let ¥ = (Q,V, %, U)
be a fully actuated affine connection control system where U = R™.

Let us first show that all controlled extremals for the fully actuated force
minimization problem are normal.

Proposition S4.37 (Normality of controlled extremals for fully ac-
tuated force minimization problem). Let ¥ = (Q,V, %, U) be a fully
actuated affine connection control system with (y,u) a controlled extremal
for one of the four problems of Definition S4.32. The corresponding constant
Lagrange multiplier Ay is nonzero.

Proof. This follows from the Hamiltonian maximization condition. Since the
Hamiltonian is

A
Hs: xo Froree (avq S /B’Uq’ u) = Oy, * Vg + ua(ﬂvq Ya(q)) — ?OG(UaYa(Q)v ubn(Q))a

the only way for the Hamiltonian to be maximum with Ao = 0 is for 3, to
be zero. This cannot happen since Theorem S4.26 asserts that both A\g and A
cannot be zero along an extremal. [ ]

We may now concentrate on the normal case of Theorem S4.35. The sim-
plification here arises since hy becomes the vector bundle metric G=* on T*Q
induced by G. From Theorem S4.35, if (y,u) is a solution of F# (X, vg,, Vg, ),
then we have

Vo' (8) = GHA®),
V2 oA E) + REA®), 7 ()Y (1) = T* (Vo A(6), 7' (1)) = T* (A1), GFH(A(1)))
— IVGTH(A(D), A(1)).
(S4.14)
We immediately see that the adjoint covector field A is determined alge-
braically from the covariant derivative of v along itself. This allows us to

eliminate the adjoint covector field from the equations (S4.14) as the follow-
ing result asserts.

Proposition S4.38 (Maximum Principle for fully actuated force min-
imization problem). Let ¥ = (Q,V, %, U) be a fully actuated affine con-
nection control system with U = R™, let (v,u) be a controlled extremal for
one of the four problems of Definition S4.32, with u and ~y defined on [a,b],
and let A: [a,b] — T*Q be the corresponding adjoint covector field. Then
A(t) =G (V)Y (1)) for t € [a,b], and v satisfies the equation



S4.5 Force minimizing controls  S133

V2107 () + GHR™ (G (Vo (Y (£),7 (87 (1))
— GHT* (Vo (yG") (V) (), 7 (1)) = GHT™ (G (V37 (£)),7 (1))
— GHT* (G (V7 (1), VY (1))
+3GHVG (G (Vo7 (1), G (V17 (1))
— (V3G (VY (1)) = 2V (G (Vo) &) (Vo (Y (1)
2(Vy G (G (V17 (1)) = 0,
If (7v,u) is a solution of either F(¥,qo,q1) or Flap(X,q0,q1), then we ad-
ditionally must have V. ()Y (a) =0 and V7' (b) = 0.

Proof. If we covariantly differentiate the first of equations (S4.14) along =,
then we get

V2,07 (1) = (Va9 GHA®R)) + GH (V) A(E)),

and differentiating the same way again gives

V307 (1) = (V30 GHAW) + 2(V4 (G (Vo (g A1) + GHVZ, () A(1)).-
(S4.15)
Differentiating A(t) = G* (V.17 (t)) gives

VonAlt) = (V'y’(t)Gb)(v'y’(t) "(t)) + G (V7 ()Y 7 (t)). (S4.16)

Combining (S4.15), (S4.16), and the second of equations (S4.14), the result
follows from a tedious computation. [ ]

S4.5.4 The Levi-Civita affine connection

Now we specialize the constructions of the previous sections to the case when

V= V the Levi-Civita connection determined by the Riemannian metric G
used in the definition of the cost function. In this case, matters simplify some-

G G
what since VG = 0 and since V is torsion-free. Let us state Theorem S4.35
for Levi-Civita connections.

Proposition S4.39 (Maximum Principle for force minimization
problem for Levi-Civita affine connection). Let G be a Riemannian met-

ric on Q, and consider the affine connection control system ¥ = (Q, %, 2,U)
with U = R™ and with cost function Fioce defined using G. Suppose that
(7,u) is a controlled extremal for Fiqp)(3,vqy,vq,) o1 for F (X, vq,,vq, ) with
u and vy defined on [a,b], and with A the adjoint covector field and Ao the
Lagrange multiplier. Let w = G*o\. We have the following two situations.
(i) Mo = 1: In this case, it is necessary and sufficient that v and w together
satisfy the differential equations
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e

v (t) = Py(w(t)),
%31(010(0 + R(w(t),y'(t)'(t) = —%Gﬁ(%Gy (w(t), w(t))).

(#i) Ao = 0: In this case, it is necessary and sufficient that

(a) V)Y (t) = u®(t)Ya((1)),
(b) w(t) € Ef{‘(t)) for t € la,b], and
(c) w satisfies the equation along 7y given by:

V2 w(t) + Rw(t), 7 ()7 (1) = By (G’ ow(t), u’ (t)Ya(1))-

If (v,u) is a solution of Fa4)(E,q0,q1) or of F(E,q0,q1), then we ad-
ditionally have w(a) =0 and w(b) = 0.

Proof. (i) Since ”V(G =0, we have

G G
A straightforward application of the definitions shows that
Py(w(t)) = G*(h§ (A(1)))-

Thus the first equation in part (i) holds. By equation (S1.22) from the proof
of Proposition S1.40, we have

R(w(t),7' ()7 (t) = GH(R* (A1), 7' (t))7'(¢)). (54.18)

Now let 8 € I'*(T*Q) and X = G*(8) € T°(TQ). From the definition of hy
we have

hy(B(q), B(q)) = Gy(X(q), X(q)).

Therefore, for w € T,Q, we have

Vawhy (8(a), B(a)) + 2hy (VuB(a), B(a))
= V.uGy(X(g), X (q)) + 2Gy (Vo X (q), X (q))-

Since VG = 0, we have V,,6(q) = G*(V.,X(q)), from which we ascertain that

G

VauhyA(#), A1) = Vu Gy (w(?), w(t)). (54.19)

Bringing together equations (S4.17), (S4.18), and (S4.19), and the definition
of hy, gives the result by virtue of Theorem 54.35.
(ii) This is just a restatement of part (ii) of Theorem S4.35. |
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Now let us specialize to the fully actuated case. One applies Proposi-
tion S4.38 to show that the fully actuated extremals satisfy

G G

V3,07 () + GH R (G (V1Y (1), 7 ()7 (1)) = 0.

Now we recall the equation (S1.22) from the proof of Proposition S1.40 to
prove the following result that agrees with Crouch and Silva Leite [1991]
and Noakes, Heinzinger, and Paden [1989)].

Proposition S4.40 (Maximum Principle for fully actuated force min-
imization problem with Levi-Civita affine connection). Let G be a
Riemannian metric on Q and consider the fully actuated affine connection
control system 3 = (Q,%,Z’ﬂ U) with cost function Fiopce defined using G.
A controlled extremal (vy,u) for one of the four problems of Definition S4.32,
with w and v defined on [a,b], satisfies the differential equation

G G

Vo (@) + R(Voyy (),7' (t) (t) = 0.
If (7y,u) is either a solution of F(X,q0,q1) or Flap)(X;q0,q1), then we ad-
G G
ditionally have V. (4)¥'(a) = 0 and V. )y (b) = 0.

S4.5.5 Singular and abnormal extremals

In this section we state a result that brings together some of the statements
made in the preceding section, and gives a clear picture of the nature of the
singular and abnormal extremals for the force minimization problem.

Proposition S4.41 (Singular and abnormal extremals for the force
minimization problem). Let ¥ = (Q, V, %, R™) be a C*-affine connection
control system, and let (y,u) be a controlled extremal for one of the four
problems of Definition S4.32, defined on [a,b]. Then the following statements
are equivalent:

(i) (v, u) is abnormal;
(i) (v, w) is singular;
FEither of the preceding two conditions implies the following:
(iii) any adjoint covector field X along ~y satisfies A(t) € ann(Y.)) for each
tela,b].
Finally
(iv) if the condition (iii) is satisfied, and if (y,u) is normal, then
u®(t)Ya(v(t)) =0 for t € [a,b].

Proof. Fix a state a,, ® By, in T*TQ, using the splitting of T*TQ described
in Section S1.3.9. The Hamiltonian for the force minimization problem, with
this state fixed and with u varying, can be thought of as a function on Y, by
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W= Q- Vg + By, w — %)\OG(w,w).

The definition of the maximum Hamiltonian is achieved by maximizing this
function of w.
(i) = (ii) If (v, u) is abnormal, then, for each ¢ € [a,b], u(t) satisfies

u () (A1) - Ya(v(1))) = sup {A(t) -w | w €Yy},

where A is an adjoint covector field for (7, u). Since the function w — A(¢) - w
is linear, the value of the maximum Hamiltonian can be realized if and only
if this linear function is zero, i.e., if and only if A(t) € ann(Y,) for all
t € [a,b]. However, if this is the case, then it is clear that, for each ¢ € [a, D],
Hs o(0(t) ® A(t),u) = Hgg(0(t) @ A(t)) is satisfied for each u € R™. Thus
(7,u) is singular.

(ii) = (i) If (v, u) is singular, then, for each ¢ € [a, b], the function

Yooy 3w e () 7' (5) + Alt) - w — EAoGw,w)

is always equal to its maximum. This immediately implies that Ay = 0, and
s0 (v, u) is abnormal.

(i) = (iii) This was shown above while proving the implication (i) =
(ii).

(iv) This follows directly from the fact that, with the given conditions, the
Hamiltonian maximization condition is

u® (t)(A() - Ya(v(1)) = sup { —3G(w,w) | w € Yy} .

In particular, it follows that any nontrivial (in the sense that the input
force is nonzero) singular extremal must be abnormal, and so must satisfy
condition (iii) of the proposition.

S4.6 Time-optimal control for affine connection control
systems

Next we look at time-optimal control in the setting of affine connection control
systems. Time-optimal control is one of the most basic of problems in optimal
control theory. One reason for this is the intimate connection between con-
trollability and time-optimal control as asserted in Proposition S4.20. Thus,
the studying of the time-optimal control problem will reveal something about
the system itself, as opposed to other sorts of optimal control problems, where
the cost function contributes significantly to the character of solutions to the
optimization problem.
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S4.6.1 The time-optimal problem

We let (Q,V,%/,U) be an affine connection control system. The cost function
for time-optimal control is Fijme = 1. In the parlance of Section S4.4.1, we
consider the pair &7 = (A, f), where A is the R™-dependent (0, 0)-tensor field
A(q,u) =1 and f = idg. Note then that minimizing

T
/0 Fiime(Y/ (t),u(t)) dt

means precisely minimizing the time along the controlled trajectory.

Definition S4.42 (Time-optimal control problems for affine connec-
tion control systems). Let ¥ = (Q, V, %, U) be an affine connection control
system, let g1, ¢2 € Q and let vy, € T4, Q and vy, € Ty, Q.
(i) A controlled arc (v, u) is a solution of 7 (3, vy, v, ) if it is a solution of
32(27 Fiime, Uqo U!h)'
(ii) A controlled arc (y,u) is a solution of 7 (X, qo, ¢1) if it is a solution of
f@(zaFtimev(JOaQI)- o

It may be possible that solutions to the time-optimal problems do not
exist. To see why this might be so, we consider the case when U = R™.

Proposition S4.43. For an affine connection control system (Q,V,%,U)
with U = R™, the problem (3, qo0,q1) has no solution.

Proof. Let (y,u) € Ctraj(X) be defined on an interval I. For A > 0, define
I,={3t| teI}, and define @: Iy — R™ and 7: I\ — Q by a(t) = ANu(\t)
and §(t) = y(At). Then (@,7) € Carc(X). Indeed, we directly compute

Vi (£) = N2V 00Y (A) = N2u(Mt) = a(t).

Therefore, if there exists a controlled arc connecting ¢y and ¢, then this
controlled arc can be followed in arbitrarily small time, thus implying the
lack of existence of a solution to the time minimization problem. [

To ensure well-defined solutions to all time-optimal control problems, we
must place bounds on the controls. For a control-affine system, control bounds
are often specified by requiring that each control take values in a compact
interval, typically symmetric about the origin. However, we shall use bounds
that are elliptical. We do this for two reasons: (1) elliptical control bounds
are more useful for fleshing out the geometry of the system since they do not
rely on a specific choice of basis for the input vector fields, and (2) for the
planar body system we study in Section S4.7, the elliptical control bounds
are consistent with a thruster whose maximum output is independent of the
direction in which it points. In any event, we introduce a Riemannian metric
G on Q and ask that controls satisfy the bound

G(u®(t)Ya(7(1), u (1) Y3 (+())) < 1 (54.20)
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along a controlled trajectory (v, u). We again use the summation convention
in the expression u®Y,. In order to ensure that this defines an affine connec-
tion control system as in our definition, the set of u € R™ that satisfy the
bound should not depend on the point along the controlled trajectory. This is
possible, for example, if the vector fields in % are G-orthonormal. To simplify
things, we shall make the assumption in the time-optimal problem that %
is a G-orthonormal family of vector fields. In this case, the control set U is
simply given by

U={ueR™]| |ulgm <1}. (S4.21)

Note that it cannot be expected to be able to choose a global basis of G-
orthonormal input vector fields. Obstructions can arise in two ways. First of
all, the input distribution Y may not have constant rank. In this case, it will
be impossible to choose an G-orthonormal basis of input vector fields on any
set containing singular points for Y. Even if Y does have constant rank, it
may well be the case that one cannot choose a global G-orthonormal basis of
vector fields for Y. However, in this case, one can do this locally.
In summary, in this section, we make the following assumption.

Assumption S4.44. For the affine connection control system (Q,V,#%,U)
and the Riemannian metric G on Q, the vector fields % are G-orthogonal. e

S4.6.2 The Maximum Principle for time-optimal control

We have the following Maximum Principle for time-optimal control of affine
connection control systems.

Theorem S4.45 (Maximum Principle for time-optimal control of
affine connection control systems). Let ¥ = (Q,V,%,U) be an affine
connection control system satisfying Assumption S4.44. Suppose that (v,u) €
Ctraj(X) is a solution of T (2,v4,,vq,) with u and ~ defined on [0,T]. Then
there exists an LAD covector field X: [0,T] — T*Q along v and a constant
o € {0, 1} with the following properties:

(i) for almost every t € [0,T], we have

V3 A1) + R (A(2), 7 (1) (1)
=T (Vi A), Y (1) = u* () (VYa)"(A(1)):

(ii) either Ao =1 or 6(0) & A(0) # 0;
(i1) for almost every t € [0,T], we have
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with
0(t) = %T*()\(t),'y’(t)) — VA, te[0,T].

If (v,u) is a solution of 7 (X,qo,q1), then the conditions (i)-(iv) hold
and, in addition, \(0) =0 and A(T) = 0.

Proof. Follows directly from Theorem S4.26. ]

One can use part (iii) of Theorem S4.45 to determine the form of the
control for time-optimal problems. This is quite simple to do as it involves
minimizing a linear function of u subject to the constraint that u lie in a ball
of unit radius. To express the result, we recall the notation Py and hy from
Section S4.5.2. One can readily show [see Coombs 2000] that the value of u
that achieves the minimum satisfies

0)
125"

where |[|-||; denotes the norm with respect to the Riemannian metric G. Note
that (S4.22) gives a feedback control that gives the character of the controlled
extremals by integrating the control equations with the equation from part (i)
of Theorem S4.45.

u"Ya(y(t)) = (54.22)

Remark S4.46. It is true that (S4.22) defines the controls even when the set
of input vector fields is not orthonormal with respect to the Riemannian metric
G. Indeed, for Theorem S4.45 to hold, it only needs to be possible to choose an
orthonormal basis of input vector fields. One can then use (54.22) to define the
controls, even when the vector fields {Y3,...,Y,,} are not orthonormal. When
it is not possible to choose an orthonormal basis for the input distribution (as,
for example, with fully actuated systems on S?), then one loses condition (iv)
in Theorem S4.45. °

S4.6.3 Singular extremals

In this section we state a simple result that classifies the singular extremals
for the time-optimal problem for affine connection control systems.

Proposition S4.47 (Singular extremals for time-optimal control). Let
Y =(Q,V,Z ,R™) be a C™-affine connection control system satisfying As-
sumption S4.44, and let (v,u) be a controlled extremal for one of the problems
of Definition S4.42, defined on [0,T). Then the following statements are equiv-
alent:

(i) (v, u) is singular;

(ii) any adjoint covector field X along v satisfies A(t) € ann(Y. ) for each

te€0,T].
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Proof. The Hamiltonian in this case is, using the notation as at the beginning
of the proof of Proposition S4.41,

Yy dwr— ap, - vg+ By, - w — Ao

Part (ii) is equivalent to the statement that this Hamiltonian be independent
of w along trajectories in T*TQ. This immediately implies, and is implied by,
the assertion that, for each t € [0,T], Hs x,r(0(t) ® A(t),u) = HgS: p(0(1) ©
A(t)) for all u € U, where 6 is defined as in Theorem S4.26. The result follows
immediately. [

For the planar rigid body example we look at in Section S4.7, it is possible
to obtain a complete characterization of the singular controlled extremals.

S4.7 Force- and time-optimal control for a planar rigid
body

We consider in this section the planar rigid body example considered in the
text. The modeling for the system was carried out in Chapter 4, and we refer
the reader there for details. The system is depicted in Figure S4.5. We use the

S2

Ospatial

Figure S4.5. Coordinates and input forces for the planar rigid body

coordinates (x,y,0) as indicated in the figure.

This is a left-invariant control system on a Lie group (see Example 5.47).
We shall not take much advantage of this additional structure. However, we
will occasionally make use of the following fact.

Lemma S4.48 (SE(2)-invariance of controlled trajectories). Let (v, u)
be a controlled trajectory for the planar rigid body through the point ¢ € Q.
If § = Ly(q) for g € SE(2), and if 4 = Lgory, then (y,u) is a controlled
trajectory through the point q. °
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S4.7.1 System data
We recall that the Riemannian metric for the system is
G=m(dz®dz+dy®dy) + Jdd @ db,

where m is the mass of the body and J is its moment of inertia about the
center of mass, and that the input vector fields are

cos@ﬁ_i_sinGg B sin@ﬁ_’_cong h o

m Ox m Oy’ 2T oz m Oy JOo

V) =

With this information, the equations of motion for the system are

P cosé‘u1 B smHUQ7
m m
= sm9u1+ cosHu27 ($4.23)
m m
h= D
One also computes
%Yl :_smeg(@de_‘_00592@(107
m Ox m Oy
%YQ:_COSGQ@(w_ sm@ﬁ@de’
ox m Oy

We use the Riemannian metric G to define our time-optimal control bounds as
in (S4.20), and to define our force-optimal cost function as in Section S4.5. It
is possible, of course, to use other metrics, but in lieu of further information,
we stick with the one given by the physics of the problem for the sake of nat-
urality. We will need explicit representations for Py and hy. Straightforward
calculations give the matrix representation for Py as

1 J+mh? 0 0
——R(0) 0 J  —Jh| R7Y(0)

2 )
J +mh 0 —mh  mh?

and the matrix representation for hy as

J+mh?

1 - 0 0
———R(0 0 L _p| RO
J+mh2 ( ) m 2 ( )a
0 —h =5
where
cosf) —sinf 0

R(0) = |sinf cosf® O
0 0 1
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For force-optimal control, we also need to know Vhy In fact, we need only

know the value of Vhy when evaluated on a single covector in both arguments.
Another straightforward, but tedious, computation gives

2h(Ag + hAy cosf — hA, sinf) (A cos 0 + Ay sin §)

G
Vhy(AA) = J + mh?

de.

S4.7.2 Nonsingular force-optimal control

For force-optimal control, we work with the normal case, that is also the non-
singular case. With Theorem S4.35 and the computations of Section S4.7.1,
the equations governing the motion of the configurations and the adjoint cov-
ector field are readily computed to be

(2J + mh? + mh? cos )\, + 2mhsin@(\g + hcosOA,)

2m(J + mh?) ’
. 2mhcosOXg + (—2J — mh? + mh? cos 20) A, — mh? sin 20,
v= 2m(J + mh?) ’
i _ h(mhXg — J cos O\, + J sinf\;)
- J(J + mh?) : (54.24)
.).\z =0,
A, =0,
By — — h(Ag + hAy cos @ — hAg sin6)(Ag cos 6 + Ay sin6) .
J 4+ mh?

It is not our intention to give a complete analysis of the equations for con-
trolled extremals. However, we can make some rather prosaic remarks about
some of the more simple extremals. Perhaps the simplest extremals are those
for which we undergo linear motion. To consider such motions, since the sys-
tem is rotationally invariant, it suffices to consider linear motion in the si-
direction. Similarly, we may as well start at the initial configuration (0,0, 0).
(Here we are using Lemma S4.48.) If we choose the other initial conditions
such that v,(0), v4(0), A, (0), Ag(0), A, (0), and Ag(0) are all zero, then one can
readily see from the controlled extremal equations (S4.24) that these quanti-
ties remain zero. The resulting motion is then along the line through (0,0, 0)
in the sj-direction. One then verifies that the relevant equations governing
these extremals are

Az

P=-" Ay = 0. (S4.25)
m

These are readily solved to yield

Xe(0) 15 Aa(0)

2 .
- 24 4 (0t + 2(0).

x(t) = —
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Figure S4.6. Two linear force-optimal controlled extremals with m = 1. (1) On
the left we take z(0) = 0, (T) = 1, and ©(T) = 0. (2) On the right we take
#(0) = 5, z(T) = 1, and ©(T) = —1. The value of the objective function on the
left is As p,..(7,u) = 3 (compared with As m . (v,u) = 2 for the corresponding
time-optimal controlled extremal from Figure S4.7) and the value of the objective
3(1604791+926528v3) = 9
32(19+11/3) ~

As Frovee (7,1) = 4(v/3 + 1) &~ 10.93 for the corresponding time-optimal controlled

extremal from Figure S4.7). In each plot, the top plot is z(t) and the bottom is
1

u (t).

(compared with

function on the right is As r . (7, u) =

To join a state (z(0), £(0)) with a state (z(T), £(T)), one can readily design the
initial conditions for A, to do the job. In Figure S4.6 we plot force-optimal con-
trolled extremals for two boundary conditions. Note that, with force-optimal
control, we may vary the final time, and we have chosen as final times the
same times that will arise in the time-optimal analysis of Section S4.7.3, so
that more useful comparisons may be made. Note that, in contrast with the
time-optimal problem, for the force-optimal problem we must choose a time
interval. If we do not, then for the situations depicted on the left in Figure S4.6,
by stretching the time interval, we may make the value of the force-optimal
objective function as low as we like. This would render the force-optimal prob-
lem one without a solution.

S4.7.3 Nonsingular time-optimal control

It is a simple matter to write down the equations governing the time-optimal
controlled extremals, at least in the case when the controls may be determined
from condition (ii) of Theorem S4.45. Indeed, one may use (S4.22) to derive
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W ~ Agcost + Aysind
[T eV] I
9 mhlg+ JAzsinf — JA, cosd

T T U [0,

(54.26)

The expression for ||P§(A)[|; is a lengthy one, and we shall not give it here
explicitly.
We may also express the equation of part (i) of Theorem S4.45 as

=0,

Ay =0, (S4.27)
- sin @ cos

No = — —(Aput + Xu?) + —— (N\ut = Mu?).

0 m( u + yu)+ m(y“ u”)

Given the controls (S4.26), the nonsingular time-optimal controlled extremals
satisfy (S4.27), along with the equations of motion (S4.23).

As with the force-optimal problem, we will not undergo a systematic inves-
tigation of these equations, but will merely look at a special case. We will again
restrict ourselves to the situation where we have motion in the si-direction
through the initial point (0,0,0). As with force-optimal control, if we choose
the other initial conditions such that v, (0), va(0), A,(0), Ag(0), A,(0), and
)\9(0) are all zero, then these remain zero along controlled extremals. The re-
sulting motion is then along the line through (0,0, 0) in the s;-direction, and
the equations governing the resulting controlled extremals are

i=—, Ay =0. (S4.28)

The control satisfies the bounds u! € [—y/m,/m]. One determines [see, for
example, Jurdjevic 1997] that the time-optimal control that takes one from
(0,0,0) at rest to (z1,0,0) at rest is given by

L )Vm,  te[0,Ty],
u (t){_ /o te [T (S4.29)

where Ty = \/v/mz1. Without loss of generality, we have supposed that z; >
0. It is possible to explicitly derive the time-optimal controls for nonzero initial
and terminal velocity, but this is an inappropriate degree of generality for
what we wish to accomplish here. In Figure S4.7 we represent two such linear
extremals corresponding to various initial conditions, including one case where
the initial and terminal velocity are nonzero. These motions are quite intuitive,
and are essentially what one might affect by ad hoc methods. Observe that
we see why bounds on control are necessary. For the situation on the left in
Figure S4.7, if we had no control bounds, then by increasing the value of the
control, we could execute the same maneuver in arbitrarily small time, making
the time-optimal problem ill-defined.



S4.7 Force- and time-optimal control for a planar rigid body  S145

1 12
0.8 10
0.6 = °
B T 6
0.4 =
4
0.2 5
0
0.250.50.75 1 1.251.51.75 2 2 4 6 8 10
t t
1 1
0.5 0.5
= =
g 0 = 0
s s
-0.5 -0.5
-1
0.250.50.75 1 1.251.51.75 2 2 1 6 8 10
t t

Figure S4.7. Two linear time-optimal controlled extremals with m = 1. (1) On the
left we take £(0) = 0, z(T) = 1, and #(T') = 0. (2) On the right we take ©(0) = 5,
z(T) =1, and #(T) = —1. The optimal time on the left is "= 2 and on the right
is T = 4(+/3 4+ 1). In each plot, the top plot is x(t) and the bottom is u'(t).

S4.7.4 Characterization of the singular controlled extremals

Now we turn to looking at those controlled extremals that are singular for the
planar rigid body system. Based on the characterizations of Propositions S4.41
and S4.47 of singular controlled extremals, we pose the following general prob-
lem as one that allows description of all nontrivial (in the sense that the input
force is nonzero) force-optimal singular controlled extremals, and of all time-
optimal singular extremals.

Problem S4.49. For an affine connection control system (Q,V,#,U), find
curves v: I — Q, u: I — R™, \: I — T*Q with the following properties:
(i) u is locally integrable;
(ii) A is a covector field along v that is not identically zero;
(iil) the equations

VoY (8) = u®(£)Ya(y(1))
V3 oAE) + RE((2), 7' (£)7'(t)
=T (Vi A), Y (1) = u (1) (VYa)" (A(1))

hold for a.e. t € I;
(iv) A(t) € ann(Y.y)) for ae. t € I. o

)
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Nontrivial force-optimal singular controlled extremals, and time-optimal
singular extremals, will be solutions to Problem S4.49 defined on appropriate
intervals (i.e., intervals of the form [a,d] for the force-optimal problem, and
intervals of the form [0,T] for the time-optimal problem).

In the analysis for the planar body, we shall encounter the quantity

(A2 (0)t + A2 (0))2 4 (A, (0)t + A, (0))?, (S4.30)

and we shall wish for this quantity to be nonzero for all t € R. We shall see
that when this quantity is zero for some ¢, the singular controlled extremals
reduce to a degenerate form. For now, let us make a statement equivalent to
the expression (S4.30) being nonzero.

Lemma S4.50. The expression (S4.30) is nonzero for all t € R if and only
if Aa(0)Ay(0) # Ay (0)A(0).

Proof. The expression (S4.30) is nonzero for all ¢ € R when and only when
the equation . )
(Aa(0)t + X2 (0)) + (Ay (0}t + A, (0)* = 0

has no real roots in ¢. This is a quadratic equation in ¢ with discriminant
—(Az(0)A,(0) — AyA;(0))?. Therefore, it can have real roots when and only
when Az (0)A,(0) — AyA;(0) = 0. ]

Let us now derive the equations governing solutions of Problem S4.49 that
are defined on all of the real line. The condition that A be in ann(Y) is given
by

h h
Ao + mT sinfhg =0, A, — m7 cos BN = 0. (S4.31)
This means that A must satisfy the condition

A2 = (%)2@5 +2).

Since A, and A, are determined from the controlled extremal equations (54.24)
(or equivalently from (54.27)) to be simply

)\z(t) = )\m(o)t + Am(0)7 )‘y(t) = )‘y(o)t + )‘y(o)>

this means that we are able to determine the adjoint covector field explicitly
as a rational function of ¢. This in turn allows us to determine 0(t) from the
equations (S4.31). From the equations of motion (S4.23), we then have u?(t) =
—J6(t). To solve for u'(t), we employ the third of the equations (S4.27), as
the remaining quantities are known as functions of ¢. Finally, to solve for x(t)
and y(t), we go to the equations of motion (S4.23). The most relevant product
of these computations for us is the resulting form of (z(t), y(t),0(t)), and these
may be determined to be
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T (A (0)t + A, (0)

a(t) = + Ciit + Cho,
0 + 2,02 + (o 0) + A,(0))
JQa(0)t £ 2:(0)) + C21t + Cop,
mh¢ 0)¢ 4 2y(0)2 + (A (0)t + Aa(0))?
0(t) = atan(A, (0)t + A, (0)), = A, (0)t — A\.(0).
(S4.32)

It is possible to determine C11, Cig, Ca1, and Csg using the initial conditions
x(0), ©(0), y(0), and §(0). However, as we shall see, it is not advantageous to
do so, so we will leave these constants as they are. A solution of Problem S4.49
is called stationary when it is of the form (S4.32) with Cy; = Co; = 0. We
may also explicitly represent the controls as

ut(1) = (T (0)Aa(0) — Ac(0)4,(0))?)
/(h((A mﬂ+x<>f + (ha(0)t + A, (0))%)),
(1) = ( Ty (0)A <> Ao ()4, (0)((A2(0) + A2(0)  (S4.33)
A (0)A:(0) + 2y (002, (0))) / (A((Ay (0)t + 1, (0))
+<x<ﬁ+A )?)7).

In writing these equations, we make the assumption that the expres-
sion (S4.30) is nonzero for all ¢ € R. Note that these same expressions
hold, even when the singular controlled extremal does not include 0 in its
domain—in this case, the constants in the expressions for A;(t) and \,(t)
simply lose their interpretation as being values of the functions and their first
derivatives at t = 0.

The above paragraph shows that it is possible to completely determine, as
explicit functions of time, the solutions to Problem S4.49, at least when the
expression (S4.30) is nowhere zero. Let us now investigate the case when the
expression (S4.30) can vanish for some t € R, recalling our characterization
of this situation in Lemma S4.50.

Lemma S4.51. Let (y,u) be a stationary solution to Problem S4.49 defined
on R. The following conditions are equivalent:

(i) 7' (to) = 0yzy) for some to € R;
(i) v'(t) = Oﬂ/(t) for all t € R;
(iii) Az (0)Ay (0) = A, (0)A;(0) = 0.

Proof. Suppose that (iii) holds, and let ¢ be the time at which the expres-
sion (S4.30) vanishes. First suppose we are at a point where t # ¢. Then the
equations (S4.32) are valid in a neighborhood of ¢, and one computes

A (0)Ay(0) — Xy (0)A(0)
(Ay(0)E + Xy (0))2 + (Ax (0)t + Ay (0))2

o(t) =
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This means that 6(¢) = 0 for all ¢ # £. Similarly, one determines that @(t) =
y(t) = 0 for all ¢ # ¢. Coupled with the fact that the trajectories in Q must
be differentiable, we see that (iii) implies that v(t) = (o) as long as t # t.
When ¢ = ¢, then we have A, (t) = A\, (¢) = 0 and so A\g(t) is also zero. Since the
equations governing the adjoint covector field are linear in the adjoint covector
field, this implies that the adjoint covector field is identically zero for all ¢.
This situation is in violation of the conditions on A in Problem S4.49. The
above arguments show that (iii) implies both (i) and (ii). These arguments are
easily modified to show that (i) and (ii) also imply (iii), and that (i) and (ii)
are equivalent. ]

The following result essentially determines the character of the nontrivial
singular controlled extremals.

Lemma S4.52 (Characterization of singular controlled extremals
with nonzero control). Suppose that (v,u) is a stationary solution of Prob-
lem S4.49 for the planar rigid body system defined on the entire real line with,
for some tog € R, (x(to),y(to)) lying on the circle of radius L= with center at

(0,0) in the (x,y)-plane. If the expression (S4.30) is nowhere zero, then

(i) 22(t) + y2(t) = (:L)° for all t € R,
(i) 0(t) = m + atan(x(t),y(t)) for all t € R,
(”Z) hmtﬁoo(x(t)vy(t)) = limtﬂfoo(x(t)’y(t)); and
(iv) im0 0(t) = 7 + limy—, _ o0 0(2).
Furthermore, the control u is analytic.

Proof. Choosing C11, C1p, Ca21, and Cag to be zero, it is apparent from (S4.32)
that 22(t) + y2(t) = (35 )2, and so (i) holds. It is also clear from (S4.32)

that (i), (iii), and (iv) }T(;lld. Analyticity of u follows from (54.33). |
In Figure S4.8 we show a typical solution of Problem S4.49 of the form
described in Lemma 54.52. Note that the limiting initial and final angles are
decided by the values of A;(0) and A, (0), as may be ascertained from (54.32).
It is also clear from the expressions for z(t) and y(¢) from (S4.32) that any
solution of Problem S4.49 will be a copy of a solution to Problem S4.49 from
Lemma S4.52; but possibly translated away from (0,0), and possibly moving
with uniform velocity in the (z, y)-plane. To be succinct in stating the form of
the general solution to Problem S4.49, it is convenient to introduce a equiva-
lence relation on the set of curves on Q by saying that curves v1: [1 — Q
and vo: Iy — Q are equivalent when Iy = I} + a for some a € R and
Y2(t) = 71(t — a) for each t € Ir. When curves ; and 2 are equivalent,
we write 717 ~ 7. The following result makes this precise, and summarizes
our description of the solutions to Problem S4.49 for the planar rigid body.

Proposition S4.53 (Characterization of singular controlled ex-
tremals). If (y,u) is a solution to Problem S4.49 for the planar rigid body
defined on I C R, then there exists
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Figure S4.8. A solution of Problem S4.49 for the planar rigid body with m = 1,
J =1, and h = 1. The initial conditions for the adjoint covector field are A,(0) = 1,
Ay (0) = 5, Ao(0) = 2v/26, A.(0) = 1, and A, (0) = 1. The time between plots of the
body’s position on the left is At = 1. On the right, the controls are shown.
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(i) a solution (¥,4) to Problem S4.49 with the property that (7,a) ~ (v, u)
and
(i) a solution (3,@) to Problem S4.49 that is either
(a) of the form described by Lemma S4.51 or
(b) of the form described by Lemma S4.52,
such that
(i) Z(t) = zo + upt + T(t),
(1) §(t) = yo + uot + y(t), and
(i) O(t) = 0(t),

for some xqg,yo, ug, vo € R.

A “typical” solution to Problem S4.49 appears on the right in Figure S4.9.
Note that, as per Proposition S4.53, it is a “superposition” of an unforced
solution to Problem S4.49 with a stationary solution to Problem S4.49.

Remarks S4.54. 1. Note that the only unforced controlled extremals for the
planar rigid body consist of linear motions of the center of mass with the
angle 6 remaining fixed. Such a motion is shown on the left in Figure S4.9.

2. The controlled extremals that we here name as singular would be “singular
in all controls” for Chyba, Leonard, and Sontag [2003]. Because they use
control bounds that are polyhedral, they also would consider the linear
controlled extremals of Sections S4.7.3 and S4.7.2 to be singular. There
would potentially be more controls that are singular in the sense of Chyba,
Leonard, and Sontag.
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Figure S4.9. (1) On the left is an unforced solution to Problem S4.49 for the
planar rigid body with m =1, J =1, and h = % (2) On the right is the solution
to Problem S4.49 obtained by superimposing the linear motion on the left with the
solution of Problem S4.49 of Figure S4.8.

3. While Proposition S4.53 does provide a complete description of the sin-
gular controlled extremals for the planar rigid body system, it does not
illuminate the “reason” why these controlled extremals have the form they
do. That is to say, there is in all likelihood a nice geometric description

for these controlled extremals in terms of the affine connection % and the
input distribution Y. However, at this point this description is unknown
to the authors. °



S5

Mathematica® packages

While much of the methodology described in this book may be thought of as
having a fairly sophisticated mathematical basis, much of it is easy to put into
practice. The obstruction is often not conceptual, but rests in the fact that
sometimes even simple examples can produce lengthy symbolic expressions
when one carries out the analysis/design methods we describe. Therefore, in
this chapter we document the use of Mathematica® packages for some of the
more common computations that come up. While we do not presently support
other symbolic manipulation programs, nor do we have any plans to do so, it
is certainly true that, with a little effort, everything we do in Mathematica®
can be done as well with any similarly-spirited program.

Our strategy is to devote one section to each package, and describe all
functions in this package. In each section, a sample Mathematica® session
will be given that illustrates all the functions defined by the package.

The reader is invited to download the software at

http://penelope.mast.queensu.ca/smcs/Mma/

The versions on the website will be updated, so there may be discrepancies
with what is described here. A list of errata and changes will be maintained,
along with a version of this chapter consistent with the software version. We
do not claim to be sophisticated Mathematica® programmers, and we hope
that some ambitious reader(s) will take it upon themselves to improve the
code we have written, and make the improved code freely available.

S5.1 Tensors.m

There are several tensor manipulation packages for Mathematica® available.
However, our needs are pretty limited, so we have made a version that covers
these needs.

In[1]:= << Tensors.m
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\nPackage "Tensors" defines: ChangeBasis, ChangeCoordinates,
EvaluateTensor, InitializeTensor, ITen2Vec, IVec2Ten, LieDerivative,
Ten2Vec, TheJacobian, Vec2Ten.

To get help, type ?command
In[2]:= ?7ChangeCoordinates

ChangeCoordinates[A,x,xp,xofxp,Type,Deriv] gives a tensor A of type
Type expressed originally in coordinates x, in coordinates xp. Here
xofxp gives x as a function of xp. If Type="Affine Connection" then
the input should be the Christoffel symbols of an affine connection
in coordinates x, and the result will be the Christoffel symbols in
coordinates xp.

S5.1.1 Tensor basics

Tensors of type (r,s) are stored as lists of depth r + s, with the basic list
element being a component of the tensor. One can initialize a tensor to
have all zero entries. The following command initializes a (0, 2)-tensor in a
2-dimensional vector space.

In[3]:= g = InitializeTensor[{0, 2}, 2]
Out [3]= {{0,0},{0,0}}
Note that a tensor can be thought of as being on a vector space, or on the

tangent space to a manifold. As far as how it is stored, they are the same
thing.

Let us work with a specific tensor, namely the standard Riemannian metric
on R?, first using Cartesian coordinates.

gll1,1]] = g[[2,2]] = 1;¢
{{1,03,{0,1}}

A tensor can be evaluated on various of its arguments. For example, the
Riemannian metric above can be evaluated on two vectors.

Inl4]:
Out [4]

In[5]:= u = {ul,u2}
Out [5]= {ul,u2}

In[6]:= v = {vl,v2}
Out[6]= {v1,v2}

In[7] := EvaluateTensor[g, {u, v}, {0, 2}, {{}, {}}]
Out[7]= ul vl 4+ u2v2

The syntax here bears explanation. The first argument is the tensor itself.
The second argument is a list containing the vectors and covectors on which
the tensor will be evaluated. The third argument is the type of the tensor.
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The fourth argument consists of two lists. The first list is the contravariant
(i.e., up) indices that will be left free, and the second is the covariant (i.e.,
down) indices that will be left free.

To see how this works, let us use the same tensor, but now evaluate it on only
one argument. This corresponds in this case to the “flat map.”

In[8] := EvaluateTensor[g, {u}, {0, 2}, {{}, {1}}]
Out[8]= {ul,u2}

Since the tensor is symmetric, the answer will be the same if the second
covariant index is left free.

In[9] := EvaluateTensor[g, {u}, {0, 2}, {{}, {2}}]
Out [9]= {ul,u2}

It may be helpful to “flatten” a tensor, by which an (r, s)-tensor on a vector
space of dimension n is converted to a list of length n"*%. There are a few
commands associated with this and related operations. First let us convert a
list to a tensor.

In[10]:= Aten = Vec2Ten[{all,al2,a2l,a22},{0,2},2]
Out[10]= {{all,al2}, {a21,a22}}

Now let us convert this back to a list.

In[11]:= Avec = Ten2Vec[Aten, {0, 2}, 2]
Out[11]= {all,al2, a21,a22}

Specific entries can be grabbed as well. For example, one may want to grab
from a long list the element corresponding to a certain tensor index. The
following manipulations use the Mathematica® Sequence command.

In[12]:= IVec2Ten[3, {0, 2}, 2]
Out[12]= {2,1}

In[13]:= Aten[[Sequence@@%]]
Out[13]= a2l

One can also go the other way.

In[14]:= ITen2Vec[{1, 2}, 2]
Out[14]= 2

In[15] := Avec[[%]]
Out[15]= al2

In the above commands, the “I” stands for “index,” reflecting the fact that
these commands have to do with manipulation of indices.
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S5.1.2 Lie differentiation

One can Lie differentiate tensors of arbitrary type. The command takes as
arguments, the tensor being Lie differentiated, the vector field with respect
to which differentiation is being done, a list containing the coordinates, and
the type of the tensor.

Inf[16]:= X = {-y,x}

Out[16]= {—y,x}

In[17]:=q = {x,y}

Out[17]= {z,y}

In[18]:= LXg = LieDerivative[g, X, q, {0, 2}]
out[18]= {{0,0},{0,0}}

Note that the vector field is Killing.

S5.1.3 Changes of coordinate

Coordinate changes can be done symbolically. First let us do a linear change
of coordinates (i.e., a change of basis). We will work with the existing tensor g.
One requires a change of basis matrix, and this is defined as follows. Suppose
the existing basis is {e1,...,e,} and the new basis is {f1,..., fn}. One may
then write f; = P/e; (using the summation convention) for some invertible
n X n matrix P. The change of basis matrix in Mathematica® is defined so
that PL[i,j]] is P}. Thus, for us, if the new basis is

In[19]:= f1 = {1,1};f2 = {0,1};
then we should define

In[20]:= P = Transpose[{fl, {2}]
out[20]= {{1,0},{1,1}}

We then have

In[21]:= ChangeBasis[g, P, {0, 2}]
Out[217= {{2,1},{1,1}}

Now let us change coordinates. We already have the coordinates q defined
above. Let us introduce new coordinates which are polar coordinates.

Inf[22]:= qp = {r,0}
Out [22]= {r,0}

What is needed for the change of basis function is the original coordinates
expressed in terms of the new coordinates.

In[23]:= qofqp = {r Cos[f],r Sin[0]}
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Out [23]= {r cos[0],r sin[0]}

Now we may make the change of coordinates by providing all of the above
data, along with the type of the tensor. For example, for the vector field we
have

In[24]:= Xp = Simplify[ChangeCoordinates[X, q, qp, gofgp, {1, 0}]]
Out[24]= {0,1}

Also the metric.

In[25]:= gp = Simplify[ChangeCoordinates|g, q, qp, qofgp, {0, 2}]]
out[257= {{1,0},{0,7°}}

The concept of a Killing vector field is coordinate invariant.

In[26] := LieDerivative[gp, Xp, qp, {0, 2}]
Out [26]= {{0,0},{0,0}}

One can also change coordinates for the Christoffel symbols of an affine con-
nection. We shall do this for the Levi-Civita connection for the Riemannian
metric g used above, noting that its Christoffel symbols are zero in Cartesian
coordinates.

In[27]:= conn = Table|0, {i, 2}, {j, 2}, {k, 2}]
out [27]= {{{0,0},{0,0}}, {{0,0},{0,0}}}

In[28] := Simplify[ChangeCoordinates|[conn, g, qp, gofgp,
Affine Connection)]]

out 287= {{{0,0, {0, —r}}. {{0. 1}, {1 0}})

One may recognize these as the Christoffel symbols for the standard metric
in polar coordinates.

There is also a Jacobian function included. The Mathematica® Jacobian ma-
nipulations require too much setup to use conveniently.

In[29] := TheJacobian[qofqp, qp]
Out [29]= {{cos[0], —r sin[f]}, {sin[0],r cos[O]}}

S5.2 Affine.m

The package Affine.m deals with things related to affine connections.
In[1]:= << Affine.m

\nPackage "Tensors" defines: ChangeBasis, ChangeCoordinates,
EvaluateTensor, InitializeTensor, ITen2Vec, IVec2Ten, LieDerivative,
Ten2Vec, TheJacobian, Vec2Ten.
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\nPackage "Affine" defines: AlongCurve, CovariantDerivative,
CovariantDifferential, CurvatureTensor, Grad, LeviCivita,

RicciCurvature, RiemannFlat, RiemannSharp, ScalarCurvature,
SectionalCurvature, Spray, SymmetricProduct, TorsionTensor.

Note that the package Tensors.m is loaded. Please see the documentation for
that package to use its features. To get help, type ?command

In[2]:= ?AlongCurve

AlongCurve[A,Conn,c,t,Type,Deriv] returns the covariant derivative
of the tensor field A of type Type along the curve c. t is the time
parameter which c must depend upon.

S5.2.1 Riemannian geometry specifics

The metric can be used to convert vector fields to covector fields, and vice
versa, in the usual manner. The rule is “Sharp raises the index (i.e., converts
a covector field to a vector field) and flat lowers the index (i.e., converts a
vector field to a covector field).”

n[3]:= g = {{1,0},{0,r"2}}
out [37= {{1,0},{0,7°}}

Inf4]:= {{1,0},{0,r*}}
out[4]= {{1,0},{0,r*}}

In[5]:= a = {0,1}
Out[5]= {0,1}

In[6]:= X = RiemannSharp|a, g]
1

out[6]= {0, 5}

In[7] := RiemannFlat[X, g]

out [7]= {0, 1}

A special instance of the flat map is the gradient, and there is a special purpose
function for it.

In[8]:= f = r Cos[0]
Out [8]= r cos[f]

In[9]:=q = {r,0}
Out[9]= {r,0}

In[10]:= Gradl[f,g, q]
out 107= { coslg], - 5112

}
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The Levi-Civita Christoffel symbols can be computed using a set of coordi-
nates and the components of the Riemannian metric.

In[11]:= conn = LeviCivitalg, q]

outl11= {{{0,01,{0,~r}}. {{0, 7}, (3. 0}}}

S5.2.2 Affine differential geometry basics

The standard covariant derivative of vector fields is computed as follows.
In[12]:= X = {Cos[0],r 2}
Out[12]= {cos[0],r*}
In[13]:=Y = {Sin[0],1/r}
. 1
Out[13]= {sin[f], ;}

Then one computes the covariant derivative of Y with respect to X, using the
Christoffel symbols for the connection.

In[14] := CovariantDerivative[X, Y, conn, g]

— 3 — 1
out[14]= | r rsm[0]7 cos[6]

2 + 37 sin[6]}
The symmetric product is a useful operation for dealing with simple mechani-
cal control systems, and its function works much like the covariant derivative.

In[15] := SymmetricProduct[X, Y, conn, q]

3 .
Out[157= {* (—1 4 coslf]) + ———Sml0] coslf]

r r2

+ 47 sin[0]}

The covariant derivative of a general tensor can also be computed. See the
documentation for Tensors.m to see how tensors can be defined, and how they
are stored by our packages. One should specify the tensor one is covariantly
differentiating, the Christoffel symbols of the connection, the coordinates, and
the type of the tensor.

In[16] := nablag = CovariantDifferential[g, conn, q, {0, 2}]
out £167= {{{0,0}, 10,0}, {{0,0},0,0}}}

Note that, if the tensor is of type (r, s), then what comes out is a tensor of type
(r,s +1). To produce the covariant derivative of the tensor with respect to a
vector field (i.e., a tensor field of type (7, s)), one can use the EvaluateTensor
function that is part of the Tensors.m package.

In[17] := EvaluateTensor[nablag, {X}, {1, 2}, {{}, {1, 2}}]
Out [17]= {{0,0},{0,0}}

In like manner one can compute the covariant derivative of a tensor field
along a curve. This requires specifying the coordinate functions of time that
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define the curve. The variable parameterizing time is an argument, so can be
whatever is desired.

In[18]:= v = {r[t], O[t]}

Out[18]= {r[t],0[t]}

In[19]:= Upsilon = Dl[~, t]

out[19]= {r'[t],0'[t]}

In[20] := AlongCurve[Upsilon, conn, v, t, {1, 0}]

outc207= { o't +'10, 2 g

Note that the result in this case has been contrived to be the components of
the geodesic equations in second-order form.

The geodesic spray can be computed by using velocity coordinates.

In[21]:
Out[21]

v = D[v,t]
{r'[t], 0't]}
In[22]:= Z = Spray[conn,~, V]

out £227= {r'[), 0/t r o', ~ 2101

}

Note that what is returned are the components of a vector field on the tangent
bundle in natural coordinates.

S5.2.3 Torsion and curvature

These commands are all pretty basic. Some of them reflect mathematical
constructions not defined in the text. We refer the reader to [Kobayashi and
Nomizu 1963] for discussions of undefined terms.

In[23] := TorsionTensor|[conn, q]
out [23]= {{{0,0},{0,0}},{{0,0},{0,0}}}
In[24]:= CurvatureTensor|[conn, q]

Out [247= {{{{0,0},{0,0}}, {{0,0},{0,0}}}, {{{0,0},{0,0}},{{0,0},{0,0}}}}

In[25] := RicciCurvature[conn, q]
Out [25]= {{0,0},{0,0}}

Scalar and sectional curvature are defined only for Levi-Civita connections.

In[26] := ScalarCurvature[g, q]
Out [26]= 0

The sectional curvature requires the specification of two orthonormal tangent
vectors to prescribe a two-dimensional subspace.

In[27]:= el = {1,0}
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Out[27]= {1,0}
In[28]:= €2 = {0,1/r}

1
out [28]= {0, ;}
In[29] := SectionalCurvaturelel, e2, g, ]
Out [29]= 0

S5.3 SMCS.m

The package SMCS.m deals with the modeling of simple mechanical control
systems, and provides tools to perform the steps outlined in Chapter 4 for the
modeling of kinetic energy, forces, and constraints. To illustrate the use of the
package, we shall consider the rolling disk system described in Chapter 4, and
depicted in Figure S5.1. The objective will be to systematically go through

Figure S5.1. Rolling disk

all of the modeling steps to arrive at all the components in the rolling disk
model. The final step is a simulation of the resulting equations of motion.

In[1]:= << SMCS.m

\nPackage "Tensors" defines: ChangeBasis, ChangeCoordinates,
EvaluateTensor, InitializeTensor, ITen2Vec, IVec2Ten, LieDerivative,
Ten2Vec, TheJacobian, Vec2Ten.

\nPackage "Affine" defines: AlongCurve, CovariantDerivative,
CovariantDifferential, CurvatureTensor, Grad, LeviCivita,

RicciCurvature, RiemannFlat, RiemannSharp, ScalarCurvature,
SectionalCurvature, Spray, SymmetricProduct, TorsionTensor.
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\nPackage "SMCS" defines: ACCSequations, ACCSsimulate,
BodyAngularVelocity, ConstrainedConnection, Force,
GeneralizedCovariantDerivative, GetState, Hat, Hessian, KErot, KEtrans,
OrthogonalChristoffelSymbols, OrthogonalForce, OrthogonalProjection,
SetEqual, SMCSequations, SMCSsimulate, SpatialAngularVelocity, Unhat.

Note that the packages Tensors.m and Affine.m are loaded. We refer the reader
to their documentation for instructions on using commands from these pack-
ages.

To get help, type ?command
In[2]:= 70rthogonalChristoffelSymbols

OrthogonalChristoffelSymbols[X,g,conn,x] computes the generalized
Christoffel symbols for the orthogonal vector fields contained in the
columns of X. Here g is the matrix for the Riemannian metric, conn are
the Christoffel symbols of the Levi-Civita connection, and x are the
coordinates.

S5.3.1 Rigid body modeling

The rolling disk is comprised of a single body. Let us first define the inertia
tensor of the body.

In[3]:= Iten = {{Jspin, 0,0}, {0, Jspin, 0}, {0, 0, Jroll}}
Out [3]= {{Jspin, 0,0}, {0, Jspin, 0}, {0, 0, Jroll}}

Now we define the forward kinematic map for the body by defining the position
of the center of mass from the spatial origin, and by defining the orientation of
the body frame relative to the spatial frame. Thus this step amounts to defin-
ing a vector in R? and a matrix in SO(3). In specific examples, Mathematica®
can be useful in obtaining these expressions. For the rolling disk, the deriva-
tion of the orientation matrix is not entirely trivial, and we refer the reader to
Example 4.5 for details. First we define the configuration space coordinates
and their velocities.

In[4]:= conf = {x[t],y[t], O[t], #[t]}
out [4]= {z[t], y[t], O[t], #[t]}

In[5]:= vel = D[conf, t]

Out[5]= {xl[ﬂ,y,[tL9l[ﬂa¢/[t]}

We define the coordinates as “functions of time” in Mathematica®. We shall
see that having the coordinates as functions is essential to using some of the
macros defined in SMCS.m.

Now for the forward kinematic map.
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Inf[6]:=r = {x[t],y[t], p}
Out [6]= {z[t], y[t], p}
In[7]:= R = {{Cos[¢p][t]] Cos[0]t]], Sin[¢[t]] Cos[f[t]], Sin[0[t]]},

{Cos[s]t]] Sin[6][t]], Sin[¢[t]] Sin[6]t]],

— Cos[0[t]]}, {— Sin[¢]t]], Cos[[t]], 0} }
Out [7]= {{cos|[¢[t]] cos[O[t]],cos[0[t]] sin[p[t]],sin[O[¢]]},
{cos[¢[t]] sin[0[t]], sin[¢[t]] sin[A[t]], — cos[A[t]]},

{—sin[o[t]], cos[¢[t]], 0} }

It is now possible to compute a multitude of things, since, as we emphasize in

the text, the forward kinematic maps are key to much of our modeling. For
example, one can compute body and spatial angular velocities.

In[8] := Simplify[BodyAngularVelocity[R, conf, t]]
Out [8]= {— sin[g[t]] 0'[t], cos[g[t]] 0'[t], —¢[¢]}

In[9] := Simplify[SpatialAngularVelocity[R, conf, t]]
Out [9]= {—sin[0[t] ¢'[¢], cos[0[t]] ¢'[t], 0'[¢]}

Note that we do require the coordinates to be functions of time here, since
time is one of the arguments of the angular velocity commands.

S5.3.2 Kinetic energy and the kinetic energy metric

Now we compute the kinetic energy, translational and rotational, for the body.
Again, the forward kinematic map is key, and again, we do require the con-
figuration space coordinates to be functions of time.

In[10] := ketran = KEtrans[r, conf, m, t]

Out[10]= % m (2'[t) +y'[t])

In[11]:= kerot = Simplify[KErot[R, conf, Iten, t]]

Out[11]= % (Jroll ¢'[t]* + Jspin 0'[t]%)

Note that, in the above computations, the argument “m” is the mass. We can
now obtain the total kinetic energy.

In[12]:= KE = Simplify[ketran + kerot]

Out[12]= % (Iroll ' [1]* + Jspin O'[(]° +m (@[> + ' [1]%))

Now we can compute the components of the kinetric energy metric.

In[13]:= metric = Simplify[KE2Metric[KE, vel]]
Out[13]= {{m,0,0,0},{0,m, 0,0}, {0,0, Jspin, 0}, {0, 0,0, Jroll} }

We can also compute the Christoffel symbols for the associated Levi-Civita
affine connection, although these are trivial in this case.
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In[14]:= lcgamma = LeviCivita[metric, conf]

out [147= {{{0,0,0,0},{0,0,0,0},{0,0,0,0},{0,0,0,0}},
{{0,0,0,0}, {0,0,0,0}, {0,0,0,0}, {0,0,0,0}},
{{0,0,0,0}, {0,0,0,0}, {0,0,0,0}, {0,0,0,0}},
{{0,0,0,0},{0,0,0,0}, {0,0,0,0},{0,0,0,0} } }

S5.3.3 Force modeling

Now we consider the modeling of forces using the approach in the text. This
is simple given the forward kinematic map. For the rolling disk, there are only
control forces, and there are two of these. First we consider the force that
spins the disk. The Newtonian force and torque are first defined.

In[15] := forcel = {{0,0,0}}
Out[15]= {{0,0,0}}

We now do the same for torques.

In[16]:= torquel = {{0,0,1}}
out[16]= {{0,0,1}}

Note that the Newtonian force and torque are a list of vectors in R3. The
length of the list is the number of bodies the force and torque act on, with
each entry in the list corresponding to the force and torque exerted on a single
one of the bodies. In this case, there is just one body, so the list has length
one. See Section S5.4 for an example with multiple bodies.

Next we create the Lagrangian force.

In[17]:= F1 = Simplify[Force[torquel, forcel, {R}, {r}, conf, t]]
Out[17]= {0,0,1,0}

Note that the first four arguments are lists whose length is the number of
bodies the Newtonian force and torque interact with. Let us do the same for
the other control force that moves the wheels.

In[18]:= force2 = {{0,0,0}}

out [18]= {{0,0,0}}

In[19]:= torque2 = {{— Sin[0[t]], Cos[0[t]],0}}
Out [19]= {{—sin[0[t]], cos[0[t]],0}}

In[20]:= F2 = Simplify[Force[torque2, force2, {R}, {r}, conf, t]]
Out [20]= {0,0,0,1}
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S5.3.4 Nonholonomic constraint modeling I

Next we turn to the modeling of nonholonomic constraints as described in
the text. There are many ways one can do this. For example, one can use the
constrained connection by computing its Christoffel symbols. Let us illustrate
the steps. The first step is to compute an orthogonal basis of vector fields for
which the first vector fields in the list are a basis for the constraint distribution.
For the rolling disk, it turns out that there is a global orthogonal basis for
D. This is generally not the case. For example, it might be the case that the
constraint distribution does not have constant rank. And, if the constraint
distribution does have constant rank, there still might not be a global basis.
However, since we are in luck here, we can proceed without misadventure. First
we provide a set of covector fields that annihilate the constraint distribution.

In[21]:= omegal = {1,0,0,—p Cos[0[t]]}

Out[21]= {1,0,0,—p cos[A[t]]}

In[22]:= omega2 = {0,1,0,—p Sin[0[t]]}

Out [22]= {0,1,0,—p sin[0[t]]}

By “sharping” these relative to the kinetic energy metric, we get two vector

fields that are G-orthogonal to the constraint distribution. Then we need to
ensure that these are G-orthogonal.

In[23]:= X3 = RiemannSharp[omegal, metric]

Out [23]= {%,0,0,—%0[191[1”]}

In[24]:= X4t = RiemannSharp[omega2, metric|

o 1 psinfolt]
Out [247= {0, 0.0, =5

The next formula is the Gram—Schmidt Procedure to get an orthogonal basis.

In[25] := X4 = Simplify[X4t — (X3.metric.X4t)X3/(X3.metric.X3)]
p? cos[0[t]] sin[0[t]] 1 p sin[0[t]]

Out[25]= { — =0, —
“ { Jroll +m p2 cos[O[t]]>" m Jroll + m p? cos[Q[t]]Q}

Note that we will not actually do much with X3 and X4, but we produce them
anyway, just to show how one does these orthogonal basis computations.

Now we use the two vector fields defined in the text as being a G-orthogonal
basis for the constraint distribution.

Inf[26]:= X1 = {p Cos[0[t]], p Sin[0[t]],0,1}
Out [26]= {p cos[O[t]], p sin[0][t]],0,1}

Inf27]:= X2 = {0,0,1,0}
out [27]= {0,0,1,0}

In[28]:= X = {X1,X2,X3,X4}
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p coslolt]

out 281 {{p coslOlt]}, p sinf6[]),0,1},{0,0,1,0, { 0,0, ~ LTl

{,

One can check that these vector fields are indeed orthogonal.

0> cos[d[t]] sin[0[t]] 1 0.— p sin[0[t]] 1
Jroll +m p2 cos[0[t]]>" m " Jroll + m p2 cos[0]t]]?

In[29] := Simplify|

Table[(X[[i]].metric. X[[j]]) / (X[[i]]. metric. X[[i]]), {i, 4}, {J, 4}]]
0ut[29]= {{17 07 0’ 0}7 {07 17 07 0}7 {07 0? 17 0}7 {07 07 07 1}}
One can now determine the components of the orthogonal projection onto D+.
To do this, it is less cumbersome if we compute the orthogonal projection onto

D first. Note that this only requires the basis for D, and that this basis needs
to be orthonormal for the macro OrthogonalProjection.

In[30]:= P = Simplify[OrthogonalProjection]|
{X1/Sqrt[X1.metric.X1], X2/Sqrt[X2.metric.X2]}, metric]]
m p? cos[0[t]]> m p* cos[O[t]] sm[@[t]]

out[30]= {{

Jroll +m p? ’ Jroll + m p? 0

Jroll p cos[0][t]] 1, {mp cos[[t]] sin[0[t]]
Jroll + m p? Jroll + m p?

m p? sin[0[t]* . Jroll p sin[0[t]] 1.{0,0,1,0},

Jroll +m p2 > Jroll +m p?
{mp cos[d[t]] m p sin[0[t]] 0 Jroll .
Jroll +m p2” Jroll +m p2’ " Jroll +m p?

Let us at least verify that this is actually the G-orthogonal projection onto
D.

In[31] := Table[Simplify [P.X[[i]] — X[[i]]], {i, 2}]

out[31]= {{0,0,0,0},{0,0,0,0}}

In[32] := Table[Simplify [P.X[[i]]], {i, 3,4}]

out [32]= {{0,0,0,0},{0,0,0,0}}

Now we define the projection onto D+.

In[33]:= Pperp = Simplify[IdentityMatrix[4] — P]
2 2 2 :
m p* cos[0]t]] m p~ cos[0[t]] sin[0][t]] Jroll p cos|[0][t]]
Out [33]= 1-— - —
ut[33]= {{ Jroll +m p2 ’ Jroll + m p? 0, Jroll + m p? s

m p? cos[0[t]] sin[0[t]] 1 m p? sin[0[t]]?

{- Jroll + m p? ’ Jroll +m p2 ’
~ Jroll p sin[0[t]]
* Jroll + m p? } {0,0,0,0},
mp cos[0[t]] mp sin[f][t]]
{- - 0, 2)}

Jroll +m p2’  Jroll +m p2’ Jroll —|— mp

Let us record the orthogonal basis for D for future use.
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In[34]:= Ddim = 2
Out[34]= 2

In[35] := Dbasis = Table[X][i]], {i, Ddim}]
Out [35]= {{p cos[0[t]], p sin[0]]],0,1},{0,0,1,0}}

Now we compute the Christoffel symbols for the constrained connection. The
identity matrix in the second argument seems to be out of place here. The
meaning of this second argument, along with an example of how it is used,
can be found in Section S5.4.

In[36] := cgamma = ConstrainedConnection]|
lecgamma, IdentityMatrix[4], Pperp, conf]

2m p? cos[0[t]] sin[0]t]] 0,

out [367= {{{0,0, Jroll + m p2

{0,0 _mp 2coslO[t]]* . m p? sin[0[t]) 0}
77 Jroll +m p? Jroll +m p? ’

Jroll p sin[0][t]]

Trollzm ez )

{0507070}5{070 Jroll+mp2 ’

{{0,0 7mp2 cos[A[t]]*  m p?sin[0]t]]? 0)
Jroll +m p? Jroll + mp2 >V

2
{0’0’72mp cos[0[t]] sin[0[t]] 0}
Jroll + m p?
{0,0,0,0} {0 0 _Jrollp cos[f }}
s Uy Uy 9 y Vs Jroll—|—mp

{{07 0’ 07 0}7 {07 07 07 0}7 {07 0’ 07 0}7 {0’ 07 07 0}}7
m p sin[0[t]]
10,0, Jroll + m p?’ 0}

m CcOs
{0,0, - m,o} {0,0,0,0},{0,0,0,0}} }

S5.3.5 Nonholonomic constraint modeling IT

In this section we illustrate the method for handling nonholonomic constraints
that normally works best in practice, namely using the orthogonal Poincaré
representation. Here we only compute the minimum number of Christoffel
symbols. Fortunately, we have already done much of the work, namely the
computation of a G-orthogonal basis for the constraint distribution. There-
fore, we can directly compute the 23 Christoffel symbols that appear in the
orthogonal Poincaré representation.

In[37] := ogamma = OrthogonalChristoffelSymbols|
Dbasis, metric, lcgamma, conf]

Out [37]= {{{0,0},{0,0}}, {{0,0},{0,0}}}
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It is possible to covariantly differentiate vector fields taking values in the
constraint distribution using the orthogonal Christoffel symbols. In fact, the
command for doing this will work even if the vector fields forming the basis
for the constraint distribution are not orthogonal. To execute the command,
one needs to represent vector fields with values in the constraint distribution.
This is done by giving their components relative to the basis vector fields. Let
us define two such vector fields in general form.

In[38]:= U = Table[Ucompli][x[t], x[y], 0[t], ¢[t]], {i, Ddim}]
Out [38]= {Ucompl(1][x[t], z[y], 0[], ¢[¢]], Ucomp[2][z[t], x[y], 0[¢], #[t]]}
In[39]:= V = Table[Vcompli][x[t], x[y], O[t], ¢[t]], {i, Ddim}]
Out [39]= {Vcompl(1][x[t], z[y], 0[t], ¢[¢]], Veomp[2] [z[t], z[y], O[¢], S[1]] }

Now we covariantly differentiate V with respect to U.

In[40] := GeneralizedCovariantDerivative[U, V, Dbasis, ogamma, conf]
out [40]= {Ucomp(2][z[t], [y}, 0t], 6[t] Veomp[1) OV [a[t], [y], O[t], 4[]+
Ucompl1][z[t], z[y], 0[¢], ¢[t]] (Veomp[1] O [z[t], z[y], 0[¢], $[t]]+
p cos[0[t]] Veompl[1] OV a[t], [y, 0[], 4[¢])),
Ucomp|2][z[t], z[y], 0[], ¢[1]] Veomp([2]* "1V [w[t], z[y], 0[], & [t]+
Ucompl1][z[t], z[y], 0[¢], ¢[t]] (Veomp[2] O [z[t], x[y], 0[¢], #[t]]+
p cos[0[t]] Veompl[2) O a[t], [y, 0[], 4[£]])}

It is possible to use the generalized covariant derivative to perform controlla-
bility computations. An example of this is given in Section S5.4.

We also need to model the forces in the framework of pseudo-velocities. Two
things must be done to do this. First, the vector forces need to be projected
onto the constraint distribution. Then the resulting vector forces need to be
represented in terms of the (not necessarily G-orthogonal) basis for the con-
straint distribution. In the case when the basis for D is G-orthogonal, there
is a command for this.

Inl41]:= Ylo = OrthogonalForce[F1, Dbasis, metric]
1

Out[41]= 10

ut [41]= { Topi }

111

Inl42]:= Y20 = Simplify[OrthogonalForce[F2, Dbasis, metric]]

D’U,t[42]= {m,o}

S5.3.6 Equations of motion I

We will compute equations of motion in two different ways. First we use
the Christoffel symbols for the constrained connection as above, and just
produce the full geodesic equations. First we need to give the input vector
fields, properly projected onto the constraint distribution.
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In[43]:= Ylc = P.RiemannSharp[F1, metric]
1
0’U;t[43]— {0,0,m,o}

Inl44]:= Y2¢ = P.RiemannSharp[F2, metric]
out £447= { L0 g sinlolt) \
Jroll +m p2” Jroll +m p2’ "’ Jroll+mp2

The total input is a linear combination of the two inputs, with the coefficients
being the controls. Let us leave the controls as general for the moment.

In[45]:= Yc = ul Ylc+u2Y2c
pu2 cos[f[t]] pu2sinfft]] ul
Out[451= { Jroll + m p2 ” Jroll + m p2’ Jspin’ Jroll+mp

7}

Now we can produce the equations of motion.

In[46]:= eqmotl = Simplify[ACCSequations[cgamma, Yc, conf, t]]

Out [46]= {m(fp u2 cos[A[t]] + Jroll p sin[d[t]] ¢'[t] O'[t]+
m p* 0'[t] (sin[2 O[t]] 2 [t] — cos[2 0[] y'[t]) +
Jroll 2" [t] +m p* 2" [t]) == 0,0 == m

(pu2 sin[0[t]] + Jroll p cos[A[t]] &[] 0'[t]+
m p* 0'[t] (cos[2 O[t]] «'[t] + sin[2 0[] y/'[t])
ul 1
Jspin’ Jroll + m p2?
(—u2 +m p /[t (sin[e[tn w1~ coslof) /) +
(Jroll +m p°) ==0}

(Jroll + m p*) 4" [t]), 0" [t] ==

S5.3.7 Equations of motion II

Now we provide another means of producing the equations of motion, using
the Poincaré representation. Since this representation, in principle, captures
all possibilities, one must allow for both constrained and unconstrained cases.
One of the differences will be that, in the unconstrained case with the natural
Christoffel symbols, the dependent variables will be the configuration coordi-
nates, and all equations will be second-order. For systems with constraints,
and using generalized Christoffel symbols, there will be pseudo-velocities, and
the equations will be first-order. Things are further complicated by the fact
that, in some examples, some of the pseudo-velocities will be actual veloci-
ties. Thus the resulting equations of motion will be a mixture of first- and
second-order equations. The difficulty is then to determine the correct state,
taking into account that some pseudo-velocities are actual velocities. There
is a command for this, whose usage we now illustrate. First one defines the
“full” set of pseudo-velocities. In this case there are two.

7= pv = {pvilt], pv2(t]}
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Out [47]= {pvl[t], pv2[t]}

Then one extracts the state for the equations, properly taking into account
that some of the pseudo-velocities are velocities. The following command does
not require a G-orthogonal basis for D.

In[48]:= state = GetState[Dbasis, pv, conf, t]
Out [48]= {x[t], y[t], O[t], 9[t]}

Note that, in the rolling disk, all pseudo-velocities are actual velocities, re-
flected by the fact that no pseudo-velocities appear in the list of states.

If the system were unconstrained and one wished to use the natural represen-
tation, then one would proceed as follows.

In[49] := GetState[IdentityMatrix[4],
{pvl[t], pv2[t], pv3[t], pv4[t]}, conf, t]
Out [49]= {x[t], y[t], O[t], ¢[t]}

The first argument being the identity matrix corresponds to the fact that the
pssudo-velocities are all real velocities. Then the state is correctly returned
as simply the configuration coordinates. In such cases one may want to not
bother with listing the pseudo-velocities, in which case an empty list will
guarantee the correct result.

In[50] := GetState[IdentityMatrix[4], {}, conf, t]
Out [50]= {x[t], y[t], 0[], o[¢]}

A second difficulty arises with the treatment of forces. In unconstrained sys-
tems, one simply wants to use the natural representation of the force. For
constrained systems using pseudo-velocities, one must properly represent vec-
tor forces as above. Therefore, the user is required to define a vector force
being applied to the system by giving its components in the basis for D. In
this case, we have already done this.

In[51]:= Yo = ul Ylo+u2 Y20

u2 ul
Out [51]=
utl51] {Jroll+mp2’ Jspin}

In the unconstrained case when using the natural representation, one would
simply use the list comprised on the components of the vector force.

Now we can formulate the equations of motion. Note that one uses all pseudo-
velocities. The program sorts out the state along the lines of the GetState
command above. For an unconstrained system, an empty list of pseudo-
velocities will give the desired result. Note that, for the following command,
the basis for D need not be G-orthogonal.

In[52] := eqmot2 = SMCSequations[ogamma, Yo, Dbasis, pv, conf, t]
out[52]= {a'[t] == p cos0[t]] ¢'[t],y[t] == p sin[0[t] ¢'[¢],

IR u2 e,y ul
¢ == oy 1 == o)
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S5.3.8 Simulation

Once one has the equations of motion, one would like to be able to numerically
solve the equations. In Mathematica® this is done using NDSolve, but an
interface has been provided that simplifies certain things. First let us give
numerical values for the parameters.

In[53]:= params = {Jspin — 2,Jroll — 1,m — 1/2,p — 1}
Out [53]= {Jspin — 2,Jroll - 1,m — %,p — 1}
Now define specific controls.

In[54]:= ul = 2 Sin[3t]
Out [64]= 2 sin[3 ]

In[55]:= u2 = 2 Sin[2t]
Out [65]= 2 sin[2 t]

Next define the initial and final times for the simulation.

In[56]:=Ti = O
Out[56]= 0

In[57]:= Tf = 3«
Out[57]= 37

Now the initial conditions.

In[58] := qinit = vinit = {0,0,0,0}

Out [58]= {0,0,0,0}

It is assumed that the initial velocity satisfies the constraint.

Now simulate.

In[59]:= soll = ACCSsimulate[(eqmotl/.params),
conf, qinit, vinit, t, Ti, Tf]
Out [59]= {{z[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
y[t] — InterpolatingFunction[{{0.,9.42478}}, <>][¢],
0[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
¢[t] — InterpolatingFunction[{{0.,9.42478}}, <>|[t]}}

In[60] := Plot[x[t]/.soll, {t, Ti, Tf}]
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2 .

Out [60]= -Graphics-

Now we simulate the system as a Poincaré representation. The initial condition
is given as initial configuration, plus a complete list of initial pseudo-velocities.
The program converts this into a state initial condition.

In[61]:= pvinit = Table[vinit.metric.X[[i]]/(X[[i]].metric.X][[i]]),
{i, Ddim}]

Out[61]= {0,0}

Now simulate.

In[62] := sol2 = SMCSsimulate[(eqmot2/.params),
Dbasis, conf, pv, qinit, pvinit, t, Ti, Tf]
Out [62]= {{z[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
y[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
0[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
¢[t] — InterpolatingFunction[{{0.,9.42478}}, <>]|[t]}}

In[63] := Plot[x[t]/.s0l2, {t, Ti, Tf}]
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Out [63]= -Graphics-

The two solution methods give the same solutions to the differential equation,
as expected.

S5.3.9 Other useful macros

The primary components of SMCS.m are illustrated above. But there are a
few other macros that are implemented that might be useful. Let us indicate
what these are and what they do.

There are macros that manage the isomorphism between so0(3) and R3.

In[64]:= omegahat = Hat[{wl, w2, w3}]

Out[64]= {{0,—w3, w2}, {w3,0,—wl}, {—w2,w1,0}}

In[65]:= w = Unhat[omegahat]

Out [65]= {wl, w2, w3}

There is also an implementation of the Hessian. The implementation supposes

that the function is being evaluated at a critical point, where the matrix
representative of the Hessian is simply the matrix of second partial derivatives.

In[66] := Hessian[f[x[t], y[t], O[t], ¢[t]], conf]
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out[66]= {{f*"OV [x[t], yle], 61¢), S[t]), £ [[t], ], 612), S]],
FECEO [alt), yle), 01t], Gle]), £ [lt], wle), O1t], Sl
{00 [ale], ], 61e), S[t]), £V [xe], ], 612), S]],
FOTO ] (8], o1t]), £ [xe], ], 61¢), S[2]]}
B [ [

t], ylt], 0
(OO [ale], e, 018), S[t]), £ [e], ), 612), S]],
FO02O [alt], ylt), 9 L lel], £V Llt], ylt], Ole], SlE]]),
{000V at], yle], 01, gle]], £ 1O [a[t], ], O12], 1],

FOOD12lt], yle), 01e], o [t]], OO0 wlt], yle], 011), Sl 1}

A generally useful macro is SetEqual, which is used to set the components
of two lists equal to one another in the form of an equation.

B
[t

In[67]:= listl = Table[11]i], {i, 3}]
out [67]= {11[1],11[2],11[3]}

In[68] := list2 = Table[12]i], {i, 3}]
out [68]= {12[1],12[2],12[3]}

In[69] := SetEqualllist1, list2]
Out [69]= {11[1] == 12[1],11[2] == 12[2],11[3] == 12[3]}

S5.4 Snakeboard modeling using Mathematica®

In this section we illustrate the modeling of the snakeboard using our
Mathematica® macros. The snakeboard is considered in Section 13.4 in the
text. The snakeboard is a quite complicated example, so this section pro-
vides a good test for one’s understanding of how to use the Mathematica®
packages. For reference, we illustrate the model we use for the snakeboard in
Figure S5.2.

In[1]:= << SMCS.m

\nPackage "Tensors" defines: ChangeBasis, ChangeCoordinates,
EvaluateTensor, InitializeTensor, ITen2Vec, IVec2Ten, LieDerivative,
Ten2Vec, TheJacobian, Vec2Ten.

\nPackage "Affine" defines: AlongCurve, CovariantDerivative,
CovariantDifferential, CurvatureTensor, Grad, LeviCivita,

RicciCurvature, RiemannFlat, RiemannSharp, ScalarCurvature,
SectionalCurvature, Spray, SymmetricProduct, TorsionTensor.

\nPackage "SMCS" defines: ACCSequations, ACCSsimulate,
BodyAngularVelocity, ConstrainedConnection, Force,
GeneralizedCovariantDerivative, GetState, Hat, Hessian, KErot, KEtranms,
OrthogonalChristoffelSymbols, OrthogonalForce, OrthogonalProjection,
SetEqual, SMCSequations, SMCSsimulate, SpatialAngularVelocity, Unhat.
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S2

S1

Figure S5.2. Model for the snakeboard

S5.4.1 Inertia tensors

The snakeboard is comprised of four components, the coupler, the rotor, the
“back” wheels, and the “front” wheels. These will be denoted with the suffixes
“c,” “r)” “£)” and “b,” respectively. In all cases, the frames we consider will
be those described in the text. Let us first define the inertia tensors for the

four bodies.

Inf2]:= Ic = {{all,al2,0},{al2,a22,0},{0,0,Jc}}
Out [2]= {{all,al2,0},{al2,a22,0},{0,0,Jc}}

In[3]:= Ir = {{all,al2,0}, {al2,a22,0},{0,0,Jr}}
Out [3]= {{all,al2,0},{al2,a22,0},{0,0,Jr}}

In[4]:= Tb = Ifl = {{all,al2,0},{al2,a22,0},{0,0,Iw}}
Out [4]= {{all,al2,0},{al2,a22,0},{0,0,Jw}}

Note that we are forced to use “If1” since “If” is an internal Mathematica®
symbol. Also note that the parameters all, a12, and a22 are dummies, and
should not show up in the final expressions by virtue of the way in which the
frames are defined.



S174 S5 Mathematica® packages

S5.4.2 Forward kinematic maps

Now we define the forward kinematic maps for the four bodies by defining
the positions of the centers of mass from the spatial origin, and by defining
the orientation of the body frames relative to the spatial frame. Thus this
step amounts to defining four vectors in R? and four matrices in SO(3). First
we need coordinates and their velocities. We use the ones from the text, of
course.

In[5]:= conf = {x[t],y[t], O[t], ¥[t], &[t]}

Out [5]= {=[t], y[t], O[t], ¥[t], o[t]}

In[6]:= vel = D[conf,t]

out[6]= {'[t],'[t],0"[t], ¥'[t], ¢[t]}

Now for the forward kinematic maps. The lowercase r is for the center of mass
position, and the uppercase R is for the orientation matrices.

In[7]:= rc = {x[t],y[t],0}
Out [7]= {x[t], y[t], 0}

In[8]:= rr = {x[t],y[t], 0}
Out [8]= {x[t],y[t],0}

In[9]:= rb = {x[t] — 1 Cos[0]t]], y[t] — 1 Sin[0[t]], 0}
Out [9]= {—1 cos[0]t]] + =z[t], —I sin[[t]] + y[t],0}

In[10]:= vf = {x[t] +1 Cos[0[t]], y[t] + 1 Sin[0[t]], 0}
Out[10]= {l cos[0[t]] + =[t],{ sin[0[t]] + y[t],0}

In[11]:= Rc = {{Cos[0[t]], — Sin[6[t]], O},
{Sin[6]t]], Cos[6]t]], 0}, {0,0,1}}
Out[11]= {{cos[0[t]], — sin[0[t]], 0}, {sin[0[t]], cos[f[t]], 0}, {0,0,1}}
In[12]:= Rr = {{Cos[0[t] + ¥ [t]], — Sin[0[t] 4 [t]], O},
{Sin[6[t] + ¥ [t]], Cos[0[t] + [t]], 0},{0,0,1}}
Out[12]= {{cos[y[t] + O[t]], — sin[y[t] + 6[t]], 0},
{sin[¢[t] + O[¢]], cos[e[t] + 0[¢]], 0}, {0,0,1}}

In[13]:= Rb = {{Cos[0[t] + ¢[t]], — Sin[0[t] + #[t]], O},
{Sin[0[t] + ¢[t]], Cos[0[t] + ¢[t]],0},{0,0,1}}
Out [13]= {{cos[¢[t] + O[t]], — sin[o[t] + 6]t]], 0},
{sin[¢[t] + O[t]], cos[o[t] + 0[t]], 0}, {0,0,1}}
Inf14]:= Rf = {{Cos[0[t] — ¢[t]], — Sin[0[t] — &[t]], 0},
{Sin[0[t] — ¢[t]], Cos[0]t] — ¢[t]], 0}, {0,0,1}}
Out [14]= {{cos|g[t] — 0[t]], sin[#[t] — O]t]], 0},
{— sinfgft] — 011, cosla[q] — 0[] 0}, {0.0,1}}
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S5.4.3 Kinetic energy and the kinetic energy metric

Now we compute the kinetic energies, translational and rotational, for all of
the bodies.

In[15] := ketranc = KEtrans[rc, conf, mc, t]

Out[15]= % mc (:c'[t]Q + y'[t]Q)

In[16] := kerotc = Simplify[KErot[Rc, conf, Ic, t]]

Out[16]= % Je o't

In[17] := ketranr = KEtrans[rr, conf, mr, t]

Out[17]= % mr (2'[t) + y'[t]°)

In[18] := kerotr = Simplify[KErot[Rr, conf, Ir, t]]

Out[18]= % Jr (@'[t] + 6'[t)*

In[19] := ketranb = KEtrans[rb, conf, mw, t]

Out[19] % mw (1 sin[0[t] 0'[t] + «'[t])* + (=1 cos[0[t]] 6'[t] + v'[t])”)

In[20] := kerotb = Simplify[KErot[Rb, conf,Ib, t]]
Out [20]= % Jw (¢'[t] + 6'[t)*
In[21]:= ketranf = KEtrans[rf, conf, mw, t]
Out[21]= % mw ((—1 sin[0[t] 0'[t] + 2 [t])” + (1 cos[0[t] 0'[t] + ' [t]))
In[22] := kerotf = Simplify[KErot[Rf, conf, Ifl, t]]
Out [22]= % Jw (&[] — 0'[1])>
MK ”

Note that, in the above computations, the arguments “mc,” “mr,” and “mw”
are masses. We can now obtain the total kinetic energy.

In[23]:= KE = Simplify[ketranc + kerotc 4+ ketranr + kerotr
+ ketranb + kerotb + ketranf + kerotf]

Out [23]= % @ Iw &[]+ Je ' [1]° +2 Je /[ 0'[1] + Je 0[]+
Jro' [t +2Iw 0[] + 20 mw 0'[t]* + me 2/ [t]*+
mr ac/[t]2 +2mw m'[t]2 + mc y/[t]2 + mr y/[t]2 +2mw y/[t]2)
We can compute the components to the kinetric energy metric.

In[24]:= metric = Simplify[KE2Metric[KE, vel]]
Out [24]= {{mc + mr + 2 mw,0,0,0,0}, {0, mc + mr + 2 mw, 0,0, 0},
{0,0,Jc + Jr + 2 (Jw + I mw), Jr, 0}, {0,0, Jr, Jr, 0}, {0,0,0,0,2 Jw}}

We can also compute the Christoffel symbols for the associated Levi-Civita
affine connection.
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In[25] := lcgamma = LeviCivita[metric, conf]
out [257= {{{0,0,0,0,0}, {0,0,0,0,0},
{0,0,0,0,0},{0,0,0,0,0},{0,0,0,0,0}},
{{0,0,0,0,0},{0,0,0,0,0}, {0,0,0,0,0}, {0,0,0,0,0},
{0,0,0,0,0}},{{0,0,0,0,0},{0,0,0,0,0},
{0,0,0,0,0},{0,0,0,0,0},{0,0,0,0,0}},
{{0,0,0,0,0},{0,0,0,0,0}, {0,0,0,0,0}, {0,0,0,0,0},
{0,0,0,0,0}},{{0,0,0,0,0},{0,0,0,0,0},
{0,0,0,0,0},{0,0,0,0,0},{0,0,0,0,0}}}

S5.4.4 Forces

For the snakeboard there are only control forces, and there are two of these.
First we consider the force that spins the rotor. The corresponding Newtonian
force is applied to the rotor and the coupler, and so the Lagrangian force will
be a sum of these two Newtonian contributions. First we make a list of the
Newtonian forces. In this case, there are two of these (one each for the coupler
and the rotor), and they are both zero.

In[26] := forcel = {{0,0,0},{0,0,0}}
out [26]= {{0,0,0},{0,0,0}}

We now do the same for torques.

In[27]:= torquel = {{0,0,—1},{0,0,1}}
Out [27]= {{Oa 07 71}? {Oa 07 1}}

Next we create the Lagrangian force.

In[28] := F1 = Simplify[Force[torquel, forcel, {Rc, Rr}, {rc,rr}, conf, t]]
Out [28]= {0,0,0,1,0}

Let us do the same for the other control force that moves the wheels.

In[29]:= force2 = {{0,0,0},{0,0,0}}
Out [29]= {{0,0,0},{0,0,0}}

In[30]:= torque2 = {{0,0,1/2},{0,0,—1/2}}
out501= {{0,0,3},{0,0,~3})

In[31]:= F2 = Simplify[Force[torque2, force2, {Rb, Rf}, {rb, rf}, conf, t]]
Out[31]= {0,0,0,0,1}
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S5.4.5 The constrained connection

The explicit expressions here are a little outrageous, so we suppress much of
the output. The first step is to compute an orthogonal basis of vector fields
for which the first vector fields in the list are a basis for the constraint dis-
tribution. This is generally not possible. For example, for the snakeboard,
the constraint distribution does not have constant rank. Even when the con-
straint distribution does have constant rank, it is not always possible to find
a global basis. We refer to the text for details surround such discussions. Here
we merely note that, provided one omits consideration of the configurations
where the constraint distribution gains rank, it is possible to find a global ba-
sis of vector fields for the snakeboard constraint distribution. First we provide
a set of covector fields that annihilate the constraint distribution.

In[32]:= omegal =
{—Sin[¢[t] + 0[t]], Cos[¢[t] + O[t]], —1 Cos[a]t]], 0, 0}
Out [32]= {—sin[¢[t] + O]t]], cos[¢[t] + O]t]], —! cos[¢[t]], 0,0}
In[33]:= omega2 =
{Sin[¢[t] — 6]t]], Cos[[t] — O[t]],1 Cos[a]t]], 0,0}
Out [33]= {sin[g[t] — O[t]], cos[o[t] — O[t]],1 cos[o[t]], 0,0}

By “sharping” these relative to the kinetic energy metric, we get two vector
fields that are G-orthogonal to the constraint distribution. Then we need to
ensure that these are G-orthogonal.

In[34]:= X4 = RiemannSharp[omegal, metric|;

In[35]:= X5t = RiemannSharp[omega2, metric];

The next equation is just the Gram—Schmidt Procedure.
In[36]:= X5 = X5t — (X4.metric.X5t)X4/(X4.metric.X4);

Now we define the three vector fields used in the text as a G-orthogonal basis
for the constraint distribution.

In[37]:= V1 = {Cos[0[t]], Sin[0[t]], 0, 0, 0}

Out [37]= {cos[0[t]],sin[f[t]],0,0,0}

In[38]:= X1 = 1 Cos|¢[t]] V1 — Sin[¢][t]] {0,0,1,0,0}

Out [38]= {l cos[¢[t]] cos[O[t]],I cos[p[t]] sin[f[t]], — sin[p[t]],0,0}

In[39]:= X2t = {0,0,0,1,0}

out [39]= {0,0,0,1,0}

In[40]:= X2 = Simplify[((X1.metric.X1)X2t
—(X1.metric.X2t)X1)/((mc + mr + 2mw)1°2

Cos[¢[t]]"2 4+ (Jc 4+ Ir + 2(Jw + mw 172)) Sin[¢[t]]"2)];

Inf[41]:= X3 = {0,0,0,0,1}
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out [41]= {0,0,0,0,1}

Inf42]:= X = {X1,X2,X3,X4,X5};

Let us save the basis for D for later use.

In[43]:= Ddim = 3;

In[44]:= Dbasis = Table[X][[i]], {i, Ddim}];

One can check that these vector fields are indeed G-orthogonal.

In[45] := Simplify|
Table[(X{[i]] metric.X[[j])/ (X[[]}-metric.X[{]]), {3, 5}, {j, 5]
out [457= {{1,0,0,0,0},{0,1,0,0,0},1{0,0,1,0,0}, {0,0,0, 1,0}, {0,0,0,0,1}}

One can now determine the components of the orthogonal projection onto
DL, To do this, we first compute the orthogonal projection onto D.

In[46]:= P = OrthogonalProjection[{X1/Sqrt[X1.metric.X1],
X2/Sqrt[X2.metric.X2], X3/Sqrt[X3.metric.X3]}, metric];

Since we have suppressed the somewhat lengthy explicit expression, let us at
least verify that it is what it is supposed to be.

In[47] := Table[Simplify[P.X[[i]] — X[[i]]], {i, 3}]
out [471= {{0,0,0,0,0},{0,0,0,0,0},{0,0,0,0,0}}

In[48] := Table[Simplify [P.X[[i]]], {i, 4, 5}]
out [48]= {{0,0,0,0,0},{0,0,0,0,0}}

Now we define the projection onto D+.
In[49]:= Pperp = IdentityMatrix[5] — P;

Were one to examine the components of Py, one would find that each of them
has as a denominator the following expression:

In[50]:=den = (Jc+Jr+2Jw+1"2 mc+1°2 mr + 41”2 mw—
(Je+Jr+2Jw — 172 mc — 1”2 mr) Cos[2¢][t]]) "2
(Jc+2 Jw+1"2mc+1"2 mr + 41"2 mw+
(—=Jc — 2Jw 4+ 1"2(mc + mr)) Cos[2¢]t]])
Out [50]= (Jc+ Jr+ 2 Jw + 1> mc + I mr + 4 1° mw
—(Je+ Jr+ 2 Jw — 1> mc — > mr) cos[2 ¢[t]])"2
(Jc+2Jw+l2mc+l2mr+4l2mw
+(=Jc — 2 Jw + 1% (mc + mr)) cos[2 B[t]])

Since we will be covariantly differentiating ij, the computations would sim-
plify if we could get rid of this denominator (no messy quotient rule compu-
tations). It is not obvious how this can be done. The key is the following fact.
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If A is an arbitrary invertible (1, 1)-tensor field, then we may define the affine
A

connection V on Q by

A G G
VxY = VxY + A"Y(Vx(APS))(Y).

It is easy to verify that this affine connection restricts to D, and that its

D
restriction to D agrees with V (see [Lewis 2000]). We apply this formula with A
being the identity tensor multiplied by the denominator. Since one covariantly
A

differentiates A o Pf when computing V, the denominator disappears, and the
differentiations simplify.

In[51]:= cgamma = ConstrainedConnection|
lecgamma, den IdentityMatrix[5], Pperp, conf];

Now, having computed the Christoffel symbols for the constrained connection,
we will do nothing with them symbolically. They are just too unwieldy.

S5.4.6 The data for the orthogonal Poincaré representation

In this section we illustrate the use of the orthogonal Poincaré representation.
Fortunately, we have already done much of the work, namely the computation
of a G-orthogonal basis for the constraint distribution. Therefore, we can
directly compute the 3% Christoffel symbols that appear in the orthogonal
Poincaré representation.

In[52] := ogamma = Simplify[OrthogonalChristoffelSymbols]|

Dbasis, metric, lcgamma, conf]];

While we suppress the output of Mathematica® here, the explicit expressions
are not that bad, and indeed are produced in the text in Section 13.4.1.

It is possible to use the generalized covariant derivative to perform controlla-
bility computations. Let us, for example, check that the snakeboard is STLC
from points with zero initial velocity. In the text it is shown that the system
is KC, and therefore STLCC. To show that the system is STLC, we need only
show that Sym™®(Y) = D (cf. Theorem 8.9). First we need the components
of the vector forces relative to the G-orthogonal basis.

In[53]:= Ylo = OrthogonalForce[F1, Dbasis, metric];

In[54]:= Y20 = OrthogonalForce[F2, Dbasis, metric]
1

Out [54]= {o,o,m}

Now we compute the symmetric products.

In[55]:= Y1lsymYlo = 2Simplify[GeneralizedCovariantDerivative|
Y1lo, Ylo, Dbasis, ogamma, conf]]



S180 S5 Mathematica® packages

Out [55]= {0,0,0}

In[56]:= Y2symY20 = 2Simplify[GeneralizedCovariantDerivative[
Y20, Y20, Dbasis, ogamma, conf]]

Out [56]= {0,0,0}

In[57]:= Y1lsymY20 = GeneralizedCovariantDerivative[
Y1lo, Y20, Dbasis, ogamma, conf]
+ GeneralizedCovariantDerivative[

Y20, Y1o, Dbasis, ogamma, conf];

The vanishing of (Y] : Y1) and (Y3 : Ya) gives the kinematic controllability of
the system, as described in the text.

We now see that {Y1,Ys,(Y::Ys)} generate D at all points where
{X1, X2, X3} generate the constraint distribution (i.e., at points where cos ¢ #
0).

In[58] := Simplify[Det[{Y 1o, Y20, Y1lsymY20}]]
Out [58]= (I* (mc + mr 4+ 2 mw) cos|d[t]])
/(JrIw® (Je +2Jw + * mc + 1* mr + 41> mw
—(Je+2Jw — 1% (mc + mr)) cos[2 ¢[t]})2)

S5.4.7 Affine connection control system equations

We will compute equations of motion in two different ways. First we use
the Christoffel symbols for the constrained connection as above, and just
produce the full geodesic equations. First we need to give the input vector
fields, properly projected onto the constraint distribution.

In[59]:= Ylc = P.RiemannSharp[F1, metric];

In[60] := Y2¢ = P.RiemannSharp[F2, metric]

1
Out [60]= {07 07 07 07 m}

The total input is a linear combination of the two inputs, with the coefficients
being the controls. Let us leave the controls as general for the moment.

In[61]:= Yc = ul Ylc + u2 Y2c;
Now we can produce the equations of motion.

In[62] := eqmotl = ACCSequations[cgamma, Yc, conf, t];
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S5.4.8 Poincaré equations

First one defines the “full” set of pseudo-velocities. In this case there are three.

In[63]:= pv = {pvl[t], pv2[t], pv3[t]}
Out [63]= {pvl[t], pv2[t], pv3[t]}

Then one extracts the state for the equations, properly taking into account
that some of the pseudo-velocities are velocities.

In[64]:= state = GetState[Dbasis, pv, conf, t]
Out [64]= {x[t], y[t], O[t], [¢], o[t], pV1[t]}

Note that the second and third pseudo-velocities are actual velocities, and so
do not appear in the list of states.

Next we give the vector force.
In[65]:= Yo = ul Ylo + u2 Y2o0;
Now we can formulate the equations of motion.

In[66]:= eqmot2 = SMCSequations[ogamma, Yo, Dbasis, pv, conf, t];

S5.4.9 Simulation

First let us give numerical values to the parameters.
In[67]:= params = {Jc — 1/2,Jw — 1/8,Jr — 3/4,
mc — 1/2,mr — 3/4,mw — 1/4,1 — 1/2}

1 1
Out [67]= {Jc — §7JW — ng — 2,

Now define specific controls.

m mr 3m 1l 1}
— — — — — - — =
T TPt TS

In[68]:= ul = 2 Sin[3t]
Out [68]= 2 sin[3 ]

In[69]:= u2 = 2 Sin[2t]
Out [69]= 2 sin[2 ]

Next define the initial and final times for the simulation.

In[70]:=Ti = O
Out [70]= 0

In[71]:= Tf = 3=«
Out[71]= 3

Now the initial conditions.

In[72]:= qinit = vinit = {0,0,0,0,0}
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out [72]= {0,0,0,0,0}
Now simulate.
In[73]:= soll = ACCSsimulate[(eqmotl/.params),
conf, qinit, vinit, t, Ti, Tf]
Out [73]= {{z[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
y[t] — InterpolatingFunction[{{0.,9.42478}}, <>][¢],
0[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],

1[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
¢[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t]}}

In[74] := Plot[x[t]/.soll, {t, Ti, Tf}]
0.1t

0.075¢

NI

-0.05¢

-0.075¢

Out [74]= -Graphics-

Now we simulate the system as a Poincaré representation. First we need to
compute the initial pseudo-velocities.

In[75] := pvinit = Table[vinit.metric.X[[i]]/(X[[i]].metric.X[[i]]),
{i, Ddim}]

out [757= {0,0,0}

Now simulate.

In[76] := sol2 = SMCSsimulate[(eqmot2/.params),
Dbasis, conf, pv, qinit, pvinit, t, Ti, Tf]
Out [76]= {{z[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
y[t] — InterpolatingFunction[{{0.,9.42478}}, <>][¢],
0[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
1 [t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
¢[t] — InterpolatingFunction[{{0.,9.42478}}, <>][t],
pv1[t] — InterpolatingFunction[{{0.,9.42478}}, <>|[t]} }

In[77] := Plot[x[t]/.s0l2, {t, Ti, Tf}]
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Out [77]= -Graphics-

The two solution methods give the same solutions to the differential equation,
as expected.
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Symbol index

Symbol
frE

frm

y*

Qy, @ Bu,

Uyg ® Wy,
vT

k
Vi

alAp
ag

Alt
As(v0,u0)

As(bo)

As

AZ,F,«{

: Description and page(s) when applicable

: pull-back of vector bundle E by f, S15

: projection for pull-back of 7: E — M by f, S16

: dual of linear vector field Y, S19

: representation of typical point in T*TQ using Ehresmann

connection defined by an affine connection, S30

: representation of typical point in TTQ using Ehresmann

connection defined by an affine connection, S27

: symmetric product on Lie algebra, S46

: tangent lift of the affine connection V, S25

: kth-order covariant derivative, S14

: wedge product of o and 3, S2

: covector field associated with linearization along relative

equilibrium, S65

: mechanical connection, S49
: tensor field associated with linearization along relative

equilibrium, S65

: closed-loop (0, 2)-tensor field for linear derivative control

law, S85

: projection onto skew-symmetric tensors, S2
. differential operator associated to the linearization of an

affine connection control system, S60

: part of reduced linearization along a relative equilibrium,

S66

: objective function for system ¥ and with cost function

F, S104

: objective function for system X and with cost function

F.s, S118
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Aging : singular set for force-optimal control, S128

ag : vector field associated with linearization along relative
equilibrium, S65

Bg : curvature of mechanical connection, S50

Bs(bo) : part of reduced linearization along a relative equilibrium,
S66

By, 2(bo) : part of reduced linearization along a relative equilibrium,
S66

Bs; 5(bo) : part of reduced linearization along a relative equilibrium,
S66

By : tensor field for force-optimal control problem, S129

B(Symy(n')) : set of products used in forming obstructions, S41

BY (Symq(n')) : set w-obstructions, S41

bs.o (70, u0) : input vector fields for linearization of a control-affine or
affine connection control system, S58, S60

Carc(X) : controlled arcs, S102, S117

Ctraj(X, F) : F-acceptable controlled arcs, S104

Carc(X, F, Sp, 51) : F-acceptable controlled arcs connecting Sy and S7, S104
Carc(X, F, So, S1,[a,b]) :
F-acceptable controlled arcs connecting Sy and S7 and
defined on [a, b], S104
Ctraj(3, For) : F-acceptable controlled arcs, S118
Carc(X, For, qo, q1) :
Fs-acceptable controlled arcs connecting go and g1, S118
Carc(E, Fﬂf» 40,491, [a’ b]) :
F/-acceptable controlled arcs connecting ¢o and ¢; and
defined on [a, ], S118
Carc(X, Foy, Vgy, Vgy ) -
Fs-acceptable controlled arcs connecting vy, and v,
S118
Carc(X, For, Vgo, Vg, 5 [a, D)) :
F-acceptable controlled arcs connecting v, and v, and
defined on [a, b], S118

Gl(]lz)r(@ ,Y) : distributions associated with forced affine connection
control system with basic external force Y, S36
Gl(jﬁ)(@, Y) : smallest distribution containing Gfllf))r(@, Y), k€N, S37

Gy, : control-affine system associated to mechanical control
system Y, but with external force as extra input, S37

e&’;ﬂ(@ ,Y) : distributions associated with forced affine connection
control system with basic external force Y, S36

Ggﬁf)(i’ﬂ Y) : smallest distribution containing GS,@(@, Y), ke N, 837
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Ctraj(X, F)
Ctraj(X, Foy)
deg

da

Ey

E;ed

Ergd

Fcl

Foy

Fg

IB
F; force
FL

F (2, q0,q1)
Frap)(E,q0,q1)
F (X, 04, Vq,)
Flab) (2, Vg0, V1)

7B
Fiime
I8

Ge
Gr

Gy
Hy,
Hpex
Hy p
Hy r,

max
Y, Foy

max
HE%

HE*
HM
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: controlled trajectories, S102

: F-acceptable controlled trajectories, S104

: F-acceptable controlled trajectories, S118

: degree of bracket or product, S43

: exterior derivative of differential form «a, S4

: linearized effective energy, S72

: reduced linearized effective energy, S73

: reduced effective energy, S72

: closed-loop force, S79

: cost function for affine connection control system, S118
: linear map on reduced space defined by control forces,

582

: input codistribution on reduced space, S91

: cost function for force-optimal control, S127

: fiber derivative of L, S96

: free interval force-optimal control problem with position

boundary conditions, S127

: fixed interval force-optimal control problem with position

boundary conditions, S127

: free interval force-optimal control problem with velocity

boundary conditions, S127

: fixed interval force-optimal control problem with velocity

boundary conditions, S127

: covector fields on B, S48

: cost function for time-optimal control, S137

: function of reduced space defined by control forces, S82
: projected metric, S48

: symmetric (0,2)-tensor on VTQ associated with L, S97
: G restricted to Y, S127

: Hamiltonian associated with L, S98

: maximum Hamiltonian for Hy, S101

: Hamiltonian for system ¥ and cost function F', S105

: Hamiltonian for system ¥ and cost function Foy, S121

: maximum Hamiltonian for system ¥ and cost function

F., S121

: maximum Hamiltonian for system Y and cost function

F, S105

: dual of linear Ehresmann connection HE, S20
: horizontal bundle for a principle fiber bundle or an Ehres-

mann connection, S17, S48
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H(T*Q)
HTQ
HT*Q
H(TTQ)

HTQy
hift
hlft*
hift?
hift””
hor

hy

LB

LB, X

Iq

JIm

k(B')
Ar(V)

L5 (0, u0)

LX

(MF, fr,U)
(M’ f’ U)

o8

®B,x

Ig

B

¥ x

P (%, F, Sy, S1)
Py (5, F, S0, 81) +

‘@(ZaFﬂaquql)

: typically, the Ehresmann connection defined by an affine

connection, S25

: typically, the Ehresmann connection defined by an affine

connection, S21

. typically, the Ehresmann connection defined by an affine

connection, S23

: typically, the Ehresmann connection defined by an affine

connection, S24

: restriction of VTQ to image(X), S69

: horizontal lift, S17

: horizontal lift for H(T*Q), S23

: horizontal lift for H(TTQ), S24

: horizontal lift for H(T*TQ), S26

: horizontal projection, S17

: (2, 0)-tensor field for force-optimal control problem, S128
: vector bundle man from HTQ®VTQ to (TBxR)® (TB x

R) @ Rgxr, S70

: restriction of tg to image(X), S70

: canonical involution of TTQ, S12

: canonical endomorphism of TM, S13

: number of summands appearing in Evfii (L(B")), S41

: exterior k-forms on V, S2, S3

: differential operator associated with linearization of a

control-affine system, S57

. differential operator along v defined by X, S57

: extension of control system ¥ with cost function F', S109
: control system, S102

: vector bundle map from TQ to TB x R, S69

: restriction of ¢g to image(X), S69

: projection onto the set of X7 -orbits, S69

: vector bundle map from TTQ to T(TB x R), S69

: restriction of ¢g to image(X), S69

: free interval optimal control problem, S104

fixed interval optimal control problem, S104

: free interval optimal control problem with position

boundary conditions, S119

Prap)(E, Fory g0, q1)

fixed interval optimal control problem with position
boundary conditions, S119
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P (L, For,0qy,vq,) : free interval optimal control problem with velocity

boundary conditions, S119

ng[a,b](za-FA?f?vqovvql) :

St
Symyg(n')
Symyg(n’)
B
symy-(qo)
0o

T (S q0.01)

y(zv vqm vth)

T*
TEM
GT
XT
xT
TTQx
15'¢
VB

&
vy,

Vi (q0)
Va

VM

fixed interval optimal control problem with velocity
boundary conditions, S119

: summand appearing in Ev:ii (L(B")), S41

: orthogonal projection onto Y, S127

: related to the curvature tensor R, S29

: set of compatible gain matrices, S83

: reduced system, S80

: vector bundle isomorphism from TTQx to HTQx &

VTQx, S69

: collection of brackets in Br(¢') arising from B € Br(¢),

538

: reference vector field for linearization of an affine con-

nection control system, S58

: permutations fixing w, S41

: subset of Sym(n’), S41

: span of Symg(n’), S41

: projected mechanical control system, S49

: linear map on T, Q associated with vector field Y, 542
: canonical one-form on T*M, S5

: time-optimal control problem with position boundary

conditions, S137

: time-optimal control problem with velocity boundary

conditions, S137

: related to the torsion tensor 7', S29

: kth tangent bundle of M, S25

: Sasaki metric, S33

: tangent lift, S7

: cotangent lift, S8

: restriction of TTQ to image(X), S69

: projection onto X, S69

: projected potential function, S49

: elements in Symg(n’) whose w-weight does not exceed

k, 541

: set of tangent vectors w-neutralized at gg, S42
: closed-loop potential for linear proportional control law,

585

: vertical bundle for a principle fiber bundle, S17
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vQ
VTQx
ver
vift
vift*
vift?
vifg T
QM
QuTq

wo
Wo
WHM
WHTQ

: vertical bundle for a principle fiber bundle, S48

: restriction of VTQ to image(X), S69

: vertical projection, S17

: vertical lift, S18

: vertical lift for V(T*Q), S23

. vertical lift for H(TTQ), S24

: vertical lift for H(T*TQ), S26

: curvature form for Ehresmann connection HM, S18

: curvature form for Ehresmann connection defined by an

affine connection, S21

: canonical symplectic form on T*M, S5

: differential two-form on TM & T*M, S98

: connection form for Ehresmann connection HM, S18

: connection form for Ehresmann connection defined by an

affine connection, S21

: Weierstrass excess function, S97

: admissible weights for n’, S41

: typically, a relative equilibrium, S53

: Hamiltonian vector field with Hamiltonian H, S6

: indeterminates {&p,&1,...,&m}, S37

: indeterminates {&p, &1, .-, &m, Emt1}, S3T

: total reduced vector force defined by control u, S54

: total vector force defined by control u, S54

: basic vector force used in linearization of affine connec-

tion control system, S58

: linear vector force used in linearization of affine connec-

tion control system, S58

: vector fields projected to B, S48
: indeterminates {1, ..., Nm, Mmi1}, 540
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abnormal controlled extremal, see
controlled extremal
abnormal extremal, see extremal
accessibility, S37, S44, S47, S49
configuration, S37, S44, S47, S49
adjoint covector field, S112, S126
maximizing, S105, S121
adjoint equation, S106, S125
adjoint Jacobi equation, S125, see
Jacobi equation
adjoint vector field, S107
admissible weight
in a free symmetric algebra, S40
affine connection
Levi-Civita, S133, S134
affine connection control system, S117
forced, S35
on a Lie group, S46
associated isomorphisms # and b, S4, S6

basis
for the set of exterior k-forms, S2

canonical endomorphism of TM, S13,
S20
canonical involution, S12, S23
chart
fiber bundle, S15
closed differential form, see differential
form
closed-loop system
for relative equilibria, S78, S84
codistribution
totally regular, S91

compatible control vector, $83, S84,
see also stabilization
compatible gain matrix, 583, S84, S86,
see also stabilization
components
of an exterior form, S2
connection coefficients, see Ehresmann
connection
connection form, see Ehresmann
connection
constant Lagrange multiplier, S107,
S126
control Hamiltonian, see Hamiltonian
control system, S101
Ccn, S101
control-affine system
time-dependent, S55
Cc", 855
controllability
and stabilization, S89
small-time local configuration
controllability, S42, S43, S47, S49,
S50
small-time local controllability, S42,
S43, 547, S49, S50
controlled arc
for a control system, S102
for a mechanical system, S117
controlled extremal, S106, S126
abnormal, S113, S115, S116, S126,
S129, S133, S135
normal, S107, S126, S129, S132, S133
regular, S108, S126
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singular, S108, S114, S126, S135,
S139, S144
controlled relative equilibrium, S78
controlled trajectory
for a control system, S102
F-acceptable, S103
for a mechanical system
F.s-acceptable, S118
for linearization, S60
coordinates
fiber bundle, S15
cost function
for a control system, S103
for a mechanical system, S117
cotangent lift, S8, S9, S10
relationship with tangent lift, S9,
S10, S31
covariant derivative
kth-order, S14
curvature form, see Ehresmann
connection
curvature tensor, S14, S21, S29, S61,
S64, S65

degree
of a product in a free symmetric
algebra, S43
diffeomorphism
symplectic, S5
differential, S4
differential form, S3
bundle-valued, S17
closed, S4

differential operator along a curve, S56,

S57, 560, S74
distribution
constructions involving the Lie
bracket, S35, S40

constructions involving the symmetric

product, S35
Dynamic Programming, S95

effective energy, S71
Hessian of, S71
linearized, S72
reduced, S72, S73
Hessian of, S72
reduced linearized, S72, S73, S77

effective potential, S61, S64, S65, S76,
ST7
Ehresmann connection, S17
associated to a second-order vector
field, S20
associated to an affine connection,
20-523, 25-S30, S58, S69, S71,
S119, S121
curvature form, S21
connection coefficients, S17
connection form, S18
curvature form, S18
flat, S18
linear, S18
dual, 520
equations of motion
Euler—Lagrange equations, S96, S98,
S99
FEuler-Lagrange equations, see
equations of motion
examples and exercises
planar rigid body, S47, S140
robotic leg, S50
exterior derivative, S/
and Lie differentiation, S4
and pull-pack, S4
and wedge product, S4
exterior form, S2, S3
nondegenerate two-form, S4
extremal, S106, S126
abnormal, S107, S126
normal, S107, S126
regular, S108, S126
singular, 5108, S126
extremal control, S107, S126

F-acceptable controlled arc, see
controlled arc

feedback
dissipative, S88
state
almost C", 579
c", S79

X-invariant, S78
fiber bundle, S7, S15, S17
principal, S47, S49
fiber derivative, S97
fixed interval optimal control problem,
see optimal control problem



flat map, S4
force
basic, S35

dissipative, S44
external, S61
gyroscopic, S78, S89
force-optimal control problem, see
optimal control problem
free interval optimal control problem,
see optimal control problem
fully actuated system, S132, S134

geodesic invariance, S48
geodesic spray, S13, S20
cotangent lift of, S13, S14, S26,
29-S31
tangent lift of, S13, S14, S23, 25-S28,
S31
gyroscopic tensor, S61, S64, S65

Hamilton’s equations, S6, S98, S99
Hamilton’s Principle, S96
Hamiltonian, S6, S97
for control problem, S102, S105,
S121, S128
maximum, S101, S105, S121, S128
realization of, S105
Hamiltonian mechanics, S1, S101
Hamiltonian vector field, see vector
field
homogeneity
in a free symmetric algebra, S41
horizontal, see horizontal subbundle
horizontal lift, S17, S21, S22, S24
horizontal subbundle, S17, S17, 547,
see also horizontal distribution

involution, S12
isometry
infinitesimal, S69

Jacobi equation, S14, S14, S28
adjoint, 529, S30, S32

LAC, see locally absolutely continuous

LAD, see locally absolutely differen-
tiable

Legendre’s Condition, 597, S99

LIC", see locally integrally class C"
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Lie algebra
free, S38
Lie bracket, S57
Lie derivative
and exterior derivative, S4
Lie drag, S57
linear Ehresmann connection, see
Ehresmann connection
linear vector field, see vector field
linearization
of a control-affine system
along a reference trajectory, S54,
S56, S57
of a mechanical system
along a reference trajectory, S58,
S60
along a relative equilibrium, S61,
S64, S65, S68, S73
of a vector field, S8
linearized effective energy, see effective
energy

maximizing adjoint covector field, see
adjoint covector field
maximum Hamiltonian, see Hamilto-

nian
Maximum Principle, S95, S101, S103,
S105
for mechanical systems, S122, S129,
S132, S138

Maximum Principle for mechanical
systems, S133, S134
mechanical connection, 549
curvature for, S49
momentum map, S47

near identity diffeomorphism, S90
neutralization
in a free symmetric algebra, S41

nondegenerate two-form, see exterior
form

normal controlled extremal, see
controlled extremal

normal extremal, see extremal

objective function, S104, S109
obstruction
in a free symmetric algebra, 541
optimal control problem, S102, S104
fixed interval, S104, S118, S127
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for mechanical systems, S118, S127

force-optimal control, S127, S128,
S129, 132-S135, S142

free interval, S104, S118, S127

properties of solution, S108

relation to reachable set, S110, S111

time-optimal control, S111, S113,
137-S139, S143

product
in a free symmetric algebra
bad, 5§43
good, S48
m-projectable, S7
proportional control law
linear, S84
for relative equilibrium, S84, S84
nonlinear, S91
for relative equilibrium, S91
proportional-derivative control law
linear, S84
for relative equilibrium, S84, S8/
nonlinear, S91
for relative equilibrium, S91
pull-back
and exterior derivative, S4
of a tensor field, S4
pull-back vector bundle, see vector
bundle

RbigrealnX, S83

reachable set, 110-S113

reduced effective energy, see effective
energy

reduced linearized effective energy, see
effective energy

reduction

using symmetry, S48

reference vector field, see vector field

regular controlled extremal, see
controlled extremal

regular extremal, see extremal

f-related, S7

Riemannian manifold, S69

R™-dependent tensor field, see tensor
field

Sasaki metric, S33

second-order vector field, see vector
field
sharp map, S4
simple mechanical control system
forced, S35
singular controlled extremal, see
controlled extremal
singular extremal, see extremal
stability
for mechanical systems
using linearization, 76-S78
for relative equilibria, 76—-S78
linear asymptotic base stability,
74-S77
linear asymptotic fiber stability,
74-S77
linear base stability, 74-S77
linear fiber stability, 74—S77
Lyapunov Stability Criterion, S77
stabilization
and controllability, S89
of relative equilibria, S89
asymptotic, SS79, 80
reduced compared to unreduced,
S81
using linearization, S81, S86
using proportional control, S86,
586, 90-S92
using proportional-derivative
control, S86, S86, 90-S92
using state feedback, S79
using time-dependent state
feedback, S79, 579, S80
stabilization of relative equilibria
using linearization, S90
stationary singular extremal, S147
sub-Riemannian geometry, S107, S131
symmetric algebra
free, S40
symmetric product
on a Lie algebra, S46
symplectic diffeomorphism, see
symplectic
symplectic form, S5
on T*M, S5, S6, S11, S98
symplectic manifold, S5, S11

tangent lift, S7, S9, S57
of an affine connection, 525, S28



relationship with cotangent lift, S9,
S10, S31
tensor
skew-symmetric, S1
tensor field
R™-dependent, S117
tensor product, S2
time-optimal control problem, see
optimal control problem
torsion tensor, S14, S21, S29

variation, S8
variational principles, 96—-S99, S101
vector bundle
pull-back, S15, S16, S18
vector bundle structure
for tensor bundles, S3
vector field
Hamiltonian, S6, S9
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linear, S8, S9, S19, S56
dual, S10, S19

reference, S55

second-order, 520, S24
vector force, S58

basic, S58
vertical, see vertical subbundle
vertical lift, S10, S18
vertical subbundle, S17, S17, 547,

see also vertical distribution

wedge product, S2
and exterior derivative, S4
Weierstrass excess function, S97
Weierstrass Side Condition, S97, S99
weight
of a product in a free symmetric
algebra, S41



