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ABSTRACT: This paper analyzes the Riemannian cubic polynomials’s problem from
a Hamiltonian point of view. The description of the problem on compact Lie groups
is particulary explored. The state space of the second order optimal control problem
considered is the tangent bundle of the Lie group which also has a group structure.
The dynamics of the problem is described by a presymplectic formalism associated
with the canonical symplectic form on the cotangent bundle of the tangent bundle.
Using these control geometrical tools, the equivalence between the Hamiltonian
approach developed here and the known variational one is verified. Moreover, the
equivalence allows us to deduce two invariants along the cubic polynomials which
are in involution.
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1. Introduction

Riemannian cubic polynomials (RCP) can be seen as a generalization of
cubic polynomials in Euclidean spaces to Riemannian manifolds. The cubic
polynomials on a Riemannian manifold are the smooth solutions of a fourth
order differential equation which is the Euler-Lagrange equation of a second
order variational problem. This variational problem was first introduced in
1989 (see [17]) and explored from a dynamical interpolation perspective in
1995 (see [10]). Interesting points related to this subject have been developed
in the last few years, namely a geometric theory surprisingly close to the
Riemannian theory of geodesics (see [2, 3, 4, 7, 8, 9, 16, 18, 19]). More
recently, in [3, 16, 18], the analysis of RCP from a variational point of view
was carried out for locally symmetric manifolds and some invariants along
these cubic polynomials were obtained. A qualitative analysis of RCP is
given in [3, 16], with special attention to the case of the Lie group SO(3),
where RCP corresponds to Lie quadratics on the Lie algebra. The article [3]
introduces a reduction of the RCP equation for this Lie group of rotations.
In [16] some results on asymptotics and symmetries of cubics are proved for

Received January 23, 2009.



2 L. ABRUNHEIRO, M. CAMARINHA AND J. CLEMENTE-GALLARDO

the particular case of the so-called null cubic polynomials on SO(3). Finally,
[18] studies n-th generalizations of RCP.

A Hamiltonian perspective of the RCP problem was first introduced in
[8]. The present paper gives a different description of the problem on ar-
bitrary compact Lie groups. We use here a presymplectic approach to the
Pontryagin’s Maximum Principle based on some control geometric ideas of
[4, 5, 6, 14, 11]. The new contribution of this work is to use the Lie group
structure of the tangent bundle of a Lie group, which in this case is the state
space of the optimal control problem. This allows us to use classical results
from [1, 12], adapted to this tangent Lie group structure.

The paper is organized as follows.

Section 2 presents the RCP’s variational problem and the most relevant re-
sults, namely the deduction of the two known invariants for locally symmetric
manifolds. We finish the section recalling the equivalent RCP’s optimal con-
trol problem introduced in [4].

The presymplectic approach of this optimal control problem in an arbitrary
Riemannian manifold is the subject of section 3. This viewpoint was inspired
by some ideas of [14] and [11], where an intrinsic geometric approach for
a first order general optimal control problem is considered, by means of a
presymplectic description of the dynamical system. In [5] a similar geometric
approach is also considered for time-dependent optimal control problems by
using the jet bundles framework.

The last section contains the main results of the paper: the analysis of RCP
on compact Lie groups. The system under consideration will be thus defined
on the tangent bundle of a Lie group. Such a space can also be endowed
with a Lie group structure. Hence, the dynamics on this state space will
be described by the presymplectic formalism associated with the canonical
symplectic form adapted to the tangent Lie group structure. We thus provide
a Hamiltonian description equivalent to the variational one ([10]) in a similar
way to what happens in [8]. However, it is important to remark that our
Hamiltonian system and the one in [8] are different. In this context, besides
the identification of the first invariant as the Hamiltonian of the presymplectic
system, we make a geometric deduction of the two invariants.

Throughout the paper we consider an n-dimensional Riemannian manifold
M, with Riemannian metric (.,.). The symmetric connection on M, which
is compatible with this metric, is denoted by V and the covariant derivative
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along a curve x in M by DY/dt, where Y is a vector field along z. Moreover,
we denote the curvature tensor field by R and the covariant differential of R
by VR.

T M represents the tangent bundle and 72M the second tangent bundle. If
we consider the local coordinates () on M, the standard local coordinates on
TM and T?M are denoted by (2%,%7) and (7,7, u'), respectively. Consider
also (2%, 3/, v, u') and (2%, 7, pr, ) to be the corresponding coordinates on
TTM and T*T'M, respectively.

In the last section, M = G represents a compact Lie group.

2. Cubic polynomials on Riemannian manifolds

The aim of this section is to introduce the Riemannian cubic polynomials.
We present the variational problem which gave rise to the first studies of the
RCP and deduce, for locally symmetric manifolds, two invariant along these
particular curves. We finish the section formulating the equivalent RCP’s
optimal control problem.

2.1. Riemannian cubic polynomials’s variational problem. In order
to generalize the notion of cubic polynomials to a Riemannian manifold, the
following second order variational problem in M was formulated in [10, 17]:

1 /T D%z D2z "
min — _ _
zeC 2 Jo \ dt? 7 dit? ’

where C is the class of C! piecewise smooth curves x : [0, 7] — M, satisfying

dx dx
SO =, #(T)=wr, T =y,

with yo € Tp,, M, yr € T\, M, xg,x7 € M and T € R™.

z(0) = xo,

Definition 1. We call Riemannian cubic polynomials on M to the smooth
curves x : [0,T] — M solutions of the Euler-Lagrange equation of the above
problem, that is, the fourth order differential equation

Dy D2z dx)\ dx
1= 0. 1
dtt +R<dt2’dt> dt X (1)

Let x be such a solution and let us denote its velocity vector field, Cfl—f, by
V.
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Proposition 1. [3] In locally symmetric manifolds, the two following expres-
stons are mvariants along the cubic polynomaial:

1 /DV DV D%V
n=- (=2 22N _[Z 2
! 2<dt’dt> <dt2’v>

= D*V D*V D3V DV
TN\ de 0 de? e dt
Proof: The invariance of the first expression follows from the integration of

the inner product of (1) with V. To prove the second one is also invariant,
we make the inner product of (1) with 1?;;/ . In the resulting equation, ap-
ply the tensor curvature property (R(X,Y)Z, W) = (R(W, Z)Y, X) and the

definition of the covariant differentiation of the curvature tensor to get

d D?*V D2V D3V DV DV DV
it K—dt? e > - <—dt3 W>] - <<VV k) <W’V> v, W> -

Now the result follows from the fact that VR = 0 in locally symmetric
manifolds. |

and

Note that [; is invariant in any Riemannian manifold.

2.2. Riemannian cubic polynomials’s optimal control problem. The
optimal control problem corresponding to the RCP’s variational problem is
now considered. The idea was explained in [4], where we associated a second
order control system to the RCP.

In general, to formulate a second order optimal control problem, we can
consider the control system defined by a vector field IT : 7?°M — TT M along
the natural projection map 75 : T°M — TM. Hence, T M shall be the state

space and T?M the control bundle.
Optimal control problem: find the C?

piecewise smooth curve v : [0,T] — T*M

T2 M TTM with fixed endpoints in the state space,
satisfying the control system
™ d
} TM — (=(v(1)) = T(7(#)) (2)
TM and minimizing the functional

foTL(W(t))dt, where L : T°M — R

is the cost function, with fixed T'€ R™*.
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We wil define a suitable control system to our case. Let T'r,, : TT'M — T'M
be the differential of the natural projection 7,, of 7'M onto M locally defined
by T, (z',y', v, u") = (z',v") and consider the so called connection map
defined in what follows.

Definition 2. For each point (v,u) € T, \TM with (z,y) € TM, let o
be the curve in T'M with initial value (z,y) and initial velocity (v,u). The
connection map is the smooth map K : TTM — T M defined by

K(x, Y, v, U) = K|(m,y)(7), U) = Vd(ﬂMoa)(t)O[(t)

dt t=0

In local coordinates, K (', y",v',u') = (2, {u'+ 37, 'y 0" }) where I,
represent the Christoffel symbols of the connection V. Consider also an appli-
cation J : TM — TM, locally defined by J(z',y') = (2, {2k szy]yk})

Now we have the tools to describe the control system associated to the
RCP problem. With the above definitions, the control system corresponds
to (2) with a mapping II which satisfies

Trmo(dp—11) =0 and KO(dT—H):JOBl,

where dr : T>M — TTM represents the total time derivative which assigns
to each (x,y,u) € T>M the element (z,y,y,u) € TTM. The vector field II
is affine in the controls.

To write the cost functional we choose the function on T?M as

1
L(z,y,u) = 5 (K(I(z,y,u), K(II(x,y,u)),
for (x,y,u) € T?M, which locally gives L(x' 3, u') = %ZZj:l gij(z) u'n,
where g;; denote the components of the Riemannian metric.

3. Presymplectic structure - dynamics of the control prob-
lem

In this section we introduce a Hamiltonian description of our system with
T*T'M as the co-state space. As we have done in [4], we construct a presym-
plectic structure using geometric tools from control theory for higher order
control systems along the lines of [11]. The dynamical system is presented
and a presymplectic constraint algorithm is applied.
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3.1. The dynamical system. Let us introduce now the presymplectic
structure which describes the dynamics of the control problem. Consider the
total space

T =TTM x7y T*M
a vector bundle over TM and let pry : T*TM xpy T?M — T*T'M and
pro : T*T'M X7y T?M — T?M be the canonical projections. A closed two
form is defined by the following pull-back:

Q = (pr1),wo, (3)

where wy is the canonical symplectic two-form on T*TM. Introduce the
Hamiltonian function

H =< pri, I opry > —Lopry, (4)

where < .,. > stands for the canonical duality product of vectors and cov-
ectors on T'M.

Consider then the presymplectic Hamiltonian system (7, €2, H), whose dy-
namical vector field I' : 7 — T'7 is the solution of the dynamical system

irQ = dH. (5)

The presymplectic system gives necessary conditions for extremal trajectories
as a geometric version of those given by the maximum principle.

A curve v in T?M is an extremal trajectory of the optimal
control problem if there exists a lifting of v to the total space
7 which is an integral curve of a vector field defined by (5).

We are interested thus in finding out the dynamical vector field I' solution
to the equation (5).

3.2. Geometric algorithm of presymplectic systems. We apply the
geometric algorithm of presymplectic systems to (7,2, H). A first constraint
submanifold is determined as

Wiy={z€7:dH(z)(X) =0, VX € KerQ(z)}.

If this manifold is still not symplectic the algorithm continues. However,

for the RCP problem, W; will be symplectic. Indeed, for the case we are

interested in, the constraint submanifold W is locally defined by gi{ =0,7=

1, ...,n. Since the vector field II which describes the control system is affine in
2 2 . . .
controls, we obtain agjga ;= — 833‘ 8Lui = —g;j. So that, this particular optimal

control problem is regular. As a result, W; turns out to be a symplectic
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manifold and the restriction Qyy, of the presymplectic form €2 to W; will be
non-degenerate. Consequently, the constraint algorithm stops after the first
stage and for each fixed endpoints there will be a unique dynamical vector
field 'y, solution to the equation (5) defined by

iry. Qw, = d <H|W1). (6)

Remark 1. An interesting problem is to investigate in this context the inte-
grability of the optimal control problem from the point of view of its symme-
tries, as it has been done for the first order case in [11, 14].

4. Riemannian cubic polynomials on compact Lie groups

We specialize the results of the sections 2 and 3 to the case where the
manifold is a connected and compact Lie group.

The section begins with some notes about relevant definitions and notations
in the context of Lie groups. After that, the RCP’s variational problem and
the RCP’s optimal control problem on connected and compact Lie groups
are analyzed. The relation between the two approaches is established.

4.1. Definitions, notations and relevant results on Lie groups. Let
us begin presenting the basic properties of Lie groups in order to fix notation.

4.1.1. Basic notations. The Lie group is represented by G, its identity is de-
noted by e and the corresponding Lie algebra, equipped with the Lie bracket
product [.,.], by G. We represent by G* the dual space of G. Furthermore, the
elements of G are denoted by x or g and the maps G x G — G, (x,g) — xg
and G — G, x — 7! are the multiplication and inversion operations for the
Lie group G, respectively. Given z,g € G, let L, : G - Gand R, : G — G
be, respectively, the left and right translations by x. The tangent of L, at ¢
is denoted by (T'L), and (TLx); represents its transpose.

The adjoint representation of the Lie group is denoted by Ad, which gives
for each z € G an algebra automorphism defined by Ad, = (T'(R,-1 0 L,)),.
The tangent of Ad at the identity e, known as the adjoint representation of
the Lie algebra, is denoted by ad. We have ady Z = Y, Z] for each Y, Z € G.
The co-adjoint is the map ad* : G — Aut(G*) defined, for each Y € G and
£ €G*, by ady,{ = —§oady.
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4.1.2. Riemannian metric and connection. We can guarantee the existence of
a bi-invariant metric on G because the Lie group is assumed to be connected
and compact. This statement and the following result can be found for
instance in [15].

Theorem 1. [15] If G is a Lie group equipped with a bi-invariant metric, the
metric connection V and the curvature tensor R associated with that metric
are given by

%z:%mm, (7)

mxmwz—gmzmm, (8)

where Y, Z and W are left invariant vector fields. Furthermore, (7) implies
(Y, 2], w) = {Y,[Z,W]). (9)

4.1.3. Left trivializations of TG and T*G. We shall call left trivialization of
TG to the isomorphism defined as

Aot GXG — TG
(2,Y) — (2,(TL,),(Y))

On the other hand, the following vector bundle isomorphism, which is no
more than the inverse of the dual one of Apq, is called the left trivialization

of T*G"
Mug t GX G — TG
(7,) +— (2, (T'Ly1),(8))
Consider an orthogonal basis {4, ..., A, } of the Lie algebra G and denote
by {Aj, ..., A%} its dual basis, which is a basis of the dual space G*. The

tangent and cotangent spaces to G at x are defined, respectively, by the
following left-invariant frame and co-frame:

T,G =span{A;(x)} such that A;(x) = (TL;).(A;)
and
T:G =span{Af(z)} such that Aj(z) = (TL,).(A]).
Note that, A\, (z, 4;) = A;(z) and \,..(x, AY) = Af(z) for any z € G.
We now proceed with some more notations useful along the next sections.
Let Y be a curve in G defined by Y = .7 | y'A4; and £ a curve in G* written
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as & = > " | p;Af, where y' and p; are smooth functions of time, i = 1,..., n.
We have omitted the dependence in time to simplify the notation. The
following notations are assumed:

1=1 i=1

Given ¢ € G*, the tangent vector identified with this co-vector by the
Riemannian metric will be denoted by X¢ € G. That is, {(Y) =< X¢, Y >,
VY € G. With the above notation, it is simple to verify that

d .
Xudgge = ady Xe  and  — (ady§) = ady€ + ady €.

Xe = X;
¢ dt

5 9

4.1.4. Left trivialization of a Hamiltonian system on T*G. Here we recall
some classic results on Hamiltonian systems from [1, 12]. Considering the
pull-back of the canonical symplectic structure w on T*G by the left trivial-
ization A..., we obtain a symplectic structure on G' x G*. We represent it by
w and call this the left trivialization of the canonical symplectic form w. By
proposition 4.4.1 in page 315 of [1], we know the following lemma.

Lemma 1. Let (z,§) € G x G and (W, pie), (Wy, pte) € Tipe)(G x G¥) =~
T,G x G*. Then,

(2, E) (W, i), (Wi, ) = —pe (T La1)2(W3)) +

Given a Hamiltonian system (7*G, w, f), where f is an arbitrary Hamilton-
ian function defined in T*G, consider the corresponding Hamiltonian system

(G X G*, w, f) where f = fol,.. is the corresponding Hamiltonian function
defined in G x G*. The Hamiltonian vector ﬁelgl solution of the system is the
vector field I'; on G x G* defined by i = df.

Let (z,€) € G x G*. In what follows, we denote by % the differential of
the restriction of f to the set of points in G x G* where { is constant, and
by g—é the differential of the restriction of f to the set of points in G x G*
where x is constant. So, %(m,ﬁ) € TG and g—é(x,f) € T¢G" =~ G. Given
VG x G — T(G xG") avector field on G x G*, we can decompose the
element V(z,§) = (Wi, pe) € Tipe) (G x G*) ~ T,G x G*. In such a way,
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df(x,€) is an element of T(’;’g)(G xG)=T,GxT;G ~T;Gx G and

dﬂx,a(wx,a):(af (x 5))( )+ e <@§< 5)) (10)

Theorem 2. Let I'; be the solution vector field decomposed, for each (x,€) €
Gx G asTp(x,§) = (X, p) € TG x G . Then,

X = (L), (f;g( 5))

and

0
W= —(TL,) (af (a 5))% 3

Proof: The solution vector field satisfies the dynamical system ir;w = d f :
so, for each vector field V on G x G* and each point (z, &), we have

df(x,€)(V (. €)) = O(x, )(Tf(x,£), V(x,€)).

Let V(z,&) = (W, pe), the first member of the above equality can be written
as (10). The second one can be expressed as follows using lemma 1,

w(z, §) (X, p), Was pie)) = —p (T Lyp1)2(Wa)) +
e ((TL:v—l):v(X)) + 5([(TLCC_1)$(X)7 (TLx—l):v(W:v>])'
Then,
(%2.6)) W) + e ((@,0)) = —p (TLo)o(W) +
e ((TL:v—l)x(X)) + 5([(TLCC_1)$(X)7 (TLx—l):v(W:v)])

for arbitrary W, and p¢e. As a consequence, we have g—g(x, §) = (TLy1)(X)
and 5 ( €)= <— —adi, (X)§> o (TLy-1),. So, we get the result. u
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Corollary 1. The motions of the Hamiltonian system <G X Q*,&,f) are
described by the following differential equations

- (TLy), (§§ (@ 5))

§=—(TL.); (af (v 5)) ~ady €

o\

\

4.2. The tangent group of G.

4.2.1. Basic notations. The tangent group G; = T'G of a Lie group G is
also a Lie group with group operations corresponding to the original ones of
GG by tangent prolongations (see [13] for more details). We shall denote the
elements of Gy by z1 or g1, where 7.(z1) =z and 7 ,(¢1) = g for 7, : TG —
G the canonical projection. The identity of G; is denoted by e;. So, the
operations are

G xG — G G — Gy
and X
(1,91) V= T1-¢1 r Ty
defined by
21+ g1 = (TRy),(v1) + (T'L),(91) € TuyG
and

331 = (TL —1) (TRx—l)I(ﬂjl) eTl,G.

From now on G; will represent the Lie group T'G and G; its Lie algebra.
The left trivialization of the tangent bundle of G is now denoted by Ag,.

4.2.2. Left trivializations.

Lemma 2. [13] By means of the left trivialization \g,, we have| G1 ~ G x G |
and the group structure on Gy looks as follows

(2.Y)- (9. 2) = (29, Ady Y + 2)

(2, V) ' = (7!, —Ad,Y),
with (x,Y),(g,7Z) € G x G.
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As a consequence of the previous Lemma, the Lie algebra G; is isomorphic
to G X G, where the Lie product of two elements (Y, 7), (Y, Z') € G x G is
given by

(Y, 2), Y, Z)] = (YV.Y'], [Y, 2] - [Z,Y"]). (11)
Moreover, G ~ G* x G*.

Since (G is a Lie group, we can consider the left trivialization of the tangent

bundle T'Gy, that is,

)\Tcli Glxgl — TGl
(21,Y1) = (21,(TLy,), (V1))

This trivialization gives the isomorphism T'G; ~ G x G;. However, as we
have seen, G; ~ G x G and G; ~ G x G, by the left trivialization of (.
Then, TGy ~ G x G x G x G. In particular, | T°G ~ G x G x G| We can
also consider the left trivialization of T*Gy,

At GiXGF — TG,

T*Gq
(w1,6) — (21, (TLy )5, (1)
to get TG, ~ (1 x Gi. Now, since G; ~ G X G and G} ~ G* X G*, we are
able to conclude that ‘ T°Gi~GxGxGgG*xg* ‘
The cotangent bundle of G; will play an important rule in the next sub-
section, so we denote by A the isomorphism from G x G x G* x G* to T*G;.

Remark 2. By the above properties we can introduce now the local coordi-
nates used in the rest of the paper. First introduce suitable coordinates for
points in G choosing the type 1 coordinates (') for a point x € G. That is,
the coordinates are such that x = exp (Z?:lxiAi), where exp : G — G 1is
the exponential map and {A;} is the basis considered in subsection 4.1.3 for
the Lie algebra G . We can provide local coordinates for all the manifolds we
shall be considering later:

e the coordinates for a point in G1 ~ G xG will be represented by (z', 1),
where x' represent the base point and y’ represent the coordinates of
the element of the Lie algebra with respect to its base;

e analogously, the coordinates for TGy ~G1 X G1 ~ G X G X G X G will
be (2%, 37, v*, u') where the last two elements are the coordinates of the
points in G with respect to the Lie algebra basis;

e in particular, the coordinates for a point in T°G ~ G x G x G will
be (2%, 3, u') where again i’ are the coordinates for an element of the
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k

Lie algebra and now u” are the coordinates for the new Lie algebra

element;

e the coordinates for the manifold TG ~ G; X G ~G x G X G* x G*
will be (z°, 7, pr, i) where the last two elements are the coordinates of
the points in G* with respect to the dual basis of {A;}.

4.2.3. Tangent map of the left translation. The following result is valid when
G is a matrix Lie group, from now on our group is considered as being of
this type.

Proposition 2. Let (z,Y), (g, Z) € G X G, the tangent map of the left trans-
lation by (x,Y) at (g,7Z), can be interpreted as

(TL(;C’Y))(%Z)  T,GxG — T.,,Gx¢G
(ngw) S (TL(x,Y))(gvz)(WgaW)
with
(TL(%Y))(g,Z)(ng W) =( (T'La)g(Wy) . W+ [Adg1Y, (TLy1)g(W,y)] ).

Proof: The tangent map of L,y at (g, Z) maps elements of T(, 7)(G x G) ~
T,G x G into elements of T(xngdg_lerZ)(G x G) ~ T,,G x G. So, given
w € Ty 7(G x G), there is an isomorphism which allows us to identify
TLy),, Z)(w) with the following element of T,,G x G:

<(T7—G)(zg,Adg1Y+Z)(TL(=T,Y))(Q,Z)(U)) ) (TTQ)(mg,Adg,ly+z) (TL(w,Y))(gvz)(w)> )

where 7, : G X G — G and 7, : G x § — G are the canonical projections.
This element can be view as

( T(TG © L(I,Y))(gjz)(w) ) T(Tg o L(a:,Y))(gz)(w) )

Now considering (W, W) € T,G x G such that (W,, W) ~w € T, (G x G)
and applying the Leibnitz formula, we obtain the required result. Indeed, fix
(9, Z) and apply the Leibnitz formula to f = 7,0 L, y) and to f' = 7,0 L, y)
to develop the first and second coordinate of the latter element, respectively.
In the first case and because f(g, Z) = zg, we get

Tf(g,Z)(w) = (TfZ)g(Wg) + (ng)z(W) = (T'Ly)g(Wy),
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since fz = L, and (T'f;),(W) = 0. In the second one, the map f’ is defined
by f'(g9,Z) = Ad,Y + Z. Consequently,

T(Tg o L(,T,Y))(.%Z)(w) = (Tf;)Z(W) + (Tf/Z)g(Wg)a
with (Tf}), (W) = W and (Tfy),(W,) = %[Adeap(-1g-1w,)(Adg1Y)] =0

This last expression is reduce to [Ad,~1Y, g7'W,]. The result follows because
on matrix Lie groups we have g 'W, = (T'L,-1),(W,). |

Remark 3. In particular, (TL(Ly))( 0 GgxG—T,G %G s such that

€,

(TLy)) o) Z: W) = ((TLy)e(Z), W + ady Z).

Moreover, the transpose map (TL(,T,Y))E; 0 (TG x G)* — (G x G)* is such

that, for each u € (T,G x G)* we have

(L)) )] (2. W) = [(TL(E(Z) + & (W + ady 2),
where p~ (&, &y) € TrG x G*.

4.3. Riemannian cubic polynomials - variational approach. Consider
the constructed orthogonal frame field A; of G. Let V' be the velocity vec-
tor field of a curve z given by V = >_" | 4" A;(x) where y',i = 1,...,n, are
smooth functions of time. We have omitted the dependence in time to sim-
plify the notation. Denote > " | 4" A;(z) by V and, consequently, V and V'
are S i A;(z) and Y21, U A;(x), respectively.

Theorem 3. [10] A smooth curve z : [0,T] — G is a Riemannian cubic
polynomial if and only if its velocity vector field V' satisfies

V+[V.V]=0. (12)

The equations (12) are the Euler-Lagrange equations (1) that define the
RCP, but now specialize to the Lie group case. This result is proved in
[10, 17], by using the fact that
v _ . D¥ D3V
dat dt? dt’
and the properties (8) and (9). In this context, the two invariants along the
cubic polynomial, I; and I from proposition 1, become

hed (r) - ()

:V+%[V,V], :V+[V,V]+i[v,[v,f/]]
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and

I = <v,v>+% (V.V].20 + [v.V1).

4.4. Optimal control problem - presymplectic approach. The presym-
plectic description of the RCP’s control problem presented in section 3 is now
adapted to the compact Lie group case.

4.4.1. Optimal control problem. Consider the RCP’s optimal control problem
on G. The state space is G; and the control bundle T?G. By using left
trivializations of subsection 4.2.2, the optimal control problem consists in
finding the C? piecewise smooth curve v = (x,Y,U) : [0,T] — G x G x G
with fixed endpoints in state space G x G, satisfying the control system

and minimizing the functional fOT L(~(t))dt, where T € R* is fixed and the
cost function L : G X G x G — R is defined by

L(z,Y.U) = %(U, o).

Since we have an orthogonal frame field for G, the components of the metric
are such that g;; = d;;, 4,7 = 1,...,n. Then, the cost function is defined in
local coordinates by L(z',y",u’) = 3> .1 (u’)*>. On the other hand, within
the formalism of subsection 2.2, the control system is (2) where now

GxGxG 1

Gxgxgxg

Gx@g

with 75 and 7, being the natural projections onto the first two factors. As
the connection corresponding to the bi-invariant metric on G is such that
(7) holds, the vector field II is given locally by II(z¢, 3%, u’) = (2%, 3, y", u?),
expression that we can interpret as

(z,Y,U) = (z,Y,Y,U).
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4.4.2. Dynamics of the control system. We introduce now the Hamiltonian
description of our system having T*(G as the co-state space. This space can
be seen as being G X G X G* X G*, once again by using the left trivializations.
Thus, the total space of the presymplectic system (7,2, H) is reduced to
the vector bundle 7 = G x G X G* x G* x G. The elements of this space are
represented by (x,Y, &, &y, U). Moreover, the images through the canonical
projections of 7 into the co-state space and into the control bundle are, re-
spectively, pri(z, Y, &, &y, U) = (2,Y, €, &y) and pro(z, Y, €, &y, U) = (2, Y, U).
The presymplectic two-form €2 on 7 is similar to (3). We define it as being
the following pull-back of the canonical symplectic two form wy on T*Gy:

Q= (Aopry),wo.

The Hamiltonian function H : 7 — R is (4) which now becomes

H(w, Y, £ 6. U) = §0V) +&(U) = 5{U.U),

by using the expressions obtained for II and L in the previous subsection.

Locally,
3

3 3
o . . 1 .
sz’ 2, ) .’uz — a4 b — = u22.
(@' y", pis g u') ;pzy ;% 2;( )

Since we have a regular optimal control problem, the solutions of the op-
timal control problem will lie in the symplectic manifold (Wy, Q). As we
have seen, in the RCP problem the constraint manifold W is locally defined
by gg — 0, which, in the present case, gives u’ = ¢;, i = 1,...,n. Moreover,
we can interpret this as follows.

Wl — {(x7Y7£7£Y7 U) cT : U= ng},

where X¢, is the tangent vector identified with the co-vector . Then, W)
is a submanifold of 7 diffeomorphic to G x G x G* x G*. In that sense, the
Hamiltonian on W is defined by

H, (2, Y,6,60) = €() + 56(Xg,) (13)

and the two-forms y, and wy have the same local expression. Indeed, Qyy,
can be identified with A,wy.

We now proceed to get the Hamiltonian vector field I'yy, defined by the
dynamical system (6). In order to apply the classic results from subsection
4.1.4 to the present higher order situation, we use the left trivializations of
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subsection 4.2.2 to realize Iy, as a vector field on Gy x G;. So, let T be the
vector field on Gy x Gf such that Ty, 0 Ao A, = T (A oA, ) ol

That is, ' is such that the following diagram is commutative:

Gy x G} L T(Gy x GF)

)\_lo/\T*G T()\_IO/\T*G )

1 1

Gxgxgxg*

T(G x G xG*xg

Tw,

This is the Hamiltonian vector field defined by the dynamical system

i~Q = dH, (14)

where H and Q are, respectively, the Hamiltonian function and the sym-
plectic form realized on Gy x Gy. That is, H = H), o A™' o A, and

Q= ()\—1 o )\T*Gl)* (Q,). In that sense, the dynamical systems (6) and (14)

are equivalent. )
Note that, by the identification of 2y, with A.wp, the two form €2 can be

seen as being <)\_1 o )\T*G1> (Aswp). But this is just wy = <)\T*G1> (wo) the
left trivialization of the canonical two-form wy. 3

We use corollary 1 to conclude that each integral curve (x;(t),&(¢)) of I
satisfies the following differential equations:

( OH
Ty = (TLxl)eGl (8—&(961,51))

< - : (15)
: « oH .
Sk _(TL«Tl)eGl (axl(xl,fl)> - @d%(xh&)&

The interpretation of the above differential equations allows us to describe
the dynamical system (6) in the present case. In order to simplify the nota-
tion, in what follows, I' denotes I'yy, and H denotes Hyy,.
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Theorem 4. Consider an integral curve (z(t),Y (t),£(t), &y (t)) of T'. Then,
the follounng set of equations is satisfied:

= (TLy), (%(2)
Y = a—H(z) + adY%—H(Z)
§=—FH=) 0 (TLy), + adi FH(2) — adiyy € — adiy, 6
| &= =5 (E) —adiy b

where z denotes the element (x,Y, &, &y).

Proof: Let (z1(t),&1(t)) € Gi x G be the integral curve of T' corresponding
to the integral curve (z(t), Y (t),£(t), &y (t)) by left trivialization. Note that,

we can identify the elements ©, € T,,G; and 2 % ( ) € G, with new elements
iy~ (£,Y) € T,G x G and 8_51(2) ~ (%—Ig(z), %(z)) € G x G, respectively.
Moreover, we have

(TL.),, (gg<z>) (L) (e ) )

Now by remark 3, we develop the right element of this to get

(TL.)., (Z—f()) ~ (@20, (0 | o)+ a5 o).

Consequently, the first equation of (15) is interpreted as

{_ (L), (%)
Y ag_y( )-i—ady%—?(z)

We now proceed to get the other two required equations. Identify the
element g—g(z) € T: Gy with a new element (2£(2),%2(2)) € TG x G*.
Consider the following identifications:

(L), @H()) ~ (L) (5000 579)

4’ ;
@ %(Ilafl)g

and

1 Nad? )(5 fY)

5 (2), 565 (2)
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Now use remark 3 to obtain

(TLex) o) (55 (2) 57(2) (Z.W) =
= [22(2) o (TL,).] (Z) + (%£(2)) (W + ady Z)
and the algebra structure (11), to write

Cld*a_H OH (57 £Y)(Z7 W) -
( D€ (2)’5‘5Y (Z))
:—foadaH Z fyoad W fyoadaH )

oy

for arbitrary (Z,W) € G x G. So, the second equation of (15) allows us to
write

E(Z) + &y (W) = €oady Z + &y o ady (W +éy 0 ad g )7
— [%(2) o (TLy),] (Z) = (F£(2)) (W + ady Z)
and the result follows. [

Corollary 2. Considering the RCP Hamiltonian defined by (13), the Hamil-
tonian equations from theorem 4 are reduced to

- (TLZC)GY
Y = Xe
£E=0

&y = —& — ady &y

Proof: According the expression of our Hamiltonian function (13), we have

%I;( ) =0, 2{5( ) =&, % (2) =Y and 65’{( z) = X¢,. Now substitute these

expressions in the equations from theorem 4 to obtain
= (TLe). (V)
Y = Xe,
y .
€= —ady_ &
| &= —¢—adjéy

But, for Z € G, (—ady, &) (2) = (& oadx,, ) (2) =< Xg.[Xq, Z) >
The last one is equal to zero, by property (9). Then, the result follows. =
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4.5. Relation between the two approaches. We now establish the rela-
tion between the current Hamiltonian approach from the previous subsection
and the variational one presented in subsection 4.3. Let V, V, V and V' be the
elements introduced in the afore mentioned subsection. Recall the notation
assumed in subsection 4.1.3.

Lemma 3. Along the optimal control problem solution curve, we have

= (T'L,), (V)

= (T'Ly), (Xg )

= (T'Ls) (=X — ady Xe, )

— (TL,), (ady X¢ + adyady X, )

Proof: Use corollary 2 to prove the result. The expression of V' comes di-
rectly from the first equation of the corollary since V' = 1. Consequently,
V = (TL,),(Y) which by the second equation of the mentioned corollary
gives V = (T'L,), (X¢, ). Furthermore, using the last equation of the corol-
lary, we get V' = (T'L.).(Xe,) = (T'La)(Xg,) = (T'La) (=X — Xagyey)
and the result follows. Finally, to obtain the expression of |/ write it as
V = (TL,), (—Xg —Xad;gy). Now, observe that Xg = X; = 0. On the
other hand, Xadygy = Xad;g'y "‘Xad;gy = —Xadaye — Xadyady ey -I—Xadﬁ%ygy. But
ad}gy &y vanishes by property (9) and the proof is complete. u

Proposition 3. The Hamiltonian equations from corollary 2 imply the Euler-
Lagrange equations (12).

Proof: From lemma 3 we see that (T'L,1)_ (V' + [V, V]) = 0. |

According corollary 2, the solution dynamical vector field I' is defined at
each z = (z,Y,&,&y) € G X G X G* X G* by

F(Z) = ((TLCC)e (Y) 7X§Y7 0, ¢ — ad%}ﬁy).

In order to prove that a function [ defined in G x G x G* x G* is a con-
served quantity, using the Hamiltonian formalism, it is enough to prove that
['(I) = 0. To develop this, we adopt the following notation, similar to the
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one considered in subsection 4.1.4:

@DEEE) = (5o ) (L), )+ (576)) (Xe) -

¢ () —adi (o))

Proposition 4. The following two expressions are invariants along the ex-
tremal trajectories of the RCP’s optimal control problem:

hi = J6r(Xg) + £0V)

and
1

b= £ (Xe) + (ady &) (Xo) + 5 (adyady &) (Xe,)

Proof: Deduce that %—2(2) = 612( ) =20 aIl( ) =¢& 6jl( ) = Xey, %( ) =

Ox > Y Oy
< ady, (Xe+ adyX§Y)> and gg—li(z) = —ady X¢ — adyady X¢,. Now is sim-
ply to prove that (dI;)(I") = 0 and (dL)(T') = 0. |

The first invariant coincides with the Hamiltonian function (13), so these
two invariants are in involution.

To finish observe that the invariants from the above proposition are pre-
cisely the invariants [; and I from the variational formalism presented in
subsection 4.3. Indeed, use lemma 3 and the bi-invariance of the metric
to write I} = %<X§y, X§y> + (X, Y) + (ady Xe,,Y). Now, by property (9),
we have (adyX¢,,Y) = — (X¢,,adyY) = 0. Then, I} = I,. On the other
hand, once again by lemma 3 and the invariance of the metric we are able to

deduce that 1 <[V, V1], 2V + [V, V]> = — (X¢, ady Xe, ) — 1 (ady X, , ady X,
and <V’ V> = (X¢, X¢ + 2ady X, ) + (adyXe,,ady Xe,). Now substitute

these expressions in /5 to obtain

1 .
I = (X¢, X¢ + ady Xe, ) + 5 (ady Xe,, ady Xe ) = I,
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