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Abstract This paper develops numerical methods for optimal control of mechani-
cal systems in the Lagrangian setting. It extends the theory of discrete mechanics to
enable the solutions of optimal control problems through the discretization of vari-
ational principles. The key point is to solve the optimal control problem as a varia-
tional integrator of a specially constructed higher dimensional system. The developed
framework applies to systems on tangent bundles, Lie groups, and underactuated and
nonholonomic systems with symmetries, and can approximate either smooth or dis-
continuous control inputs. The resulting methods inherit the preservation properties
of variational integrators and result in numerically robust and easily implementable
algorithms. Several theoretical examples and a practical one, the control of an under-
water vehicle, illustrate the application of the proposed approach.
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1 Introduction

The goal of this paper is to develop, from a geometric point of view, numerical meth-
ods for optimal control of Lagrangian mechanical systems. Our approach employs
the theory of discrete mechanics and variational integrators (Marsden and West 2001)
to derive both an integrator for the dynamics and an optimal control algorithm in a
unified manner. This is accomplished through the discretization of the Lagrange—
d’ Alembert variational principle on manifolds. An integrator for the mechanics is de-
rived using a standard Lagrangian function and virtual work done by control forces,
while control optimality conditions are derived using a special Lagrangian defined on
a higher dimensional space which encodes the dynamics and a desired cost function.
The resulting integration and optimization schemes are symplectic and respect the
state-space structure and momentum evolution. These qualities are associated with
favorable numerical properties which motivate the development of practical algo-
rithms that can be applied to robotic or aerospace vehicles.

The proposed framework is general and applies to unconstrained systems, as
well as systems with symmetries, underactuation, and nonholonomic constraints.
In particular, our construction is appropriate for controlled Lagrangian systems that
evolve on a general tangent bundle T Q with associated discrete state space Q x Q,
where Q is a differentiable manifold (Marsden and West 2001; Ober-Blobaum et al.
2011). We also focus on systems evolving on a Lie group G (Bloch et al. 2009;
Bobenko and Suris 1999; Hussein et al. 2006; Kobilarov and Marsden 2011;
Lee et al. 2006; Marsden et al. 1999) and consider the underactuated case (Kobilarov
and Marsden 2011) applicable for rigid body systems. Finally, the theory extends to
the more general principal bundle setting with discrete analog O x Q x G (or more
generally (Q x Q)/G) assuming that the action of a Lie group G of symmetry leaves
the control system invariant (Cortés 2002; Ferraro et al. 2008; Kobilarov et al. 2010;
Leok 2004).

The main idea is the following: we take an approximation of the Lagrange—
d’Alembert principle for forced Lagrangian systems, which models control inputs
and external forces such as gravity or drag. The formulation permits piecewise con-
tinuous control forces that can be encountered in practical applications. We observe
that the discrete equations of motion for these types of systems are interpreted as the
discrete Euler-Lagrange equations of a new Lagrangian defined in an augmented dis-
crete phase space. Next, we apply discrete variational calculus techniques to derive
the discrete optimality conditions. After this, we recover two sequences of discrete
controls modeling a piecewise control trajectory.

Additionally, we show how to derive the equations for various reduced systems.
We specifically develop numerical methods for systems on Lie groups that lead to
practical algorithm implementation. One such example system—an underactuated
underwater vehicle—is used to illustrate the developed methodology. The resulting
algorithm is simple to implement and has the ability to quickly converge to a solution
which is close to the optimal solution and to the true system dynamics. We also
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extend our techniques to more general reduced systems like optimal control problems
in trivial principal bundles, and we show how to introduce nonholonomic constraints
in our framework.

This work provides several contributions. First, it formulates and derives numer-
ical methods for dynamics integration and optimal control of mechanical systems
in a unified discrete variational setting. Performing the optimization (via trajectory
variations) in an enlarged phase space then naturally enables the treatment of gen-
eral systems on either vector spaces or principal bundles with Lie group symmetries
and subject to underactuation, nonholonomic constraints, and discontinuous control
inputs. Second, the paper details a nonlinear root-finding algorithm for the optimal
control problem between two given initial and final states that is surprisingly easy
to construct since it is implemented similarly to an integrator with the addition of
a boundary reconstruction condition. Finally, the geometric preservation properties
of the optimal control solutions, such as symplectic-momentum preservation in the
standard case or Poisson bracket and momentum preservation for reduced systems,
are automatically guaranteed using the results in Marsden and West (2001), Marrero
et al. (2000).

The developed optimization methods inherit the backward error analysis proper-
ties of standard variational integrators. Yet, while backward error analysis explains
the long-time properties of standard integrators, its significance in the context of op-
timal control problems with finite horizon and fixed final boundary state requires fur-
ther study. In addition, while symplecticity is linked to favorable behavior in dynam-
ics time stepping, the symplecticity of the higher dimensional optimal control system
is likely to have further implications that remain to be studied. Finally, as with any
other local optimization method for nonlinear systems, the proposed approach does
not have global convergence guarantees.

The paper is organized as follows. Section 2 introduces variational integrators.
Section 3 formulates optimal control problems for Lagrangian systems defined on
tangent bundles, in continuous and discrete settings, and for both fully and underac-
tuated systems. A simple control problem for a mechanical Lagrangian on R” illus-
trates these developments. In Sect. 4, discrete mechanics on Lie groups is introduced.
Specifically, discrete Euler—Poincaré equations and their Hamiltonian version, the
discrete Lie—Poisson equations, are obtained. Sections 5 and 6 develop the discretiza-
tion procedure and the numerical aspects of the proposed approach. The developed
algorithm is illustrated with an application to an unmanned underwater vehicle evolv-
ing on SE(3). Finally, Sect. 7 deals with reduced systems on a trivial principal bundle,
using nonholonomic mechanics.

2 Discrete Mechanics and Variational Integrators
Let Q be an n-dimensional differentiable manifold with local coordinates (¢%), 1 <

i <n. Denote by T Q its tangent bundle with induced coordinates (¢', ’). Given a
Lagrangian function L: T Q — R the Euler—Lagrange equations are

d /oL oL .
—N = )—-7—>=0, I<i=<n (D
dr \ 9¢* aq’
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These equations are a system of implicit second order differential equations. Ir21 the
i)
is nonsingular. It is well known that the origin of these equations is variational (see
Abraham and Marsden 1978; Marsden and Ratiu 1999).

Variational integrators retain this variational character and also some of the key
geometric properties of the continuous system, such as symplecticity and momen-
tum conservation (see Hairer et al. 2002 and references therein). In the following
we will summarize the main features of this type of numerical integrator (Marsden
and West 2001). A discrete Lagrangian is a map Ly : Q x Q — R, which may be
considered as an approximation of the integral action defined by a continuous La-
grangian L: T Q — R: Lq4(q0,q1) & foh L(g(t),q(t))dt, where ¢(¢) is a solution of
the Euler—Lagrange equations for L, and where ¢(0) = go and g(h) =g and & > 0
is sufficiently small.

sequel, we will assume that the Lagrangian is regular, that is, the matrix (

Remark 2.1 The Cartesian product Q x Q is equipped with an interesting differential
structure, termed a Lie groupoid, which allows the extension of variational calculus
to various settings (see Marrero et al. 2006 for more details).

Define the action sum Sq: QV*! — R, corresponding to the Lagrangian Lq by
Sq = Z,iv:l La(gk—1,qk), where g € Q for 0 <k < N, and N is the number of
steps. The discrete variational principle states that the solutions of the discrete system
determined by L4 must extremize the action sum given fixed endpoints go and gy . By
extremizing Sq over g, | <k < N — 1, we obtain the system of difference equations

D1La(qk, qk+1) + D2La(qk—1, qx) =0, (2)
or, in coordinates,
dLq dLq
= (ks qr+1) + = (qk—1,q1) =0,
ax! ay!

where 1 <i <n, 1 <k <N — 1, and x, y denote the n-first and n-second variables
of the function L, respectively.

These equations are usually called the discrete Euler—Lagrange equations. Under
some regularity hypotheses (the matrix (D12 Lq4(qk, gk+1)) is regular), it is possible to

define a (local) discrete flow 1,: Q@ x Q@ — O x O, by V1 ,(qk—1, k) = (Gk» Gk+1)
from (2). Define the discrete Legendre transformations associated to Lq as

F Li: OxQ — T*Q

(g0, q1) — (90, —D1La(qo, q1)),
FfLi: 0x Q — T*Q

(0. q1) —> (91, D2La(q0. q1)),

and the discrete Poincaré—Cartan 2-form wq = (JF*Ld)*wQ = (F"Lg)*wg, where
wg is the canonical symplectic form on T* Q. The discrete algorithm determined by
Y1, preserves the symplectic form wy, i.e., TZ‘dwd = wq. Moreover, if the discrete
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Lagrangian is invariant under the diagonal action of a Lie group G, then the discrete
momentum map Jg: Q x Q — g* defined by

(Ja(gk, qk+1). §) = (D2La(qr. qr+1)- 0 (qr+1))

is preserved by the discrete flow. Therefore, these integrators are symplectic-
momentum preserving. Here, £p denotes the fundamental vector field determined
by & € g, where g is the Lie algebra of G. (See Marsden and West 2001 for more
details.)

3 Discrete Optimal Control on Tangent Bundles

Consider a mechanical system whose configuration space is an n-dimensional dif-
ferentiable manifold Q and whose dynamics is determined by a Lagrangian L :
T Q — R. The control forces are modeled as a mapping f : TQ x U — T*Q, where
flug,u) € Tq*Q, vy € 1,0, and u € U, where U is the control space. Observe that
this last definition also covers configuration- and velocity-dependent forces such as
dissipation or friction (see Ober-Blobaum et al. 2011). For greater generality we con-
sider control variables that are only piecewise continuous to account for impulsive
controls.

The motion of the mechanical system is described by applying the principle of
Lagrange—D’Alembert, which requires that the solutions ¢ (f) € Q must satisfy

T

T
8/0 L{g(),4(0))dr +/0 £, 40), u(0))sq () dt =0, 3)

where (g, g) are the local coordinates of T Q and where we consider arbitrary vari-
ations 8g € T,()Q with §q(0) =0 and 8¢ (T) = 0 (since we are prescribing fixed
initial and final conditions (g (0), ¢(0)) and (g(T), g(T))).

Given that we are considering an optimal control problem, the forces f must be
chosen, if they exist, as the ones that extremize the cost functional

T
fo C(q(), (), u(®))dt, “)

where C: TQ x U — R.

The optimal equations of motion can now be derived using the Pontryagin max-
imum principle. Generally, it is not possible to explicitly integrate these equations;
consequently, it is necessary to apply a numerical method. In this work, using discrete
variational techniques, we will first discretize the Lagrange—d’ Alembert principle and
then the cost functional. We obtain a numerical method that preserves some geomet-
ric features of the original continuous system, as we will see in the sequel.

To discretize this problem, we replace the tangent space T Q by the Cartesian
product Q x Q and the continuous curves by sequences qo, 41, - - . , gy (We are using
N steps, with time step A fixed, so that #y = kh and Nh = T'). The discrete Lagrangian
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Lg: Q x Q — Ris constructed as an approximation of the action integral in a single
time step (see Marsden and West 2001), that is,

(k+1)h
Ld(qk,qmw/kh L(q(0). () dr.

We choose the following discretization for the external forces: fkdE O0x 0O xU—
T*Q, where U C R™, m < n, such that

fki(qka qk+1, M];) € T(;,Q’
f/j_(CIk’ 5]k+1, M,—:) € T;;Jrl Q

Observe that, as mentioned above, we have introduced the discrete controls as two
different sequences, {u, } and {u,:r}. In the notation followed throughout this paper,
the time interval [kh, (k + 1)h] is referred to as the k-th interval, while the controls
immediately before and after time #;11 = (k + 1)k are denoted by u,j and Upyps
respectively. This choice allows us to model piecewise continuous controls, admitting
discrete jumps at every time #;. The notation is also depicted in the following figure:

U
- +
Ugy2 Ugy2
Ukt1
Uy
+
U1
(7
(k)—th (k+1)—th (k+2)—th
hk h(k+1) h(k+2) h(k+3)

Moreover, we have that

Fe (s qrrrug)da + fi (qrs Gt uid)dqis1

(k+1)h
A / Flg@®), ), u)sqt)dt

kh

where (f”(qk, grr1, up)s f (> qrer, i) € T Q x T O (see Marsden and
West 2001).
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Therefore, we derive a discrete version of the Lagrange—D’Alembert principle
given in (3):

N—-1 N—-1

8 La(gr- qer) + Y (7 (qrs qirnsup)dqi + £ (e qrsr. u)8qigr) =0,
k=0 k=0

for all variations {8gy}x=o,....n With 8g € Ty, O such that §go = 6qgy = 0. From this
principle it is easy to derive the system of difference equations:

DyLa(qk—1, qk) + D1La(qk, qk+1)
+fkt1(Qk—lv‘Ik,“2__l)+fk_(Qkqu-H’u/:)=0’ (5)

where k =1, ..., N — 1. Equations (5) are called the forced discrete Euler—Lagrange
equations (see Ober-Blobaum et al. 2011).
We can also approximate the cost functional (4) in a single time step / by

(k+1h
cd(qk,u,:,qkﬂ,u:)m/kh Clq (). 40y, u(o)) dr,

yielding the discrete cost functional

=

Cd(Qk’ uk_v qk+1, M]-:)

~
Il
=}

Observethat Cq: QO x U x Q x U — R.
3.1 Fully Actuated Systems
In this section we assume the following condition.

Definition 3.1 (Fully Actuated Discrete System) The discrete mechanical control
system is fully actuated if the mappings

_ . x _
fe |(Qk’qk+l) U — TQkQ’ fe

1

g @ = i @i g ),

. * —+ _ +
|(611<J11c+1) U1y, Q. i }(qk,qk+1)(u) = fi @k, Gre+1, 1),

are both diffeomorphisms.

Define the momenta

Pk = —D1La(qk, qk+1) — f{(qk, Ghr1- Uy ), (©)
P+t = DaLa(q, 1) + fi (k- qrrrs uyl). )

Since both fki|(qk,qk 4 are diffeomorphisms, we can express u,:—L in terms of
(9k> Pk> Qk+1, Pk+1) using (6) and (7). Next, we define a new Lagrangian Ly :
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T*0 x T*Q — R by
La(qk, P> Gk+1, Dk+1)

= Ca(qx. (f;f!(qk,qm))_] (—=DiLd — pi); G+1,
(i aeen)” (=DaLa+ pesn). ®)

The system is fully actuated; consequently, the Lagrangian L4 is well defined on
the entire discrete space T*Q x T*Q.

Now the discrete phase space is the Cartesian product 7*Q x T*Q of two copies
of the cotangent bundle. The definition (6), (7) gives us a matching of momenta (see
Marsden and West 2001), which automatically implies

DyLa(qk—1.q1) + fi 1 (qk—1. gk, ui_ ;) = —D1La(qr. qk+1) — fi (qks 1 4y ).

k=1,...,N — 1, which are the forced discrete Euler—Lagrange equations (5). In
other words, the matching condition enforces that the momentum at time & should
be the same when evaluated from the lower interval [k — 1, k] or the upper interval
[k, k + 1]. Consequently, along a solution curve there is a unique momentum at each
time t, which can be called py.

The discrete Euler-Lagrange equations of motion for the Lagrangian L4 : T*Q X
T*Q — R are

D3Ly(gk—1, Pk—1, 9k, Px) + D1La(qk, pi, Gi+1, Pr+1) =0, 9
D4 La(gr—1, Pk—1,qk> Pk) + D2La(qk, pk, qk+1, pr+1) = 0. (10

Assuming the regularity of the matrix

Di3Ly Dy14Ly
Dy3Lyq Daula)’

and then applying the implicit Function theorem, the two discrete Legendre transfor-
mations

F~La(qk, pk, gk+1, pr+1) = (qk, px, —D1La, —D2Ly),
F* La(qk. Pk Gk+1 Pk+1) = (@k+1, Pk+1, D3Ld, DaLaq),

are local diffeomorphisms. In many cases, such as if Q is a vector space, it may
be that both discrete Legendre transformations are global diffeomorphisms. In that
case we say that L4 is hyperregular and can define the discrete Hamiltonian map
Fa=TFtLqo (F L)' : T*(T*Q) —> T*(T*Q). From the standard properties of
discrete variational calculus (Marsden and West 2001), we deduce that the discrete
Hamiltonian map will preserve the canonical symplectic form on 7*(7*Q) and the
canonical momentum maps in the case of invariance of L4 by a Lie group of symme-
tries (see the following subsections for further discussions).

In summary, we have obtained the discrete equations of motion for a fully actuated
mechanical optimal control problem as the discrete Euler—Lagrange equations for a
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Lagrangian defined on the product of two copies of the cotangent bundle and derive
its preservation properties.

3.2 Example: Optimal Control Problem for a Mechanical Lagrangian with
Configuration Space R"

Consider the case Q = R” and assume that M is an n x n constant and sym-
metric matrix. The mechanical Lagrangian L : R — R is defined by L(x, %) =
%)’CTM)& — V(x), where V : R" — R is the potential function and x € R. The system
is fully actuated and there exist no velocity constraints. The optimal control problem
is typically given in terms of boundary conditions (x(0), x(0)) and (x(T'), x(T')) for
a given final time 7. Note that in the continuous setting we can define the momen-
tum by the continuous Legendre transformation FL : TQ — T*Q, (¢,q) + (¢, p):
p= g—§, ie., p(t) = xT(t) M. In consequence, we can also define boundary con-
straints in the phase space: (x(0), p(0) = £(0)” M) and (x(T), p(T) = x(T)T M).

We employ a trapezoidal discretization for the Lagrangian (see Hairer et al. 2002),
that is, Lq(x, Xpt1) = %L(xk, W) + %L(xkﬂ, WJ) where, as above, £ is
the fixed time step and x{, x2, ..., xy is a sequence of elements on R”. The discrete
Lagrangian then becomes

1 h
La(xg, Xk+1) = ﬁ(xk—ﬁ—l — x0T M (gt — x1) — E(V(xk) + V(xk41)-

The control forces are fi (X, Xgy1, Uy ) € TX*kR" and fk+(xk, xk+1,u,f) € TXLIR”.
For clarity, we will fix the control forces in the following manner: f i(xk, Xk+1, u,:—L) =
u,f Using (6) and (7) it is straightforward to obtain the associated momenta p; and

Pk+1, namely,

1 s h —_—
Pk =7 (k1 —xk) M+ - Vi(xp)™ —uy,

h 2
1 Tyl Ty o+
Pk+1 = Z(xk+1 —xp)' M — 5 Vi pp1)" +uy

Let Cqg = % Z/?l:_ol [(uk_)2 + (u,f)z] be a discrete approximation of the cost function.
Consequently, the Lagrangian over T*R”" x T*R" is

La(Xk, P> Xk+15 Pk+1)

1= X1 — X\ h 2\’
- _(EH T 2y
o (Pk < W ) >  (Xk) >
2

IN_1 Xktl — Xk r h
+1 = T
+5 g(ﬁkﬂ — (T) M+ 2 V(i) ) ,
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where V, represents the derivative of V with respect to the variable x. Applying (9)
and (10) to L4 we obtain the following equations:

. T
. Xk+1 — Xk—1 M =0, (11)
2h

_ T h h?
(Pk - <W) M — > Vx(xk)T> (M - TVxx(xk)T>

—xi\ h h?
- <Pk - (’Ckh&) M+3 vx(xk)T) (M - Tvxx(xwf) =0, (12)

where both sets of equations are defined for k =1,..., N — 1. Note that it is possible
to remove the dependence on py in (12). However, we prefer to keep it to stress that
the discrete variational Euler—Lagrange equations (9) and (10) are defined in 7*Q x
T*Q (T*R" x T*R”" in the particular case we are considering in this example).

Expressions (11) and (12) give 2(N — 1)n equations for the 2(N + 1)n unknowns
{xi 3. {Pr}R_o. The boundary conditions

x0 = x(0), po = p(0),
xy =x(T), pn = p(T),

contribute 4n extra equations that convert (11) and (12) in a nonlinear root-finding
problem of 2(N + 1)n and the same amount of unknowns.

3.3 Underactuated Systems
In this section, we examine the case of underactuated systems defined as follows.

Definition 3.2 (Underactuated Discrete System) A discrete mechanical control sys-
tem is underactuated if the mappings

fe ‘(Qk Gr+1) U= T*Q T |(qk qH])(“) Je @k Qi1 1),

fk+ quQ fk )(M)ka (Gk> Gr+1,> 1),

|(£IkJIk+1) U — ’(qkﬂkﬂ

are both embeddings.
Under this hypothesis we deduce that /\/l(_qA ) = S lae.gen @), M?;]kquﬂ) =

fk l(qr.qx+0)(U) are submanifolds of 7 O and T,
fk l(ge.qis) are diffeomorphisms onto its image. Moreover, dimM

0, respectively. Therefore,

(@kar+)
dlm./\/l(qk o) = =dimU. .
The set of admissible forces is restricted to the space ./\/l( dedist) M( GeGicr1) C

Q X qk+ , Q. As a consequence, the set of admissible momenta defined in (6)
and (7) satisfy

(gx- —D1La(qx. qrs1) — pr) € M,

(Gkqr+1)

cT,0,
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(q+1, =D2La(qk, gr+1) + prt1) € Mz;k,qk“) CT,.,, Q-

Thus, the Lagrangian function defined in (8) is restricted to these points only. It is then
necessary to apply constrained variational calculus typically performed by means of
constraint functions @, CDJ T*O xT*Q - R, 1 <a <n — dimU. Therefore,
the solutions of the optimal control problem are now viewed as the solutions of the
discrete constrained problem determined by an extended Lagrangian L4 and the con-
straints @. Since f*|( q,.,) are embeddings, as established in definition (3.2), the
number of constraints is determined by #» minus the dimension of U. Note that the
total number of constraints, (Djf, is therefore 2(n — dim U).

To solve this problem we introduce Lagrange multipliers (A, )%, (A,‘:)“ and con-
sider discrete variational calculus using the augmented Lagrangian

Zd(é]k, Dics M s Gk+15 Pk+1s )»,f)
= La(qk, P> Gk+1, Pr+1) + () Dy (ks Prs Grt1s Prt1)
+ (M) 2 (ars pr drt1 ).

Observe that, even though the constraints are functions of the Cartesian product of
two copies of the cotangent bundle, i.e., (;bo[i :T*QOxT*Q — R, @, does not depend
on pi1, nor @ on py. The discrete Euler-Lagrange equations give us the solutions
of the underactuated problem.

Typically, the underactuated systems appear in an affine way, that is,

fi (s g1, uy ) = Ap (Grs qier1) + By (qk g (uy)
[ (qrs qrsrs wl) = A (s i) + By (qks qrs) ()],

where A} (qk, qi+1) € T, Q, A,j(qk,qk_H) € T, ., Q. Moreover, B; (g, qi+1) €
Lin(U, T;( Q) and B,j (9k, qr+1) € Lin(U, Tq’zﬂ Q) are linear maps (we assume that
U is a vector space and Lin(E1, E) is the set of all linear maps between E; and E»).

In consequence, B; (gk. qi+1)(uy ) € T, Q and B;‘(qk, qk+1)(u2') €T, 0.
Then the constraints are deduced using the compatibility conditions:

rank B;” = rank(B; ; —D1La(qk, gk+1) — Pk — A (k. Grt1))
rank B;" = rank(B;"; —D>La(qk. gk+1) + Pk+1 — Al (@k, qrs1)).

which imply constraints in (g, gk+1, px) and (gk, gk+1, Pk+1), respectively. Fur-
thermore, the fact that fkil(qk,qk 41 are both embeddings implies that rank B, =
rank B]:r =dimU.

Since we are dealing with a discrete constrained variational problem, the geomet-
ric preservation properties are deduced by directly applying the results in Marrero et
al. (2011).

4 Discrete Optimal Control on Lie Groups

The case when the configuration space is a Lie group G is studied next. Variational
integrators for such systems were developed in Marsden et al. (1999b), Bobenko and
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Suris (1999), and the corresponding discrete variational optimal control problems
were studied in Lee et al. (2006), Bloch et al. (2009), Kobilarov and Marsden (2011),
Burnett et al. (2011). Our approach, employing the developments in Kobilarov and
Marsden (2011), is to reduce the second order Euler—Lagrange equations on G to
first order equations on the Lie algebra g and to perform optimization in this reduced
unconstrained space.

Following the developments in Sect. 2, assume that the Lagrangian defined by
L4 : G x G — R is invariant, so that

La(gk, 8k+1) = La(88k> 88k+1)

for any element g € G and (gx, gk+1) € G X G. According to this, we can define a
reduced Lagrangian /g : G — R by

la(We) = La(e. g ' gr+1),

where Wy = gk_1 gk+1 and e is the identity of the Lie group G.
The reduced action sum is given by

Sq: GN-1 5 R
N

—

(Wou .. Wyo) — > la(Wa).
=0

>~

Taking variations of Sy and noting that
SWi=—g; ' (880)8; "grrt + &5 '08k+1 = — 1k Wi + W1,
where n, =g, 18gx, we obtain the discrete Euler—Poincaré equations
(r:‘Vk dld)(Wk) — (l";k_l dlg)(We—1) =0, k=1,...,N—1,

where / : G x G — G and r : G x G — G are, respectively, the left and the right
translations of the group (see also Bobenko and Suris 1999).
If we denote u; = (r;‘Vk dlg)(Wy), then the discrete Euler—Poincaré equations are

rewritten as
M1 = Ady, (13)

where Ad: G x g — g is the adjoint action of G on g. Typically, these equations are
known as the discrete Lie—Poisson equations (see Bobenko and Suris 1999; Marsden
et al. 1999a, 1999b).

Consider a mechanical system determined by a Lagrangian / : g — R, where g is
the Lie algebra of a Lie group G, which also is an n-dimensional vector space. The
continuous external forces are defined as follows: f : g x U — g*. The motion of the
mechanical system is described by applying the following principle:

T T
5/0 z(s(z))dr+f0 (fE®,u@®),n@))dt =0, (14)
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for all variations §&(¢) of the form §&(z) = n(¢) + [£(¢), n(¢)], where n(¢) is an arbi-
trary curve on the Lie algebra with n(0) =0 and n(T) = 0 (see Marsden and Ratiu
1999). In addition, (-, -) is the natural pairing between g and g*. These equations give
us the controlled Euler—Poincaré equations:

d /sl )
a(ie) = (3g) +4
where adgn = [§, n].

The optimal control problem consists of minimizing a given cost functional:

T
/O C(5(t), u(n)) dr, (15)

where C : g x U — R.

Now, we consider the associated discrete problem. First we replace the Lie algebra
g by the Lie group G and the continuous curves by sequences Wy, Wy, ..., Wy (since
the Lie algebra is the infinitesimal version of a Lie group, its proper discretization is
consequently that Lie group Marsden et al. 1999b; Marsden and West 2001).

The discrete Lagrangian /g : G — R is constructed as an approximation of the
action integral, that is,

(k+1)h
la(Wy) %/ 1(£())dr

kh

Let define the discrete external forces in the following way: fkjE :G x U — g*, where
U Cc R™ for m < n = dimg. Consequently,

(k+1)h
(fo Wi ug)omi) + (fi (kauk)nk+1>%/kh (fE®,u@),n@m)dt

where (f (Wi, u;), fk+(Wk, u,'f)) € g* x g* and n; € g, for all k. In addition, ng =
ny =0 and (-, -) is the natural pairing between g and g*.

For simplicity we will sometimes omit the dependence on G x U of both fk+ and
Je -

Taking all of this into account, we derive a discrete version of the Lagrange—
D’Alembert principle for Lie groups:

821d<wk)+2 FCom)+ () =0, (16)

=0,...,

with {nr}x=1... ~y—1 an arbitrary sequence of elements of g which satisfies 1o, ny =0
(see Lee et al. 2006; Kobilarov and Marsden 2011).
From this principle it is easy to derive the system of difference equations:

;ka dlg(Wi—1) — 3, dld(Wk)+fk T Wit ul ) + f (Wiou ) =0, (17)
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for k =1,..., N — 1; these are called the controlled discrete Euler—Poincaré equa-
tions.
The cost functional (15) is approximated by

(k+1)h
Ca(uy . Wi, ul) ~ /kh C(&(), u())dt, (18)

yielding the discrete cost functional:

1
T =Y Calug. Wi, ujf). (19)

=0

=~

Observe that now Cq: U x G x U — R.
4.1 Fully Actuated Systems

In the fully actuated case the mappings fki|w : U — g* defined by fki|w(u) =
fki(W, u) are diffeomorphisms for all W € G; therefore, we can construct the La-
grangian L4 : g* x G x g* — R by

La (g, Wi, vi+1)
= Ca((fi |,) ™ (5 AlaWi) = vi). Wied (£F], )™ (<15, dla(Wi) + viee)),
(20)

where the variables vy, v+ € g* are defined by
ve = riy, dla(Wi) = fi7 (W, uy),

2L
Vi1 = Ly, dla(Wy) + fim (We, ufh).
The discrete phase space g* x G x g* is now a mixture of two copies of the Lie
algebra g* and a Lie group G. This is also an example of a Lie groupoid (Marrero et
al. 2006).

The discrete optimal control problem defined in (16) and (18) has been reduced
to a Lagrangian one, with Lagrangian function L4 : g* x G x g* — R. Thus, we are
able to apply discrete variational calculus to obtain the discrete equations of motion
in the phase space g* x G x g*.

Let us show how to derive these equations from a variational point of view (see
Marrero et al. 2006 for further details). Define first the discrete action sum

N-1
Sa=Y_ Lak, Wk, viy1).
k=0

Consider sequences of the type {(vk, Wk, vit1) }k=0,....N—1 With boundary conditions
Vo, vy and the composition W = WoWj - - - Wy _» Wy _ fixed. Therefore, an arbitrary
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variation of this sequence has the form

{ve(€), hi ' () Wichisi(e), Vk+1 () o vt

with € € (-4, 6) € R (both € and § > 0 are real parameters) and vy(€) = vg, vk (0) =
Vi, UN(€) = vy, hx(€) € G,and ho(e) = hy (€) = e, for all €. Additionally, 7 (0) =e
for all k.

The critical points of the discrete action sum subjected to the previous boundary
conditions are characterized by

0=—
de

N-—1
(Z La(vi(€), hi ' (€)Wihyy1(€), vy <e>)>
€=0 \ k=0

d

de

{La(vo, Wohi(€), vi(€)) + La(vi(e), hy () Wiha(e), va(e))
e=0

+ o+ La(vv=2(€), By 5 (@) Wyn_2hn_1(€), vn_1(€))
+ La(vn—1(e), Ay (O Wn_1,vn)}.

Taking derivatives, we obtain

N-1
0= [l ALl Wem) =y dLalwyuerr) W) |8
k=1
N-1
+ Y [DaLalow_yy k-1, v&) + D1 Lalwyy (v, vy 1) 8wk
k=1

where Lg|(w) : g% x g* = R and Lq(y,) : G — R are defined by Lg|w)(v, V) =
Lalwy(W) = Lav, W, V'), where W € G and v,V € g*. Since 8hy (which is de-
fined as % le=0) and Svy (which is defined as % le=0), k=1, ..., N —1 are arbitrary,
we deduce the following discrete equations of motion:

l;ka,l dLal ey o) Wi—1) — V;"Vk dLal v Wi) =0,

(22)
DoLglw,_ k=1, vk) + D1 Lalw) (i, vk+1) =0,

fork=1,..., N — 1. Similarly to Sect. 3.1 we obtain the control inputs u, and u,j
using (21).
Define the following discrete Legendre transformations:

F~Lg:g*x G xg"— g* xT*g*,
(Vk—1, Wi—1, ) > (r:‘kal dLalo w0 Wi—1), —=D1 Lal w1y k=1, v0)),
and
FtLq:g* x G x g* —> g* x T*g*,
k=1, Wi, vi) = (1, dLal w0 Wi—1), D2Lal Wiy (Ve—15 Vi)-
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These relationships implicitly define the discrete Hamiltonian evolution operator
oyt x T*g* —> g* x T*g",
(V;H dLal (w1 v0)» —D1Lalw,_p)) —> (l;kvk,l dLal (e D2Lalw )
which verifies
VEAF, GYgoxregs = {72, F 72,G oy

The Poisson bracket is specified in canonical coordinates (z;, y;, p') on g* x T*g*

by
. — _(Ck
{Zz,Z]}g*xT*g* = _CijZIm
{Zi5 }’j}g*xT*g* = {Zia pj}g*xr*g* = {)’i, )’j}g*xT*g* = {pis PJ}Q*XT*E* :0’
j _ 5]
{yi7 p./}g*xT*g* - 81' 1)

where CZ{‘. are the structure constants of the Lie algebra g fixed a basis {e;}, 1 <i <
dim g. Here, we denote by z; and y; the induced coordinates on g*, and by (y;, p;)
the coordinates on T*g*.

4.2 Underactuated Systems

The underactuated case can now be considered by adding constraints. Similarly to
Sect. 3.3 underactuation restricts the control forces to lie in a subspace spanned by
vectors {e*} of the basis {¢*, ¢} of g*, where {s,0} =1, ...,n. Then

fie W) = ac (W) + (b (Wi i) e

i Wi wd) = af W) + (b (Wi ) €

where a; (Wi), af (Wi) € g* and (b (Wi, u;))s, (b (Wi, ul))s € R, for all 5. Ad-
ditionally, the embedding condition implies that rank b, = rank b,‘: =dimU. Then,
taking the dual basis {es, e, }, we induce the following constraints:

Dy (ks Wies vier1) = (1, dla(Wie) — vie — @ (W), e5) =0, (23a)
D (v, Wi, viey1) = (vigr — ljvk dlg(Wi) — af (Wp), e5) = 0. (23b)

Observe in (23a), (23b), that, even though the constraints are functions qﬁf tgtx
G x g* —> R, @ does not depend on vi4 1, nor di'j on v. Once we have defined
the constraints, we can implement the Lagrangian multiplier rule in order to solve the
underactuated problem. Namely, we define the extended Lagrangian as

id(vky )"];9 Wk, Vik+1, )\,Z)
= Lak, Wi, i) + ()" g7 0, Wi, 1)
+ (M) D ok, Wi, v 24)
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Defining the discrete action sum

N-1
d -4 —
St = E La(vi, b s Wi, v, ),
k=0

we obtain the underactuated discrete equations of motion

By, Ll w0 Wiem) =7 dLal vy (W)
0 ()" 45 T We=) + (4Z1)7 49 |y v (We—1)
B r;k"k—l ((Ak_)o 424 I (Wi + ()‘lj)a d¢:|(Vk,Vk+1)(Wk)) =0,
DaLalwey (k=190 + D Lalowey (i, via) +[(21)7 = (1) Jew =0.
& (v, Wi, viq1) =0,

DF (v, Wk, vig1) =0,

(25)

where the subscripts (Wr—_1), (Wx), (Vk—1, Vk), (Vk, Vk4+1) denote variables that are
fixed.

5 Numerical Methods for Systems on Lie Groups

We now put the discrete optimal control equations (22) and (25) into a form suitable
for algorithmic implementation. The numerical methods are constructed using the
following guidelines:

(1) good approximation of the dynamics and optimality,
(2) avoidance of issues with local coordinates,

(3) guarantee of numerical robustness and convergence,
(4) numerical efficiency.

The algorithm developed in this section will be derived from a trapezoidal quadra-
ture and will approximate the dynamics and optimality conditions to at least second
order (Marsden and West 2001) (requirement 1). We will also satisfy requirement 2
for systems on Lie groups by lifting the optimization to the Lie algebra through a
retraction map that will be defined in this section. The resulting algorithms are nu-
merically robust in the sense that there are no issues with coordinate singularities and
the dynamics and optimality conditions remain close to their continuous counterparts
even at big time steps. Yet, as with any other nonlinear optimization scheme, it is
difficult to formally claim that the algorithm will always converge (requirement 3).
Nevertheless, in practice there are only isolated cases for underactuated systems that
fail to converge. A remedy for such cases has been suggested in Kobilarov and Mars-
den (2011). In general, the resulting algorithms require a small number of iterations,
e.g., between 10 and 20 to converge (requirement 4).

Note that the discrete mechanics approach provides an accurate approximation of
the dynamics associated with its momentum and symplectic form (or Poisson bracket)
preservation and good energy behavior. However, long-time stability becomes less
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important for optimal control problems with short time horizon 7'. Yet, the notion of
symplectic optimality conditions for two-point boundary value problems likely has
deeper implications, e.g., related to the region of attraction and numerical stability of
the associated root-finding numerical procedure. Such directions are not explored in
this work and require further study.

The optimization variables W; are regarded as small displacements on the Lie
group. Thus, it is possible to express each term through a Lie algebra element that
can be regarded as the averaged velocity of this displacement. This is accomplished
using a retraction map t : g — G which is an analytic local diffeomorphism around
the identity such that t(£§)t(—£&) = e, where & € g. Two standard choices for 7 are
employed in this work: the exponential map and the Cayley map.

Regarding £ as a velocity, we set the discrete Lagrangian /3 : G — R to

la(Wy) = hi (&),

where & = 77! (gk_lng)/h =t~ !1(Wy)/ h. The difference gk_1 gk+1 € G, which is
an element of a nonlinear space, can now be represented by the vector & in order to
enable unconstrained optimization in the linear space g for optimal control purposes.

The variational principle will now be expressed in terms of the chosen map t. The
resulting discrete mechanics will thus involve the derivatives of the map, which we
define next (see also Bou-Rabee and Marsden 2009; Iserles et al. 2005; Kobilarov
2008; Kobilarov and Marsden 2011).

Definition 5.1 Given amap 7 : g — G, its right trivialized tangent dtg : g — g and

its inverse dtg L. g — g are such that, for g = 7(§) € G and n € g, the following
holds:

et (§)n =dre nt(§),
%t (@ =dr; ' (nr(—8)).
Using these definitions, variations 6§ and g are constrained by
86 = dry (—nk + Adrugy nk+1)/ b,

where n; = gk_l(Sgk, which is obtained by straightforward differentiation of & =
Mgy 1)/ b

The retraction map t choices are the following:

(a) The exponential map exp : g — G, defined by exp(§) =y (1), withy :R— G
in the integral curve through the identity of the vector field associated with & € g
(hence, with y (0) = &). The right trivialized derivative and its inverse are defined by

o0

1 .
dexp,y = E . adly,
|
o, (j+ D!

dexp; 'y =) —Fadly,
j=0 1"
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where B; are the Bernoulli numbers (see Hairer et al. 2002). Typically, these expres-
sions are truncated in order to achieve a desired order of accuracy.

(b) The Cayley map cay : g — G is defined by cay(§) = (e — %)_l(e + %) and is
valid for a general class of quadratic groups (see Hairer et al. 2002) that include the
groups of interest in this paper (e.g., SO(3), SE(2), and SE(3)). Its right trivialized
derivative and inverse are defined by

x\ 7! x\ 7!
dcay,y = 6_5 y e—i—z ,
-1 X X
dcay y:(e—§>y<e+§>.

Next, the discrete forces and cost function are defined through a trapezoidal ap-
proximation, i.e.,

h
F ) = 5 £ (6 ).

and

- h _\ h
ol ) = 5C(6p) + 5 C (e )

respectively. With the choice of a retraction map and the trapezoidal rule, the equa-
tions of motion (13) become

h _ h
Ik — A7 g,y k-1 = Ef(f;“k, up) + 3 I (&1, ;).
e = (A7) 36l (50,
8k+1 = gkt (h&),

while the momenta defined in (21) take the form

h _
Vk://«k_if(gk»uk), (26)
h
Vi1 = Adi(hgk)/ik + Ef(ék’ u]j) (27)

Finally, define the Lagrangian £4 : g* x g x g* — R such that

Ed(v, £, v’) = ,Cd(v, T(h§), v’).

Note that the Lagrangian is well defined only on g* x 4l x g*, where 4l C g is an
open neighborhood around the identity for which 7 is a diffeomorphism. To make the
notation as simple as possible, we retain the Lagrangian definition to the full space
gF xgxg*.

The optimality conditions corresponding to (22) become

(A e, )" dlal oy E—1) — (A7) dlal ) &) =0, (28)
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Drlalg_ ) (k—1, vi) + Difale) (Wi, vi+1) =0, (29)

fork=0,...,N — 1. Here, £4|) (v, V') = Ld|w v (E) = La(v, &, V). Equations (28)
and (29) can also be obtained from (22), employing Lemma 9.2 and Lemma 9.3 in
Appendix.
In the underactuated case we define
Ta(v, &0, 27 AY) = La(v, 7(h8),v) + (A7) 07 |, (T (5E))
+ ()72 o (t(hE)), (30)

and from (25) obtain the equations

(Ao, )" dlal oyt ) E-1) = (d75) " Al 0 ) =0,
Do Lalzhg 1) k=1, i) + D1 Lalzhge) Ve Vi) + A7 — A =0,
@, (vk» T(hE), viy1) =0,

Dt (vi, T(h&), vis1) =0,

€1y

where we employed the notation AT := (A*)%¢, .

Boundary Conditions Establishing the exact relationship between the discrete and
continuous momenta, py and w(t) = dgl(§(¢)), respectively, is particularly impor-
tant for properly enforcing boundary conditions that are given in terms of continuous
quantities. The following equations relate the momenta at the initial and final times
t =0and t =T and are used to transform between the continuous and discrete rep-
resentations:

h
1o — ¢l (£(0)) = Ef(S(O), Uy ),

h
91(£(T)) — Ad7 ey HN-1 = Ef(é(T), uy).

which also corresponds to the relations vg = d¢/(§(0)) and vy = 9¢/(§(T)). These
equations can also be regarded as structure-preserving velocity boundary conditions,
i.e., for given fixed velocities £(0) and &(T').

The exact form of the previous equations depends on the choice of 7. This choice
will also influence the computational efficiency of the optimization framework when
the above equalities are enforced as constraints. The numerical procedure to compute
the trajectory is summarized as follows.

Algorithm 5.2 (Optimal Control) Data: group G; mechanical Lagrangian l; control
functions a, b; cost function C; final time T ; number of segments N .

(1) Input: boundary conditions (g(0), £(0)) and (g(T), &(T)).
(2) Set momenta vy = 0¢1(5(0)) and vy = 9¢l(§(T))
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(3) Solve for (&o,...,En—1,V1, ..., UN,1,)»1i, e, kﬁ_l) the relations:

Equations (31) forallk=1,...,N — 1,
Nt (hén—1) 7 T (hEg) T g(0)"1g(T) =0

(4) Output: optimal sequence of velocities &y, ..., En_1.
(5) Reconstruct path go, ..., 8N by gk+1 = gkt (h&) fork=0,...,N — 1.

The solution is computed using a root-finding procedure such as Newton’s method.
If the initial guess does not satisfy the dynamics, we recommend using a Levenberg—
Marquardt algorithm, which has slower but more robust convergence.

5.1 Example: Optimal Control Effort

Consider a Lagrangian consisting of the kinetic energy only,

1
l($)=§(ﬂ(~§),€),

full unconstrained actuation, no potential or external forces, and no velocity con-
straint. The map I : g — g* is called the inertia tensor and is assumed full rank.

In the fully actuated case we have f (&, u,jf) = u,jf We consider a minimum effort
control problem, i.e.,

LA
CE u)=ful”.

The optimal control problem for fixed initial and final states (g(0),£(0)) and
(g(T),&(T)) can now be summarized as follows.

. +
Compute: Eg:n—1, Uy s

N-1

.. .. h -
minimizing: - Z(”“k ”2 + ””:”2)’
k=0

. h _
subject to: ug — ]I(E(O)) = Euo ,

k= AdE e ik =h(ug +u_), k=1,...,N—1,

h

H(S(T)) - Adﬁ(thfl)MNfl = 514;,

= (dryz ) T,
gk+1=gkt(h&), k=0,...,N—1,
gy g(T)) =0.
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The optimality conditions for this problem are derived as follows. The Lagrangian
becomes

1 N—-1

Lai & i) = - D (v - (A7) TEO | + Jviesr — (A ) L@ ),
k=0

where the momentum has been computed according to

1 _ -
v = > ((d75g,) T + (de 7, ) TE-1)- (32)
Thus the optimality conditions become
(drh_éi)* ded'(”kw‘)kﬂ)(sk) - (d‘(__}}ék_] )* d£d|(uk_],vk) (Ek—l) = 0»
k=1,...,N—1,
v (zthen-) 7" T (hEo) gy g (T)) =0

It is important to note that these last two equations define N n equations in the N n un-
knowns &p.y—1. A solution can be found using nonlinear root finding. Once &(.y have
been computed, it is possible to obtain the final configuration gy by reconstructing
the curve by these velocities. Also, the boundary condition g(7') is enforced through
the relation 7! (g;,l g(T)) = 0 without the need to optimize over any of the configu-
rations gg.

5.2 Extension: The Configuration-Dependent Case

The developed framework can be extended to a configuration-dependent Lagrangian
L : G x g — R, for instance, defined in terms of a kinetic energy K : g — R and a
potential energy V : G — R according to

L(g,§)=K(&)—V(g),

where g € G and £ € g. The controlled Euler—Poincaré equations are, in this case,

f—adin=—g"3,V(g) + f,

n=9K(§),

g =gé.
where the external forces are defined as f : G x g x U — g*. Our discretization
choice Ly : G x G — R will be (recall that § = r_l(gk_lgkﬂ)/h)

La(8ks 8k+1) = %L(gk,ék) + %L(gkﬂ,ék)

V(gK) + V(gk+1)

=hK@E) —h >
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while the G-dependent discrete forces now become

h h
fk_(gkv ‘S;:ks I/t]:) = Ef(glﬁ sk»uk_)9 fk+(8k+17§k» M]—:) = E f(gk-l—ls gks u]_:)

This leads to the discrete equations

Ad? = —hg} h Sy +
Pk — A7 (e, k—1 = —hgrdg V(gr) + 3 F gk &k uy ) + Ef(gk’Skfl,Mk_l),
= (dr,z) "0 K (&),

8ik+1 = 8T (hék).

The momenta become

ho, h _
Ve =tk + 5 8% gV (k) = Ef(gk,%‘k, uy),

h h
Vik+1 = Adj(hgk)llk - EgZJr] 9V (gk+1) + Ef(gk+ls &k, M]j_)

In consequence, we can define a discrete Lagrangian
La:0"xGxgxg—R,

depending on the variables (v, gk, &, Vk+1), whose discrete equations of motion will
be a mixture between (22) and (28), (29), namely,

Do Lal(gr_ 1.5 1) k=1, Vi) + D1Ldl (g.5) Wk, V1) =0,
(l:k—l dsdl(vk_hsk_l,vk)(gk—l) + r;; d£d|(vk,§k,vk+|)(gk))

+ ((dr5hg, )" d€al s gemrvn G — (A7) dLalup ) (E0)) =0

6 Applications
6.1 Underwater Vehicle

We illustrate the developed algorithm with an application to a simulated unmanned
underwater vehicle. Figure 1 shows the model equipped with five thrusters which
produce forces and torques in all directions but the body-fixed “y” axis. Since the
input directions span only a five-dimensional subspace, the problem is solved through
the underactuated framework.

The vehicle configuration space is G = SE(3). We make the identification SE(3) ~
SO(3) x R3 using elements R € SO(3) and x € R3 through

R x _1 RT  —RTx
g = . g = .
O1x3 1 01x3 1
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reconfigurations

]

propellers parallel

parking

up
a) b)
Fig. 1 An underwater vehicle model (a) and various computed optimal trajectories between chosen

states (b). Only a few frames along the path are shown for clarity

where g € SE(3). Elements of the Lie algebra & € se(3) are identified with body-fixed
angular and linear velocities denoted w € R? and v € R?, respectively, through

® v
&= <Ol><3 0) ’

where the map *: R? — s0(3) is defined by

0 —w3 W)
o=\ w3 0 —wi |. (33)
—wy W] 0

The algorithm is thus implemented in terms of vectors in RS rather than matrices in
s5e(3).

The map t = cay : se(3) — SE(3) is chosen, instead of the exponential, since it
results in more computationally efficient implementation. It is defined by

cay(e) = (0 ),

where cay : 50(3) — SO(3) is given' by

@) =T + — (A+“A)2> 34)
cay(w) = —— o+ =),
y 3T 4 o2 2

where I, is the n x n identity matrix and dcay : R — R? is defined by

dcay, = E Q2L + o). (35)

4+ |lw

INote that cay denotes a map to either SO(3) or SE(3), which should be clear from its argument.

@ Springer



J Nonlinear Sci (2013) 23:393-426 417

Angular velocity

Linear velocity Control inputs ‘—1

Fig. 2 Details of the computed optimal path for the reconfiguration maneuver given in Fig. 1

The matrix representation of the right trivialized tangent inverse dt (_wl e R3 xR —
R x R3 becomes

L-1o+1lo0” 0
[dcay(_wl v)] _ 3— 50+ 700 3 . 36)
' -lG-iov L-1a

The vehicle inertia tensor I is computed assuming cylindrical mass distribution
with mass m = 3 kg. The control basis vectors are {es}gzl = {ey, e, €3, &4, €5}, while

the non-actuated direction is e, = es, where e; is the i-th standard basis vector of R°.
The control functions take the form

b(W,u)1 =d(us — uyq),
b(W,u)y =c((u1 +uz)/2 —u3),

b(W. )3 = <c sin %)(uz —up),

b(W,u)s =uy + uz + us,
b(W,u)s =u4 +us,
a(W)=Ht'(w),

where H is a negative definite viscous drag matrix and the constants c, d are the
lengths of the thrusting torque moment arms (see Fig. 1).

We are interested in computing a minimum control effort trajectory between two
given boundary states, i.e., conditions on both the configurations and velocities. Such
a cost function is defined in Sect. 5.1. The optimal control problem is solved us-
ing (31). The computation is performed using Algorithm 5.2. Figure 2 shows the
computed velocities and controls for the “reconfiguration” trajectory shown in Fig. 1.
The algorithm requires between 10-20 iterations depending on the boundary condi-
tions and when applied to N = 32 segments.

6.2 Discontinuous Control
One of the advantages of employing the discrete variational framework is the treat-

ment of discontinuous control inputs as illustrated in Sect. 3. The nature of the control
curve depends on the cost function. In the standard squared control effort case (i.e.,
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Fig. 3 An optimal trajectory of an underactuated rigid body on SO(3) (a). The body is controlled using
two force inputs around the body-fixed x and y axes. A discontinuous optimal trajectory (b) which our
algorithm can handle

the L, control curve norm employed in Sect. 6.1), the resulting control is smooth.
Another cost function of interest is fOT |l ()|l dt, which is typically imposed along
with the constraints umin < u(t) < umax. This case results in a discontinuous optimal
control curve. Our formulation can handle such problems easily, since the terms u,:]
and u, are regarded as the forces before and after time 7, respectively. A computed
scenario of a rigid body actuated with two control torques around its principal axes
of inertia (Fig. 3) illustrates the discontinuous case.

7 Extensions

The methods developed in the previous sections are easily adapted to other cases
which are of interest in practical applications. In particular, this section will be de-
voted to the discussion of two important extensions: the case of optimal control prob-
lems for Lagrangians of the type [ : TM x g — R (that is, reduction by symmetries
on a trivial principal fiber bundle) and the case of nonholonomic systems. Here, M
denotes a smooth manifold. Observe that the phase space T M X g unifies the previ-
ously studied cases of a tangent bundle and a Lie algebra.

The notion of a principal fiber bundle is present in many locomotion and robotic
systems (Bullo and Lewis 2005; Bloch et al. 1996; Marsden and Ostrowski 1998).
When the configuration manifold is Q = M x G, there exists a canonical splitting
between variables describing the position and variables describing the orientation of
the mechanical system. Then, we distinguish the pose coordinates g € G (the ele-
ments in the Lie algebra will be denoted by & € g), and the variables describing the
internal shape of the system, that is, x € M (in consequence (x, x) € T M). Observe
that the Lagrangians of the type [ : T M x g — R mainly appear as reductions of La-
grangians of the type L : T(M x G) — R, which are invariant under the action of
the Lie group G. Under the identification T (M x G)/G = T M x g we obtain the re-
duced Lagrangian /. We first develop the discrete optimal control problem for systems
in an unconstrained principal bundle setting in Sect. 7.1. Nonholonomic constraints
are then added to treat the more general case of locomotion systems in Sect. 7.2.
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7.1 Discrete Optimal Control on Principal Bundles
The discrete case is modeled by a Lagrangian /q : M x M x G — R which is an
approximation of the action integral in one time step:
h(k+1)
laGsexien W0 = [ 1050, 60) a

hk

where (xi, xg+1) € M x M and Wy € G. Again, we define the discrete control forces
according to fki M xMxGxU—T*M x g*, where U C R™:

fi (s xegr, Wi ug ) = (f (s it Wi ), ]?;:(xk,karl, Wi, ur ),

£ Gy s Wi uld) = (F (o Xeets Wi ud ), fi (ks Xen, Wi y))).

Here f," € T; M x g* and fk eT* M x g* (more concretely fk eTiM, fk

Xk+1
Tx*kHM’ fk Gg ’ fk €9 ).
Similarly to the developments in Sects. 3 and 4.1, we can formulate the discrete
Lagrange—D’Alembert principle:

N-1 N-1
) Z la(xk, Xic1, Wie) + Z(fk_, (8xk, i)
k=0 k=0

N—-1
+ Z(f]:r, (6Xk+1, 7]k+1)) =0
k=0

which can be rewritten as

N-1 N-1 N-1
) Z la(xk, Xkg1, Wi) + Z fi xi + Z Fi 8xk41
k=0 k=0 k=0

N—-1 R N—-1
+ > (fom)+ DA )
k=0 k=0

for all variations {8x¢}f_, with dx; € Ty, M and 8xo = Sxy = 0. Also, {SWi},
with §Wy € T, G, such that Wy = —m Wi + Winiqa, {nk},ivzo being a sequence of
independent elements of g such that no = ny =0.

Applying variations in the last expression and rearranging the sum, we finally
obtain the complete set of forced discrete Euler—Lagrange equations:

Dila(xk, X1, W) + DalaGek—1, xk, We) + fi + fi =0, (37)
By, D3la(ek—1, xic, Wi—1) — ryy, D3la(xe, X1, Wie) + fr+f5,=0, (38

with k =1,..., N — 1. Since we are dealing with an optimal control problem, we
introduce a discrete cost function Cq: M X G x M x U x U — R. As in previous
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cases, our objective is to extremize the following sum:

N-—1

-
Z Cd(Xk, Wi, Xk+1, Uy 5 Uy, )7
k=0

subjected to (37) and (38). Let us initially restrict our attention to the case of fully
actuated systems.

Definition 7.1 (Fully Actuated Discrete System) We say that the discrete mechanical
control system is fully actuated if the mappings

fk_|(xO’xl’W1) : U - TxT)M X g*v fk_|(x0,X1,W1)(u) = fk_(x()v-xlv Wla M),

: U - TX*M 2 g*’ fk+|(xo,x1,W1)(u) = fk+(-x07-xlv Wla M),

+
fe |()C()Jfl,Wl) 1

are both diffeomorphisms.

According to (37) and (38), we can introduce the momenta by means of the fol-
lowing discrete Legendre transforms:

pr = —Dila(xk, X1, We) — fi
Pit1 = Dola(xi, xer1, W) + f

Ik = riy, D3la(xe, xk41, Wi) — fis
skt = Ly, DalaCe, xip1, Wa) + £

In the fully actuated case, is possible to find the value of all control forces in terms of
Xics Xik+1, Wi, Pk, Pk+1, Hks Wi+1, that is,

uk_ = uk_(Xk,Xk+1, Wk, Pk I’Lk)’ (39)

Replacing (39) and (40) in Cq4, we finally obtain the discrete Lagrangian that com-
pletely describes our system:

Lq:T*M xg*xGxg*xT*M — R.
The associated discrete cost functional is

N—-1

Ja= Zﬁd(xk»kaﬂk»Wk,ﬂk+l,xk+1,Pk+l)- 41
k=0

As usual, we now take variations in (41) in order to obtain the discrete Euler—
Lagrange equations for our optimal control problem (with some abuse of notation

we denote Qk = (Xk, Pk» k> Wk, k41, Xk+1, Pk+1) the whole set of coordinates in
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the new phase space):

D6La(Ok-1) + D1La(Qr) =0,
D7L4(0k-1) + D2La(Qr) =0,
DsLq(Qk—1) + D3La(Qx) =0,
By, DaLa(Q—1) — ryy, DaLa(Qx) =0,

together with the forced discrete Euler—Lagrange equations (37) and (38).

Typically, actuation is achieved by controlling only a subset of the shape variables.
In our setting this can be regarded as underactuation—the mappings in Definition 7.1
become embeddings. If this is the case, it is necessary to introduce constraints and
apply constrained variational calculus as in Sects. 3.2 and 4.1.

7.2 Discrete Optimal Control of Nonholonomic Systems

Optimal control subject to nonholonomic constraints such as that in robotic vehicles
is considered next. In the following we will expose the theoretical framework, leaving
for future research the application to concrete examples.

A controlled discrete nonholonomic system on M x M x G is given by the follow-
ing quadruple (see Iglesias et al. 2008; Kobilarov et al. 2010 and Ferraro et al. 2008;
Jay 2009 for alternative approaches):

(1) A regular discrete Lagrangianly: M x M x G — R.

(ii) A discrete constraint embedded submanifold M; of M x M x G.

(iii) A constraint distribution, D., which is a vector subbundle of the vector bundle
Traeg - T M x g — M, such that dim M = dim D.. Typically, there is a relation
between the constraint distribution and the discrete constraint, since from M,
we induce for every x € M, the subspace D.(x) of Ty M x g given by

Dc(x) = T(x,x,e)Mc N(TyM x g),

where we are identifying Ty M x g =0, x Ty M x T,G, with e being the identity
element of the Lie group G.
(iv) The discrete control forces fkjE M x U — T*M x }* where U C R™ (again,

forces fkjE split into fki and fki as in the previous section).

We have the following discrete version of the Lagrange—D’Alembert principle for
controlled nonholonomic systems:

N-1 N-1
) Z la(xk, Xic1, Wie) + Z(fk_, (8xk, i)
k=0 k=0
N-1
+ D (A Gxigr ) =0,
k=0

for all variations {8xi}_, with xg = 8xy = 0; and {§Wy}i_,, such that §Wy =
— 1k Wik + Wing41, with {r)k},ivzo, verifying (8xi, i) € De(xx) € Ty, M x g such that
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no = ny = 0. Moreover, (xg, xk+1, Wi) € M¢, k=0,..., N — 1 (see Iglesias et al.
2008).

Take a basis of sections {(X“, %)} of the vector bundle tp_ : Do —> M, where
X4 eX(M) and n? e g fora =1, ..., rank(D.). Hence, the equations of motion de-
rived from the discrete Lagrange—D’ Alembert principle for controlled nonholonomic
systems are:

0 = (Dila(xi, k41, Wi) + Dola(r—1, X, Wie1) + fir + fi 1 X4 ()
+ (I3, D3laCre—1, Xk, We—1) — iy, Dala (e, X1, Wi) + f7 + fi . i),
“2)
0 =W (xg, Xg41, W), (43)

where W% (xg, xx+1, Wx) = 0 are the constraints which locally determine M.
In a more geometric way, we can write (42) and (43) as follows:

0= (ip,)*(D1la(xk, X1, Wi) + Dala(er—1, Xk, We) + f + fi ),
By, Dala(xk—1, xk, Wk—1) — ryy, Dala (X, Xiq1, Wie) + o+ i),

where (xi, xgy1, W) € Mc and ip, : D. <> TM x g is the canonical inclusion.
Given a discrete cost function Cq : U x M. x U — R, the optimal control prob-
lem is to minimize the action sum

N-1

Z Ca(ug Xk, Wi xeq1 1),
k=0

subject to (42) and (43) and to some given boundary conditions. We next distinguish
between the fully and underactuated case using the following definition.

Definition 7.2 (Fully Actuated Nonholonomic Discrete System) We say that the dis-
crete nonholonomic mechanical control system is fully actuated if the mappings

Fk_}(xnylan) : U — D:» Fk_|(x0,x1,W1)(u) = (iDC)*(fk_(x()v-xlv Wla M))v
+ . + — (i +
Fk }(Xnyl’Wl).U_)D:’ Fk |()C0,x1,W1)(u)_(lDC)*(fk (-x()v-xlela M))v

are both diffeomorphisms for all (xq, x1, W1) € M..

Regarding (42) and its geometric redefinition just below, let us introduce the fol-
lowing momenta:

ik = (ip,)* (= Dila (et Xer1. Wi). riy, Dala(xie, xeq1. Wi) — f ).
Tyt = (ip,)* (Dala (X, Xiy1, Wa), Ly, Dala (e, X1, W) + i),

where both 7; and 71 belong to Dy . In the fully actuated case, the value of all con-
trol forces can be completely determined in terms of xi, Xg+1, Wk, Tk, k41, where
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the coordinates (xi, xx+1, Wx) always belong to M... Therefore, we can re-express
the cost function in terms of these variables and, consequently, derive the discrete
Lagrangian

La: (Dj)fpg X pri (Me) pry Xo, (DZ) = R,

where pri : Mg C M x M x G — M are the projections onto the first and second
arguments and tp:x : DY — M the canonical projection.

Observe that we can consider this case as a constrained discrete variational prob-
lem taking an extension

Ly:DfxGxDf—>R

of L4 subjected to the constraints ¥ (xg, xg+1, W) = 0.
Therefore, denoting Qy = (xk, wx, Wk, Xk+1, Tk+1) as the whole set of coordinates
of the new phase space D} x G x D}, we deduce that the equations of motion are

D4La(Qx—1) + D1La(Qp)

= AT DoW (1, xk, Wie1) + A Dy (g, X1, Wi,
DsLa(Qx—1) + DaLa(Qr) =0,
Wi D3La(Qk=1) — 13y, D3La(Ox)

= Ay By D3 (xk—1, Xk, Wim1) — Ayriy D3W® (e, xeq1, Wi,

U (xg, Xk41, Wr) =0,

where x{; are the Lagrange multipliers of the new constrained problem. The under-
actuated case can be handled by adding new constraints and applying discrete con-
strained variational calculus similarly to Sect. 4.

Finally, note that these constructions can be simplified by expressing the optimal
control problems more compactly through the Lie groupoid framework (Marrero et
al. 2006), which naturally generalizes the systems studied in this paper such as vec-
tor spaces, Lie groups, and principal bundles. In particular, the examples studied in
this paper can be equivalently modeled using Lie groupoid techniques (Jiménez and
Martin de Diego 2010) adapted to our proposed formalism. Future work will explore
these connections.

8 Conclusions

This paper develops numerical methods for optimal control of Lagrangian mechan-
ical systems defined on tangent bundles, Lie groups, trivial principal bundles, and
nonholonomic systems. The proposed approach preserves the geometry and varia-
tional structure of mechanics through the discretization of the variational principles
on manifolds. The key point is to solve the optimal control through discrete mechan-
ics, i.e., by formulating the optimization as the solution of an action principle of a
higher dimensional system in a new Lagrangian phase space: T*Q x T*Q in the
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general case and g* x G x g* in the Lie group case. The optimal control algorithm
is then derived as a variational integrator subject to boundary conditions. We thus
expect that both the dynamics and optimal control solutions will have accurate and
stable numerical behavior (due to symplectic-momentum preservation), even at large
time steps (which allows for improved run-time efficiency).

Simulations of an underactuated underwater vehicle illustrate an application of
the method. Yet, further numerical studies and comparisons are necessary to exactly
quantify the advantages and the limitations of the proposed algorithm. An important
future direction is thus to study the convergence properties of the optimal control sys-
tem. Convergence for general nonlinear systems is a complex issue. In this respect,
it is interesting to note that the discrete mechanics and optimal control on Lie groups
such as those used in the example in Sect. 6 using the Cayley map result in a polyno-
mial form without further approximation or Taylor series truncation. A useful future
direction is then to study the regions of attraction of the numerical continuation using
tools from algebraic geometry.

More generally, the theoretical framework introduced in Sect. 7 can serve as a
basis for deriving algorithms for control systems such as multi-body locomotion sys-
tems or robotic vehicles with nonholonomic constraints. Furthermore, the developed
classes of systems can be unified through the recently developed groupoid frame-
work (Weinstein 1996; Iglesias et al. 2008; Martinez 2007). Each of the considered
product spaces (e.g., QO x Q) can be regarded as a single groupoid space with equa-
tions of motion resulting from a single generalized discrete variational principle. This
will enable the automatic solution of optimal control problems for various complex
systems and a convenient unified framework for implementing practical optimiza-
tion schemes such as (Ober-Blobaum et al. 2011; Bloch et al. 2009; Lee et al. 2006;
Kobilarov and Marsden 2011). More importantly, this viewpoint can be used to ap-
ply standard discrete Lagrangian regularity conditions (e.g., Marsden and West 2001)
to optimal control problems evolving on the groupoid space. This would provide a
deeper insight into the solvability of the resulting optimization schemes.
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Appendix: Lemmae

Lemma 9.1 (See Marsden and Ratiu 1999) Let g € G, A € g, and §f denote the
variation of a function f with respect to its parameters. Assuming A is constant, the
following identity holds:

8(Adg ) = —Adg [1, g7 8g],

where [-,-]: g X g — R denotes the Lie bracket operating or equivalently [&,n] =
adgn, for given n, & € g.
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Lemma 9.2 (See Bou-Rabee and Marsden 2009) The following identity holds:
dte n = Adyg)dr_gn,
forany &, 1 € g.
Lemma 9.3 (See Bou-Rabee and Marsden 2009) The following identity holds:
dry 'y =dr 7} (Adegy),

forany&,neg.
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