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Abstract

The purpose of this paper is to use the framework of Lie algebroids to study
optimal control problems for affine connection control systems on Lie groups.
In this context, the equations for critical trajectories of the problem are geo-

metrically characterized as a Hamiltonian vector field.
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1 Introduction

The affine connection control systems (ACCS) constitute a special class of holonomic mechan-
ical systems with inputs. Although not completely general, this kind of simple mechanical
system, depending on a Riemannian structure, is the model for many applications of current
interest in control. In particular, a large number of systems, such as satellites, hovercrafts and
underwater vehicles, have kinetic energy and input forces which are invariant under a certain
group action and, moreover, their configuration spaces have a Lie group structure. The aim of
this note is to analyze optimal control problems on Lie groups for this class of control systems.

Optimal control problems (OCP) for affine connection control systems on Riemannian
manifolds were studied by M. Barbero-Lindn and M. C. Munoz-Lecanda in [2], where a presym-
plectic constraint algorithm was used to characterize the normal and, especially, the abnormal
critical trajectories of the problem. Optimal control problems have much in common with
variational problems with constraints; in particular, OCP for ACCS are related to second or-
der variational problems with second order constraints. In this context, these problems have
been extensively studied by A. Bloch and P. Crouch in [4] and, more recently, by L. Colombo,
D. Martin de Diego and M. Zuccalli (see [6, [§]).

This note reflects our point of view, namely that Lie algebroid formalism is useful for
studying this class of mechanical control systems due to the invariance of the system under the
action of the group. To be more precise, we are considering, in the framework of Lie algebroids,
an optimal control problem for the Poincaré representation of an affine connection control
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system. The geometric description of the problem we develop here follows the formulation of
Pontryagin’s maximum principle proposed in [I3]. The geometry provided by Lie algebroids
has already been used in [3], for the purpose of characterizing abnormal critical trajectories
for this kind of optimal control problem.

2 Optimal Control of Affine Connection Control Systems on
Lie Groups

Let G be an n-dimensional Lie group endowed with a left-invariant Riemannian metric (., .)
on G. Given m linearly independent elements E, ..., E,, of the Lie algebra g of G, let D be
the distribution on G generated by the corresponding left-invariant vector fields {E¥, ..., EL 1,
m < n.

2.1 Affine connection control systems

An affine connection control system (G, (., .),D) is a simple mechanical control system with-
out external forces or nonholonomic constraints, and with dynamics given by the equation
ZTQf(t) = u,(t)EE(z(t)), where the configuration space is the Lie group G and 2722:’3 denotes
the covariant acceleration of the state curve z in G defined by the Levi-Civita connection
associated with (., .). The kinetic energy metric is (., .), the potential function is zero
and the input forces are the left-invariant 1-forms obtained from the input vector fields
BE, ... EL via the musical isomorphism defined by the metric tensor. The control func-
tions are u = (ug,u2,...,Un) : [0,7] — U, where U is an open subset of R™. Throughout
this note we make the assumption that the control set U is R™.

ACCS can be classified as holonomic mechanical systems with inputs, in contrast with
the nonholonomic mechanical systems which have velocity constraints (see [4] for details).
In spite of our particular interest in the study of underactuated systems (m < n), we are
also considering the fully actuated ones (m = n). We assume that our control systems are
small-time locally controllable for every proper control set. For these issues see, for instance,
[5].

The introduction of new coordinates to the affine connection control system, usually called
quasi-velocities, is essential for representing the system. This leads to the notion of body
velocity of a curve x in G, the curve y in g given by the pullback of the velocity vector field
of x by left translation.

The Levi-Civita connection associated with (., .) is uniquely defined, via left translation,
by the bilinear map a: g x g — g, (y, 2) — %[y, z] — %Hﬁ(ad?j]lbz + ad:I’y), where I is the inner
product on the Lie algebra g of G corresponding to (., .) and I’:g—g*and I* : g* — g are
the musical isomorphisms defined by I. Therefore, the affine connection control system may
be represented by the controlled Euler-Poincaré equations

E(t) = TeLyy(t) E(t) - Hﬁady(t)]lby(t) = uq(t) Eq. (1)

2.2 Optimal control problem for an affine connection control system

Consider the tangent bundle of order two TG and its trivialization T2G, which is the sub-
bundle of T(G x g) defined by {(ve,y,u) € T(34)(G x @) : TpLy-1v, = y}. An element of T?G
may be represented by the pair (v, u), v, € T,G, u € g, x € G.

The optimal control problem for ACCS is the following. Given xg, 27 € G, vy € Ty,G,
vp € Ty, G, T € RT and the cost function L : T2G — R, the problem consists of find-
ing the C? piecewise-smooth curves (z,u) in G x D, that minimize fOTIL(vm(t),u(t)) dt with
vy 2 [0,T] = TG a C? piecewise-smooth vector field along z, subject to the boundary con-
ditions z(0) = zg, (1) = xr, v2(0) = vo, vz(T") = vy and satisfying the affine connection



control system (G, (., .),D)

dr d
= —(TeLy-1v;) = Fad, p, o, I (ToLy-1vz) + u. (2)

3 Optimal Control on Lie Algebroids

Throughout this section, we consider a Lie algebroid structure (F, [.,.]g, pr) on a vector bundle
T : B — M, with anchor map pg : E — T'M and Lie bracket [.,.]p on the C*°(M)-module
I'(E) of sections of E. This structure induces a natural linear Poisson structure on the dual
bundle E* of E, with respect to which the dual map pJ, : E* — T*M is Poisson (for the Poisson
structure on T*M induced by the canonical symplectic structure). The corresponding exterior
differential d¥ : T'(A*E*) — T'(A¥*!'E*) defines the corresponding algebroid cohomology. This
concept is essential for defining a symplectic structure on E, a nondegenerate section of A2E*
which is closed with respect to d¥. We refer to [12] for a detailed description of Lie algebroids.

The notion of the prolongation of a fibration v : P — M with respect to F is funda-
mental to the study of optimal control problems on Lie algebroids. We consider, for each
point p € P such that v(p) = x, the vector space TP P = {(b,v) € E, x TP : p(b) = T,v(v)}.
The set TEP = Upe P 7;,EP endowed with the following Lie algebroid structure is called

the prolongation of P with respect to E. It is a vector bundle over P with projection 7'5

given by 75 (p,b,v) = p, (b,v) € ’7;,EP7 p € P. The anchor is the map py:TFP — TP
given by pr(p,b,v) = v and the Lie bracket is defined in terms of projectable sections by
[X1, Xa](p) = (p,[o1,02](v(p)), [V1, Vo](p)), with projectable sections X; defined by X;(p) =
(p,oi(v(p)), Vi(p)), i = 1,2. In particular, the prolongation 7% E* equipped with a symplec-
tic structure is required to provide the geometrical framework for Pontryangin’s maximum
principle (PMP). The canonical symplectic form on 7% E* is the section € T'(A%(TE E*)*))
described by Q = —d7 ©, with © the Liouville section given by ©,(b,v) = p(b), (b,v) € ’7;EE*7
p € E*.

Let the space of controls be the fiber bundle 7 : B — M, with M the configuration
manifold, and the control system on FE, the section ¢ : B — FE along w. A trajectory of
the system o is an integral curve of the vector field pg(o) along w. The optimal control
problem on a Lie algebroid is the following. Given zg,z7 € M, T € R* and the cost function
L € C*®(B) the problem consists of finding the C? piecewise-smooth curves v in B that
minimize fOT L() dt subject to the boundary conditions (7 o «)(0) = xg and (wo~)(T) = xp
and satisfying the control system %(7‘1’ o) = pe(a)(y).

The geometric formulation of optimal control problems based on PMP is described as fol-
lows. First we introduce the Hamiltonian function H € C*®(E* xj; B) defined by
H(p,u) = p(o(u)) — L(u). The PMP leads to the Hamiltonian control system op (a sec-
tion of TFE* along pr; : E* x3y B — E*) defined on a subset of the manifold E* x s B, by
means of the symplectic equation i, 2 = d” H. The integral curves of the vector field p7 (o)
are called the critical trajectories of the problem.

Remark 1 Let 8 be a section of TEE* along pri : E* x,y B — E*. Note that i) is de-
fined by (i5Q)a(2) = Qp(B(a), Tpri(2)), 2 € TE(E* xy B), a = (p,u) € E* xp B, where
Tpry : TE(E* xu B) — TEE* is the prolongation of pry over the identity map on M.

Consider W = {a € E* xpy B : dH(a)(z) = 0 for all z € Ker Tpr;}, the set where the
symplectic equation has a solution. Then, if there are points in W at which the vector field
p(om) is not tangent to W, it is necessary to implement a constraint algorithm to obtain the
submanifold where the critical trajectories lie (see [13] and the references mentioned in this

paper).



4 Description of the Optimal Control Problem on Lie Alge-
broids

We consider as configuration manifold the trivialization of T'G, G x g. The space of controls
is the trivial vector bundle, 7 : G x g X D, — G X g, (z,y,u) — (z,y) and the cost function
is the map L : G x g x D, — R, given by L(z,y,u) = L(TeLyy,u), y € g,u € D¢, xz € G.
The boundary conditions required to the curve (z,y) in G x g are z(0) = xo, z(T) = 7,
y(0) = Tmongwo, y(T) =Ty L _—1vp.

{L'Tx

4.1 The Lie algebroid structure

We consider the trivial vector bundle 7 : G x 3g — G x g endowed with the direct product
Lie algebroid structure defined by the action Lie algebroid G x g — G (associated with the
infinitesimal right translation action of g on G) and the canonical Lie algebroid 2g — g.
The anchor map p : G x 3g — T(G X g) is given by p(z,y; z,w) = (TeLyz,w). The bracket
operation is uniquely determined by the Leibniz identity and the bracket of constant sections,
given by [C(zl,w1)7 0(22711}2)] = C([21,22)4,0) WheTe €, ;) and ¢(z, ) are constant sections defined
by (z1,w1), (22, w2) € g X g.

Consider a basis {E;}i=1,.n of g obtained by completing the basis of D, with vectors
Epmits...,E, € DE. Denoting the local coordinates in G by (z%), the local coordinates in
G x g with respect to the basis of g are denoted by (z¢,%). The local coordinates in G x 3g,
corresponding to the local basis of sections e; = (E;,0) and e;4, = (0, E) i=1,...,n, are
denoted by (z%,%%; z;, w;). The corresponding local structure functions CZ], i, 5,k=1,...,2n
are the constants of structure of g, if 4,5,k = 1,...,n, and are zero, otherwise. The Lie
algebra homomorphism p : T'(G x 3g) — X(G x g) is represented by p(e;) = (EL,0) and
p(€i+n) = (O,Ei), 1= 1, e,

Let G x g x 2g* be the dual bundle of G x 3g. We denote the local coordinates of an
element p = (z,y; 1, &) of G x g x 2g* by (2%, v*; ui, &), corresponding to the local dual basis
of sections €' = (E;,0) and ™" = (0,E}), i = 1,...,n, where {E}};—1,_, is the dual basis
of {E;}i=1,..n. The dual bundle is endowed with the natural linear Poisson structure {., .}
given by

e = 20 (1) - §£<>(T6Lx§—2<p>)+—< ) (%)

Lo (Zw) +n (o). o), ®

for each f,g € C®(G x g x 2g*). Here, g—f(p) € g* denotes the partial functional deriva-

tive defined by g—ch(p)(z) = (‘99—;2(]9)%7 g—i( ) € g is the partial functional derivative given by
%(p)(f) = g—i(p)&, and %(p) is Bxl( )dr® € TFG. Relative to this Poisson bracket and
the symplectic bracket on T*(G x g), the dual map p* : G x g x 2g* — T*(G x g) given by
p*(x’y; :U'aé) = (x’y; T;L:v_luag) is Poisson.

The prolongation of G x g x 2g* with respect to G x 3g is the Lie algebroid over G x g x 2g*
identified with 7 = (G x g x 2g") x (2g x 2g*), with anchor py given by
pr(x, s, & 2wy vy, ve) = (TeLpz,wivy,ve), local basis of sections, &; = (£;,0,0,0),
Xiyn = (0, E;,0,0), V; = (0,0, EF,0), Viyn =(0,0,0,E7), i =1,...,n, and bracket operation
given by [X;, X;] = CE X, [, V) ] =0and [V;,V;] =0,4,j =1,...,2n. The canonical symplec—
tic form associated Wlth G'x3g is given, for each (z,y; 1, &; 2, w; vy, ve), (x,y; 1, §; 2/, W' ,vﬂ, vg) €
T, by

Qayime) (@95 1, & 2, w50, 0¢), (2,95 1, & 2, w's vy, 0¢))

= v,,(2) + vg(w) = (vu(2') + ve(w)) + u([z, 2]). (4)



Remark 2 The corresponding symplectic form on G x g x 2g* is defined by

ﬁ(x,y;“,g)((zx,w; Vs Ve), (23, W a”wvg)) vy (T Lyp—12:) + vé(w)
— (v (TyLy-12) + ve(w')) + p([Tp Ly—122, Ty Ly-121]).

We also consider the vector bundle 7w : G x g x 2g* x D, — G x g. The prolongation of
Gxgx2g*x D, with respect to G x 3g is the Lie algebroid identified with T = (Gxgx2g*xD,)x
(2g x2g* x D), with anchor p7 given by pz(x, y; p, &, us 2, w; vy, Ve, Vy) = (TeLyz, w; vy, ve,vy),
local basis of sections X; = (£;,0,0,0,0), X, = (0,E;,0,0,0), V; = (0,0, EF,0,0), Viypn =
(0,0,0,E%,0), P, =(0,0,0,0,E,), i=1,...,n, a=1,...,m and bracket operation defined
by [X, X)) = Chxh, [X,Vj] = 0, Vi, V] = 0, [Pa, Xj] = 0, [Po,Vs] = 0, [Pa,Pe] = 0,
i,7=1,...,2n,a,b=1,...,m.

4.2 The Hamiltonian control system

The control system o is the section of G x 3g along 7w : G x g X D, — G X g, defined by
o(xz,y,u) = (x,y,y,u —i—}lﬁadz}lby). Note that p(o) is exactly the Poincaré representation () of
the affine connection control system (G, (., .),D). The corresponding Hamiltonian function
H:G xgx2g*x D, — R is defined by

H(w,ys &) = (y) + € (u+FadPy) - L(z,y, ). (5)

Proposition 1 The critical trajectories for the OCP satisfy the equations
dx dy

_ f gx7h
" =TeL,y a =u+Fad Iy
dp 5L d¢ 5L
=T} Ly— + adjp — = —p+ — —Pad,l* d
dt “5z T ° at - Mt e § +adjyel'y
SL
De i
0=¢ o (6)

Here ¢P¢ denotes £, E7 € I"D,, for & = &GET € g”.

PROOF. Given a section = (z,w;v,,ve) of (G x g x 2g*) x (2g x 2g*) the section ig{) of
(G x g x2g*) x (2g* x 2g) is defined by

(152)(p) = < u(p) + adz i p, vg(p);Z(p),w(p)) ,p=(z,y31,8) € G x g x2g".

On the other hand, d"H(a) = (T*Lm‘fg( ) %—I;(a); %—5(&), %—Ig(a), %—5(&)), for each
a = (x,y; 1, & u). Hence, the Hamiltonian control system oy, the solution of the sym-

plectic equation iy, Q2 = d’H on W = {a €EG X gx29"XD,: %—Ij(a) = 0}, is given by

op(a) = <%—Ij(a), %Ig( a),—T¥Ly %IZ( )+ ad’%_f(a)u, —%—Z(a)) . The critical trajectories are the

integral curves of the vector field py(og) defined by

0H 0H o0H 0H
pr(om)(a) = (Tean(a), E(a), —TrL,— S (a) + adsy (a) @(a)> ,aeW.

The result follows by straightforward calculations.

Remark 3 If the reqularity condition is satisfied, that is, the matrix {%] s non-singular,
then the equations given by Proposition[1l are Hamiltonian on G x g x 2g* (Remark[2). In par-

ticular, when the system is fully actuated, we recover the second order Fuler-Arnold equations
for the corresponding Hamiltonian function (see [7]).



5 Minimum Covariant Acceleration Control Problem

A natural optimal control problem for the affine connection control system is the minimum
covariant acceleration control problem with cost function given by L(z,y,u) = %H(u,u),
(z,y,u) € G x g x D.. From Proposition [, since the regularity condition is guaranteed,
we have the following Hamiltonian equations (relative to the symplectic structure given in

Remark [2),

dx dy
“_rr, A S T
dt Y g ~ e thadly
d y d "
d_/t‘ = ad;p d_’i = —p—Pad, ¢ + adp, Ty. (7)

When the ACCP is fully actuated, the critical curves give rise to the Riemannian cubic
polynomials on a Lie group (see [9,[14]). The study of these curves has been motivated by many
applications, namely problems of interpolation in computer graphics, robotics, aeronautics and
computational anatomy. Due to that, several approaches to the geometric description of cubic
polynomials have been proposed in the last decade (see, for instance, [1] 10} 11]).

Example 1 A quite well-known example is the following. Let us consider the Lie group
G = SO(3). The Lie algebra isomorphism identifying (so(3),[., .]) with (R, x) is de-
noted by S. The left-invariant Riemannian metric on SO(3) is induced by the inner product
given by I(y,2) = (Jy).z, v,z € R3, where J = diag(J1,J2,J3). Given the canonical basis
{e1,e2,e3} of R3, let D be the distribution induced by {e1,es}. The cost function is defined by
L(z,y,u) = $J1(u1)*+1J2(u2)? and the control system is & = xSy A Jy = (Jy) xy+uie1+uzes,
(z,y,u) € SO(3) x R®, u = (u1,us). Note that the pre-control system is properly small-time
locally controllable from each x € SO(3) if J1 # Jo. When 1 = Ja, we can only guarantee that
the system is locally configuration controllable (see [J], for details). According to Proposition
[, the Hamiltonian equations on (SO(3) x R, Q) reduce to

dx dy _ _
E:xSy %:J LePe 1 71 Jy) x y
du 73 _ _
=Xy —2 = I Xy + (Ty) x (T71), 8)
where the symplectic form Q is given by
Qz,yipe) ((zz,w;vu,vf),(z’z,w’;vit,vg)) = vL.(S‘lx_lzm)+Ué.w—vu.(5_1x_1z;)

—vew + p. ((STralz,) x (S7ta712))),

for each z,, 2., € T,SO(3), w,w’,vﬂ,vL,vg,vg €R3, 2 € SO(3) and y, u, € € R3.
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