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Perhaps my best years are gone. When there was a chance of happiness. But I wouldn’t
want them back. Not with the fire in me now.

Samuel Beckett, “Krapp’s Last Tape”.



Resumen

Durante la década de 1960, poderosas y sofisticadas técnicas provenientes de la geometria
diferencial moderna y de la topologia fueron introducidas en el estudio de los sistemas
dindmicos (incluyendo los sistemas mecanicos). Este nuevo campo de investigacién que refor-
mulé la mecédnica analitica cldsica en lenguaje geométrico y atrajo nuevos métodos topoldgicos
y analiticos es llamado actualmente Mecanica Geométrica.

Por otro lado, uno de los méximos objetivos del andlisis numérico y de la matematica
computacional ha sido traducir los fenémenos fisicos en algoritmos que producen aproxima-
ciones numéricas suficientemente precisas, asequibles y robustas. En los tdltimos anos de la
década de 1980, y durante todos los 90, el campo de la Integracion Geométrica surgié con el
objetivo de disenar y analizar métodos numéricos para ecuaciones diferenciales ordinarias y,
mas recientemente, para ecuaciones diferenciales en derivadas parciales, que preservan tanto
como es posible la estructura geométrica subyacente.

La Mecéanica Discreta, entendida como la confluencia de la Mecdnica Geométrica y la
Integracion Geométrica, es, al mismo tiempo, un area de investigacién bien fundamentada
y una herramienta poderosa a la hora de entender los sistemas dindmicos y fisicos, mas
concretamente aquéllos relacionados con la mecanica. Una herramienta clave en Mecanica
Discreta, ampliamente utilizada en este trabajo, son los integradores variacionales, i.e., inte-
gradores geométricos basados en la discretizacién de los principios variacionales. El trabajo
desarrollado en esta tesis se alinea con la Mecanica Discreta y su interralacién con la teoria
de algebroides y grupoides de Lie (considerados estos iltimos como la generalizacién natural
de los espacios sobre los que se define la Mecénica Discreta).

Nuestra intencion ha sido desarrollar integradores numéricos con propiedades de preser-
vacion geométrica en distintas ramas de la mecdnica. Mds concretamente, hemos usado
técnicas de la Mecania Geomeétrica con el objetivo de obtener resultados novedosos en tres
aspectos: la relacién entre sistemas Lagrangianos con ligaduras y sistemas Hamiltonianos;
la integracién geométrica de problemas de control éptimo; y la integracién geométrica de
problemas mecanicos noholénomos.



Abstract

In the 1960’s, sophisticated and powerful techniques coming from modern differential
geometry and topology have been introduced in the study of dynamical systems (including
mechanical ones). This new field that eventually reformulated classical analytic mechanics in
geometric language and brought in new methods from topology and analysis is called today
Geometric Mechanics.

On the other hand, one of the main goals of numerical analysis and computational math-
ematics has been rendering physical phenomena into algorithms that produce sufficiently
accurate, affordable, and robust numerical approximations. In the late 1980’s, and through-
out the 1990’s, the field of Geometric Integration arose to design and to analyze numerical
methods for ordinary differential equations and, more recently, for partial differential equa-
tions, that preserve exactly as much of the underlying geometrical structures as possible

The Discrete Mechanics, understood as the confluence of Geometric Mechanics and Ge-
ometric Integration, is both a well-founded research area and a powerful tool in the under-
standing of dynamical and physical systems, more concretely of those related to mechanics.
A key tool of Discrete Mechanics, which has been widely used in this work, are the variational
integrators, i.e., geometric integrators for mechanical problems based on the discretization
of variational principles. The work developed in this thesis is in line with Discrete Mechan-
ics and its feedback with Lie groupoid and Lie algebroid theory (regarded these as natural
generalizations of the spaces where the Discrete Mechanics is defined on).

Our goal has been to develop numerical integrators with geometric preservation properties
in several branches of mechanics. More concretely, we have used the techniques from Dis-
crete Mechanics in order to obtain valuable results in three topics: the relationship between
constrained Lagrangian systems and Hamiltonian systems, geometric integration of optimal
control problems and geometric integration of mechanical nonholonomic problems.
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Introduction

Historically, the research in dynamical systems (including mechanical ones) had a major
impact on other areas of mathematics and physics as well as in the development of various
engineering technologies. Most of these advances have been based on applied numerical
and analytical methods. However, in the 1960’s more sophisticated and powerful techniques
coming from modern differential geometry and topology have been introduced in their study.
This new field that eventually reformulated quantum mechanics (topic which will not be
considered in this thesis) and classical analytic mechanics in geometric language and brought
in new methods from topology and analysis is called today Geometric Mechanics. It has
experienced a spectacular growth in the last 40 years impacting all adjacent mathematical
fields as well as mathematical physics and certain areas of engineering. The main guiding
idea in this development consists in applying the techniques and methods of differential
geometry to the study and description of mechanical systems (classical, field theoretical, or
quantum). Symplectic structures and their natural generalizations (like Poisson and Dirac
manifolds) turn out to be the natural framework in the description and study of various
phenomena that appear in classical (quantum) mechanics, among which we mention the
following: symmetry reduction (both for finite and infinite dimensional systems) in a classical
and quantum setting, Hamilton-Jacobi theory, mechanical systems that are subjected to
external (possibly non-holonomic) constraints, and the modeling of friction. We refer to the
following fundamental references ([, 5, , , ]) for additional history, references and
background on Geometric Mechanics.

On the other hand, one of the main goals of numerical analysis and computational math-
ematics has been rendering physical phenomena into algorithms that produce sufficiently
accurate, affordable, and robust numerical approximations. Numerical simulations are an
invaluable tool for exploring the dynamics of nonlinear differential equations. In the late
1980’s, and throughout the 1990’s, the field of Geometric Integration arose to design and to
analyze numerical methods for ordinary differential equations and, more recently, for partial
differential equations (PDEs), that preserve exactly (i.e. up to round-off error) as much of the
underlying geometrical structures as possible (see [(1]). In this sense, Geometric Integration
is concerned with producing numerical approximations preserving the qualitative attributes
of the solution to the extent that it is possible (phase space, energy conservation, preser-
vation of integrability under discretization, reversibility, symplecticity, volume preservation,
etc) while not disregarding accuracy, affordability, and robustness. In particular, in many
problems arising from science and engineering (such as solar system or molecular dynamics)
the underlying geometric structure affects the qualitative behavior of solutions, and as such,

9



10 Introduction

numerical methods that preserve the geometry of a problem typically yield simulations that
are qualitatively more accurate.

As a synergic consequence of the intersection between these two disciplines, i.e. Geometric
Mechanics and Geometric Integration, Discrete Mechanics has earned significance in the last
years. A flavour of the power of Discrete Mechanics can be given by its capacity to generate
geometric variational integrators for mechanical problems.

It is well-known that the equations of motion of a mechanical system described by a
Lagrangian function L : T(Q — R can be obtained applying calculus of variations to the
action integral

T
0

These equations of motion are the so-called Euler-Lagrange equations:

d /0L oL
@ (w) “og " @

For the particular Lagrangian function L(q,q) = %qTMq — V(q), i.e. a Lagrangian of
mechanical type, the Euler-Lagrange equations are just

Mg =—-VV(q), (2)

which are Newton’s equations: mass times acceleration equals force. From the geometric
study of Lagrangian problems, it is well-known that the system described by the Euler-
Lagrange equations has many special properties. In particular, the flow on state space is
symplectic, meaning that it conserves a particular two-form, and if there are symmetry actions
on phase space then there are corresponding conserved quantities of the flow, known as
momentum maps.

In the last years, the variational approach in the construction of geometric integration for
mechanical systems has been of great interest within the framework of Geometric Integration
(see [124, 134]). This point of view is a clear consequence of a deeper insight into the geometric
structure of numerical methods (provided by the Geometric Integration) and the geometry
of the mechanical systems (provided by the Geometric Mechanics) that they approximate.
In particular, this effort has been concentrated on the case of discrete Lagrangian functions
L, on the cartesian product @ x @Q of a differentiable manifold. This cartesian product plays
the role of a discretized version of the standard velocity space T'(). Applying a natural
discrete variational principle and assuming a regularity condition, one obtains a second order
recursion operator Fr, : Q x @ — @ x @ assigning to each input pair (qgx, qx+1) the output
pair (qx+1,qk+2)- When the discrete Lagrangian is an approximation of the the integral
action we obtain a numerical integrator which inherits some of the geometric properties of
the continuous Lagrangian (symplecticity, momentum preservation).

For instance, let consider the following discrete Lagrangian Ly : Q X Q — R

hifqg—qo\" -
Ld(%?(ll) - 5 (Q1 h qo> M <Q1 h qo) - hv(q0>7
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where () = R", which is the very simple approximation to the action integral Ay using the
rectangle rule!. In the last expression, qo ~ ¢(0) and ¢; =~ q(h) shall be thought of as being
two points on a curve in @) at time h apart. Consider a discrete curve of points {qk}gzo,
also belonging to @, and calculate the discrete action along this sequence by summing the
discrete Lagrangian on each adjacent pair, that is

N-1

Ar, = Z La(qr, qi+1)s
k=0

which are the discrete counterpart of Aj. Following the continuous derivation above, we
compute variations of this action sum with the boundary points ¢y and gn held fixed. At the
end of the day, this gives the discrete Euler-Lagrange equations:

DoLi(qr—1,9x) + D1La(qk, qet1) = 0,

which is the discrete counterpart of (1) and must hold for each k. For the particular Ly
chosen above, the discrete Euler-Lagrange equations give

—2q1 +
M<Q2 thl (Jo> — YV (q)-

This is clearly a discretization of Newton’s equations (2), using a simple finite difference rule
for the derivative. This kind of integrators are called variational integrators because of
its procedure of derivation. Furthermore, as mentioned above, and also due to its variational
nature, these integrators are symplectic (they preserve the same two-form on state space as
the true system) and have the property of conserving momentum maps arising from symmetry
actions.

Although this type of geometric integrators have been mainly considered for conservative
systems, the extension to geometric integrators for more involved situations is relatively
easy, since, in some sense, many of the constructions mimic the corresponding ones for the
continuous counterpart. In this sense, it has been recently shown how discrete variational
mechanics can include forced or dissipative systems, holonomic constraints, explicitly time-
dependent systems, frictional contact, nonholonomic constraints, etc. All these geometric
integrators have demonstrated, in worked examples, an exceptionally good longtime behavior
and obviously this research is of great interest for numerical and geometric considerations
([61, ]). In addition, there are several extensions of variational integrators for systems
defined in spaces different from @ x @, such as Lie algebras, reduced spaces, etc, which
are of great interest in realistic systems coming from physics, engineering and other applied
sciences. The generalization of variational integrators to more involved geometric scenarios
can be enshrined in the program initiated by Alan Weinstein, which will be detailed below.

From the point of view of history, the theory of discrete variational mechanics in the
form we shall use it has its roots in the optimal control literature of the 1960’s: see, for
example, Jordan and Polak ([30]), Hwang and Fan ([68]) and Cadzow ([24]). In the context of
mechanics early work was done, often independently, by Cadzow ([25]), Logan ([113]), Maeda

More sophisticated quadrature rules lead to higher-accurate integrators.
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([115, , 1), and Lee ([97, 98]), by which point the discrete action sum, the discrete
EulerLagrange equations and the discrete Noether’s theorem were clearly understood. This
theory was then pursued further in the context of integrable systems in Veselov ([160, 161])
and Moser and Veselov ([134]), and in the context of quantum mechanics (topic which will
not be considered in this thesis) in Jaroszkiewicz and Norton ([74, 75]) and Norton and
Jaroszkiewicz ([137]).

The variational view of discrete mechanics and its numerical implementation is further
developed in Wendlandt and Marsden ([167, 168]) and then extended in Kane, Marsden and
Ortiz ([34]), Marsden, Pekarsky and Shkoller ([121, 122]), Bobenko and Suris ([17, 18]) and
Kane, Marsden, Ortiz and West ([85]). A central reference big part of this thesis is based on
is the work by Marsden and West ([124]). The beginnings of an extension of these ideas to
a nonsmooth framework is given in Kane, Repetto, Ortiz and Marsden ([30]), and is carried
further in Fetecau, Marsden, Ortiz and West ([10]).

A step further, Alan Weinstein began the study of discrete mechanics on Lie groupoids.
His attention was called by the work by Moser and Veselov [134], where the authors study the
complete integrability of certain discrete dynamical systems. Moreover the authors describe
the Lagrangian and Hamiltonian formalisms for discrete mechanics in two different settings:
@ x @ and a Lie group. Therefore, in [165] Weinstein described versions of the Lagrangian
formalism for discrete and continuous time which are general enough to include both con-
structions used by Moser and Veselov, as well as a Lagrangian formalism on Lie algebras due
essentially to Poincaré [1412]. In the discrete version, the Lagrangian function is defined on a
Lie groupoid.

A Lie groupoid G is a natural generalization of the concept of a Lie group, where now
not all elements are composable. The product gjgs of two elements is only defined on the set
of composable pairs G = {(g,h) € G x G| B(g) = a(h)}, where o : G — Q and §: G — Q
are the source and target maps over a base manifold ). This concept was introduced in
differential geometry by Ch. Ereshmann in the 1950’s. The infinitesimal version of a Lie
groupoid G is the Lie algebroid AG — @, which is the restriction of the vertical bundle of «
to the submanifold of the identities.

We may think a Lie algebroid A over a manifold @), with projection 7 : A — @, as a
generalized version of the tangent bundle to ). The geometry and dynamics on Lie algebroids
have been extensively studied during the past years. In particular, a geometric formalism of
mechanics similar to Klein’s formalism ([38]) was developed in [128], while, more recently, a
description of the Hamiltonian dynamics on a Lie algebroid was given in [107, , ]

Finally, a complete description of the discrete Lagrangian and Hamiltonian mechanics on
Lie groupoids was given in the work by Marrero, Martin de Diego and Martinez [115].

The Discrete Mechanics, understood as the confluence of Geometric Mechanics and Ge-
ometric Integration, is both a well-founded research area and a powerful tool in the under-
standing of dynamical and physical systems, more concretely of those related to mechanics.
The work developed in this thesis is therefore in line with Discrete Mechanics and its feed-
back with Lie groupoid and Lie algebroid theory. For sake of precision, we have used the
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techniques from Discrete Mechanics in order to obtain valuable results in three different
topics: the relationship between constrained Lagrangian systems and Hamiltonian systems,
geometric integration of optimal control problems, and geometric integration of mechanical
nonholonomic problems. The following diagram shows the master lines followed in our work.

Geometric Geometric
Mechanics Integration
81,82

/

Lie groupoids Discrete
& .
. . Mechanics
Lie algebroids
83
81
Lagrangian submanifolds Discrete Geometric
& Optimal Nonholonomic
Symplectic integration Control Integrators
84 85 86

Lagrangian submanifolds and symplectic integration:

A central notion in symplectic geometry is the concept of Lagrangian submanifold (see
[164, ]). This concept arises in several and different interpretations of physical, engineer-
ing and geometric phenomena. Regarding Geometric Mechanics, the theory of Lagrangian
submanifolds gives a geometric and intrinsic description of Lagrangian and Hamiltonian dy-
namics (see the work by W.M. Tulczyjew [157, ). Namely, if a mechanical system is
defined by a Lagrangian function L : T'QQ — R, the Lagrangian dynamics will be “generated”
by the Lagrangian submanifold dL(7T'Q) C T*T'Q. On the other hand, if the mechanical
system is defined by the Hamiltonian function H : T*Q — R, the Hamiltonian dynamics will
be “generated” by the Lagrangian submanifold dH(7T*Q) C T*T*Q. A way to perform the
relationship between these two formalisms is by the so-called Tulczyjew’s triple.:

T7Q <22 7T+ Q 2% o1,
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where ag and Bg are both isomorphisms and T*7T'Q, TT*(Q), T*T*Q, are double vector
bundles equipped with symplectic structures.

A proof of the power of this formalism is its capacity to describe constrained systems.
Roughly speaking, a constrained Lagrangian system can be defined by ¢ : C' — R, where C
is a submanifold of T'Q with inclusion i¢ : C'— T'Q. A Lagrangian submanifold ¥, C T*T'Q
can be built as

Y ={peT'TQ|i¢p=de}.

Thus, we can obtain via ag a new Lagrangian submanifold of the tangent bundle 7T7*Q
which completely determines the equations of motion of the constrained dynamics (see [54]),
which are, in a regular case, of Hamiltonian type. Taking this into account, it is clear that
constrained Lagrangian systems and Hamiltonian systems are closely related (relationship
which will be further studied in this work).

Hamiltonian systems form the most important class of ordinary differential equations in
the context of Geometric Integration, being one of its outstanding properties the symplectic-
ity of the flow. Hamiltonian theory operates in three different domains (equations of motion,
partial differential equations and variational principles) which are all interconnected. Each of
these viewpoints leads to the construction of methods preserving the symplecticity. Pioneer-
ing work on symplectic integration is due to De Vogelate ([162]), Ruth ([150]) and Feng Kang
([43]). For an overview of symplectic integration, see Sanz-Serna ([152]) and Sanz-Serna and
Calvo ([153]). Qualitative properties of symplectic integration of Hamiltonian systems are
given in Gonzélez, Highan and Stuart ([50]) and Cano and Sanz-Serna ([20]). Other inter-
esting references on the subject are [10, 57, 58, 59, 60, , , |. For other references
see the large literature on symplectic methods in molecular dynamics, such as [155], and for
various applications, see [9, (3, ].

From the point of view of Geometric Integration and Discrete Mechanics, the connection
between constrained Lagrangian systems and Hamiltonian systems, mentioned above, be-
comes more interesting when dealing with the discrete formalism, which might be interpreted
as suitable Lagrangian submanifolds of the Cartesian product of two copies of T*(Q. Since
the Hamiltonian flow F}; : T*Q — T*Q can be seen as the graph of F};, and consequently as
a submanifold of T*Q x T*(Q), the treatment of this kind of systems from the point of view
of Geometric Mechanics, can enlighten the geometric structure of symplectic integrators.

Discrete optimal control:

The optimization and control of physical processes is of crucial importance in all modern
technological sciences. In particular, optimal control theory is a mathematical optimization
method for deriving control policies such that a certain optimality criterion is achieved. The
aim of optimal control is to guide or steer certain processes, arising in nature and engineering,
such that a given quantity, for example control effort or maneuver time is minimal. To be more
precise, a given cost functional has to be optimized by taking into account the dynamics
of the process described by a dynamical system.

From a purely mathematical point of view, optimal control problems are also variants of
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a class of problems of the calculus of variations. As in Hamilton’s principle, the problem is
to minimize an integral (the cost functional) which is now subject to constraints describing
the dynamical behavior of the underlying system. These constraints also determine the set of
admissible variations and are typically differential equations or, for mechanical systems, given
by the Lagrange-d’Alembert principle. Therefore, it seems natural to apply techniques from
calculus of variations for a better understanding of optimization processes. Moreover, besides
the importance in continuous mechanics, discrete calculus of variations and the correspond-
ing discrete variational principles play an important role in constructing efficient numerical
methodologies for the simulation of mechanical systems and for optimizing dynamical sys-
tems. Due to their common origin in theory as well as in computational approaches, the
combination of these two fields of research, Discrete Mechanics and Optimal Control Theory,
provides interesting insight into theoretical and computational issues and provides profitable
approaches to specific problems.

More concretely, the application of discrete variational principles already on the dynamical
level (namely the discretization of the Lagrange-d’Alembert principle) leads to structure-
preserving time-stepping equations which serve as equality constraints for the resulting finite
dimensional nonlinear optimization problem. The benefits of variational integrators could
be handed down to the optimal control context. For example, in the presence of symmetry
groups in the continuous dynamical system, also along the discrete trajectory the change in
momentum maps is consistent with the control forces. Choosing the cost function to represent
the control effort, which has to be minimized is only meaningful if the system responds exactly
according to the control forces.

Applications of discrete optimal control theory were firstly focused on space mission design
and formation flying ([$1, 82, 83]). There are other applications to robotics and biomechanics
([87, 90, 92, 126, 141, 119]) and to image analysis ([131]). From the theoretical point of view,
considering the development of variational integrators, extensions of discrete optimal control
to mechanical systems with nonholonomic constraints or to systems with symmetries are

quite natural and have already been analyzed in [90, 92]. Extensions for hybrid systems can
be found in [126] and for constrained multi-body dynamics in [109, |. Discrete optimal
control related approaches are presented in [100, ]. The authors discretize the dynamics

by a Lie group variational integrator. Rather than solving the resulting optimization prob-
lem numerically, they construct the discrete necessary optimality conditions via the discrete
variational principle and solve the resulting discrete boundary value problem (the discrete
state and adjoint system). The method is applied to the optimal control of a rigid body and
to the computation of attitude maneuvers of a rigid spacecraft.

Other application of discrete optimal control to systems defined on Lie groups can be
found in [91]. A wide introduction to optimal control on Lie algebroids and Lie groupoids
can be found in [36], while the application of geometric reduction in the context of optimal
control in [129].
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Geometric nonholonomic integrators:

Nonholonomic constraints have been a subject of deep analysis since the dawn of Analyt-
ical Mechanics. The origin of its study is nicely explained in the introduction of the book by
Neimark and Fufaev [130],

” The birth of the theory of dynamics of nonholonomic systems occurred at the
time when the universal and brilliant analytical formalism created by Euler and
Lagrange was found, to general amazement, to be inapplicable to the very simple
mechanical problems of rigid bodies rolling without slipping on a plane. Lindeldf’s
error, detected by Chaplygin, became famous and rolling systems attracted the
attention of many eminent scientists of the time...”

Many authors have shown, in the last 25 years, a new interest in that theory and also in its
relationship to the new developments in control theory and robotics. The main characteristic
of this last period is that nonholonomic systems are studied from a geometric perspective (see
L.D. Fadeev and A.M. Vershik [159] as an advanced and fundamental reference). From this
perspective, nonholonomic mechanics forms part by its own right of Geometric Mechanics.

A nonholonomic system is a mechanical system subjected to constraint functions which
are, roughly speaking, functions on the velocities that are not derivable from position con-
straints. They arise, for instance, in mechanical systems that have rolling or certain kinds
of sliding contact. Traditionally, the equations of motion for nonholonomic mechanics are
derived from the Lagrange-d’Alembert principle which restricts the set of infinitesimal vari-
ations (or constrained forces) in terms of the constraint functions. In such systems, some
differences between unconstrained classical Hamiltonian and Lagrangian systems and non-
holonomic dynamics appear. For instance, nonholonomic systems are non-variational in the
classical sense, since they arise from the Lagrange-d’Alembert principle and not from Hamil-
ton’s principle. Moreover, when the nonholonomic constrains are linear in velocities, then
energy is preserved but momentum is not always preserved when a symmetry arises. Non-
holonomic systems are described by an almost-Poisson structure but not Poisson (i.e., there
is a bracket that together with the energy on the phase space defines the motion, but the
bracket generally does not satisfy the Jacobi identity); and finally, unlike the Hamiltonian
setting, volume may not be preserved in the phase space, leading to interesting asymptotic
stability in some cases, despite energy conservation

As mentioned above, the geometric perspective in the study of the nonholonomic systems
has been recently introduced (see [14, 16, 27, 34, 94, , ]). On the other hand, recent
works (see [38, 42, 70, ]) have introduced numerical integrators for nonholonomic sys-
tems with very good energy behavior and properties such as the preservation of the discrete
nonholonomic momentum map. In a similar spirit, the Geometric Nonholonomic Integrator
(GNI) and some of its properties were introduced in [14, 15, 93] (some of the results in these
references are further developed in this work). Therefore, we can conclude that Nonholo-
nomic Mechanics represents a research field where Discrete Mechanics, as a confluent tool
from both Geometric Mechanics and Geometric Integration, can extract new and interesting
results.
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Outline of the thesis

Here let us point out the organization of the present thesis and give a brief description of
every chapter:

e Chapters 1, 2 and 3 are devoted to introduce the fundamental concepts this thesis
is built upon. Specifically those concerning differential geometry, Lie groupoid and
Lie algebroid theory, continuous and discrete Lagrangian and Hamiltonian mechanics
and, finally, variational integrators. These chapters are included in order to make the
thesis project as self-consistent as possible. The ideas and results appearing in these
chapters can be found, in more detail and enlarged, in the following references: general
texts on differential geometry and other mathematical areas [2, 20, 33, 89, 99, 1,

texts on analytical and geometric mechanics [I, 5, , , |, groupoid theory
[114], fibre bundles [67], texts on symplectic geometry [3, 12], nonholonomic mechanics
[14], numerical (geometric) integration [(1, 62] and, finally, a fundamental reference on

variational integrators [124].

e In chapter 4 we study the relationship between Hamiltonian dynamics and constrained
variational calculus (Vakonomic mechanics). The main tools that we employ to de-
scribe both are Lagrangian submanifolds (of convenient symplectic manifolds) and the
Tulczyjew’s triple. The results are also extended to the case of discrete dynamics. In
this last sense, our final goal is the capacity of finding interesting applications to ge-
ometrical integration of Hamiltonian systems. We also analyze in parallel the case of
classical nonholonomic mechanics in the discrete and continuous cases.

Chapter 4 represents the first central block of the thesis; all its results can be found in
[77]. Some of its ideas were previously introduced in [79].

e Chapter 5 accounts for the development of numerical methods for optimal control of
mechanical systems in the Lagrangian setting. It extends the theory of discrete me-
chanics to enable the solutions of optimal control problems through the discretization
of variational principles. The key point is to solve the optimal control problem as a
variational integrator of a specially constructed higher-dimensional system. The devel-
oped framework applies to systems on tangent bundles, Lie groups, underactuated and
nonholonomic systems, and can approximate either smooth or discontinuous control
inputs. Special attention is paid to Lagrangian systems defined on tangent bundles and
Lie groups. The resulting methods inherit the preservation properties (see [1185, ]) of
variational integrators. These qualities are associated with numerical stability, robust-
ness and easy implementation, which motivate the development of practical algorithms
that can be applied to robotic or aerospace vehicles.

Chapter 5 is the second central block of this thesis; all its results can be found in [70].
The ideas concerning the extension of discrete optimal control to the Lie groupoid setup
were previously introduced in [78].

e Chapter 6 is devoted to develop the ideas concerning the Geometric Nonholonomic
Integrator (GNI) presented in [44, 15, 93]. GNI is a discretization scheme adapted to
nonholonomic mechanical systems through a discrete geometric approach. This method
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was designed to account for some of the special geometric structures associated to a
nonholonomic motion, namely preservation energy, preservation of constraints or the
nonholonomic momentum equation. In chapter 6 we present the GNI extensions of
Euler-symplectic methods (see [01]) and discuss some of their convergence properties
following the methodology developed in [15]. Additionally, we generalize the method
proposed for nonholonomic reduced systems, which represent an important subclass of
examples in nonholonomic dynamics. Moreover, we construct extensions of the GNI in
the cases of affine constraints and Lie groupoids. Several theoretical examples illustrate
the behavior of the proposed method.

Chapter 6 is the third central block of this thesis. Currently its results are a work in
progress in collaboration with David Martin de Diego and Sebastidn Ferraro (Univer-
sidad Nacional del Sur, Argentina).

Chapter Conclusions exposes a summary of the main results presented in this thesis,
together with some conclusions and the future work which could come from it.

Appendix A contains the set of Lemmae and proofs, involving the right-trivialized tan-
gent and inverse right-trivialized tangent of a general retraction map (definition 5.2.2),
necessary for the derivation of the algorithms obtained in §5. Interesting references in
regard to the derivation of the right-trivialized tangent (and its inverse) of a general
retraction map are [21, 22].

Appendix B collects the explicit expression of the Cayley map, as well as its right-
trivialized tangent and inverse right-trivialized tangent, for some quadratic matrix Lie
groups, namely SO(3), SE(2) and SE(3). These expressions are useful for the practical
implementation of the algorithms derived in §5, and which simulations are shown in
Figures 5.1, 5.2 and 5.3. Interesting references in regard to matrix expression for Cayley
transforms are [01, 91].



Chapter 1

Mathematical background

This chapter gives a brief review of several differential geometric tools used throughout this
work. For a more thorough introduction we refer to [1, 2, 89, , , ].

1.1 Differentiable manifolds, tangent and cotangent bundles

A minimum knowledge in linear algebra, topology and differential geometry is assumed in
the following. For further understanding in this topic, references [1, 2, 89, , | are very
useful.

The basic idea of a manifold is to introduce spaces which are locally like Euclidean spaces
and with structure enough so that differential calculus can be carried over. The manifolds
we deal with will be assumed to belong to the C*°-category. We shall further suppose that
all manifolds are finite-dimensional, paracompact and Hausdorff, unless otherwise stated.

Two interesting examples of manifolds which will be extensively used throughout this
dissertation are the tangent and cotangent bundles. Both are discussed next.

1.1.1 Tangent and cotangent bundles

There exist several approaches in order to define the tangent space to an abstract manifold.
In this work we will employ the curves approach, i.e., to abstract the idea that a tangent
vector to a surface is the velocity vector of a curve in the surface, which provides a geometric
notion of what the tangent space of a manifold is.

Definition 1.1.1. Let Q be a manifold and ¢ € Q. A curve at ¢ is a C* map ¢ : I — Q
from an open interval I C R into Q with 0 € I and ¢(0) = q. Let ¢; and cy be curves at q
and (U, ) a local chart with x € U. Then we say ¢1 and co are tangent at ¢ with respect
to ¢ iff pocy and pocy are tangent at 0.

To understand this definition is necessary to briefly introduce the notion of tangency. Let
E, F be two (finite-dimensional) vector spaces with maps f,¢g : U C E — F, being U an
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If(w)=g(w] _

l[u—uoll

open subset of E. We say that f and g are tangent at ug € U iff lim,_,,,
where || - || represents any norm on the appropiate space.

Regarding this, two curves are tangent with respect to ¢ if they have identical tangent
vectors (same direction and speed) in the chart .

Proposition 1.1.2. Let ¢; and ca be two curves at g € Q. Suppose (Ug, ¢g) are local charts
with ¢ € Ug, B =1,2. Then c1 and ca are tangent at q with respect to @1 iff they are tangent
at q with respect to ps.

This proposition (see [1] for the proof) guarantees that the tangency of curves at ¢ € M
is independent of the chart used. Following this idea, is quite evident that tangency at ¢ € Q
is an equivalent relation among curves at ¢q. An equivalent class of such curves is denoted
[clg, where c¢ is a representative of the class.

Definition 1.1.3. For a manifold Q and q € Q, the tangent space of QQ at q is the set of
equivalence classes of curves at q, namely

T,Q = {[C]q‘ ¢ is a curve at q}.

We call TQ = UyeTyQ the tangent bundle of Q. The mapping 7q : TQ — Q defined
by 7q([clq) = q is the tangent bundle projection of M. We will denote by v, the elements
of T4Q.

If we have a tangent vector v, € T;R", then we can define the notion of directional
derivative at ¢, which is a map D,, : C*(R") — R, f = D, (f) = Df(q) - vq, where
f € C°(R"). In the case of a general manifold @), we can take the directional derivative to
be the map given by D, : C*(Q) — R

where f € C*°(Q) and vy = [c],.
If we choose local coordinates (¢°) i = 1,...,n for ¢ € Q in the chart (U, ¢), the derivative

above can be expressed as ‘
Of o'\ (de'(c(t)) ‘
gt dt t=0

(Which is an abuse of notation) and X* = d‘piéi(t))

Denoting fo“’ '

o we can rewrite
=
the dlrectlonal derlvatlve like
)
dt  lt=0 aq’

All the equivalence classes of curves at g € @), namely, all the tangent vectors at ¢, form
a vector space called the tangent space of ) at ¢ and, as previously, denoted by 7,Q). As

av
Jq q

just mentioned, 7@ is a vector space with typical local coordinate basis , and

dim 7,Q = dim Q.
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Adding up all the tangent spaces corresponding to all the points which belong to ) we
get the tangent bundle:
7Q = | J T,0.
q€qQ
The tangent bundle T'Q is a 2n-dimensional manifold (recall that @ is an n-dimensional
manifold).

The canonical tangent projection assigns to each tangent vector its base point. Let define
the canonical tangent projection by 7¢; 7 : TQ — Q). As mentioned just before, for each base
point ¢ in @) the tangent space T;,Q is a R-vector space. Thus, we can consider the dual space
T;Q, which is called the cotangent space at g of (). T,;Q is the space of linear functions
from T;,Q to R. In consequence, T7Q) has R-vector space structure too. The elements in
T;@Q are called covectors or momenta at the point ¢ € Q. As in the tangent case, we can
perform the union of all the cotangent spaces to construct the cotangent bundle of @), i.e.:

Q= JT;Q
q€Q

The canonical cotangent projection assigns to each covector its base point, g : T%Q) —
Q. Since we have introduced some terminology regarding fibre bundles, namely, tangent
bundle, canonical projection, etc., maybe this is the precise point to refresh some basics
about this topic.

Basics on fibre bundles

A fibre bundle is, roughly speaking, a sort of generalized product. The notion of fibre
bundle will include as particular cases the tangent and cotangent bundles. For more insight
in fibre bundles we recommend [(7].

Definition 1.1.4 (Bundle). A bundle is a triple (E,p, B), where p : E — B is a map.
The space B is called the base space, the space E is called the total space, and the map p
is called the projection of the bundle. For each b € B, the space p~1(b) € E is called the
fibre of the bundle over b € B.

Definition 1.1.5. A bundle (E',p', B') is a subbundle of (E,p, B) provided E' is a subspace
of E, B’ is a subspace of B and p' = p|p : E' — B'.

Definition 1.1.6 (Sections). A section of a bundle (E,p,B) is a map s : B — E such
that po s = Idp, where Idg is the identity map on B.

In other words, a section is a map s : B — E such that s(b) € p~1(b), the fibre over b, for
each b € B. The set of sections is denoted I'(p) or I'(E) if there is no doubt about the fibre
bundle structure.

Let (E',p',B’) be a subbundle of (E,p, B), and let s € T'(p) be a section of (E,p, B).
Then s|p is a cross section of (E',p/, B') if and only if s|p/(b) € E’ for each b € B'.

From a more geometrical point of view, we can consider the bundle p : £ — B as a
differentiable fiber bundle if £ and B are differential manifolds and p is a surjective
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submersion such that it is locally trivial. That is, there exists a manifold F' such that, for
every b € B, there exists a neighborhood W of b and a diffeomorphism ¢ : p~ (W) — W x F
such that pry o ¢ = p, where pry : W x F — W. Moreover, given two fiber bundle charts
(W1, ¢1) and (Wa, ¢2) adapted to p, the mapping ¢; o q§2_1, called the transition function,
is a diffeomorphism. Here F' is called the typical fiber.

Once we have defined what a fibre bundle is, we can establish the concept of bundle
morphisms, which, roughly speaking, are fibre preserving maps.

Definition 1.1.7. Let (E,p,B) and (E',p’,B’) be two bundles. A bundle morphism
(u, f) : (E,p,B) — (E',p',B’) is a pair of maps uw : E — FE', f : B — B’, such that
pou=fop.

The condition p’ ou = f o p is equivalent to the commutativity of the following diagram

E v E'

Tk

B B'.

The bundle morphism condition p’ o u = f o p can also be expressed by the relation
u(p™t(b)) € (®)7' (f(b)) for each b € B; that is, the fibre over b is carried into the fibre
over f(b) by u. It should be observed that the map f is uniquely determined by u when p is
surjective (case we are considering for differentiable fibre bundles).

Definition 1.1.8. Let (E,p, B) and (E',p, B) be two bundles over B. A bundle morphism
over Bu: (E,p,B)— (E',p,B) is a map u: E — E' such that p = p' o u.

The condition p = p’ o u is equivalent to the commutativity of the following diagram

The bundle morphism condition p = p/ o u can also be expressed by the relation u (p~*(b)) C
()" (b) for each b € B; that is, u is fibre preserving.

In this subsection we have presented two bundles, namely, the tangent bundle 7¢q : T'Q) —
@ (in the above notation (T'Q), 7g, Q)) and the cotangent bundle mg : T*Q — @ (in the above
notation (7@, g, Q)). Both are examples of vector bundles. A vector bundle is a bundle
with an additional vector space structure on each fibre. The concept arose from the study of
tangent vector fields to smooth geometric objects, e.g., spheres, projective spaces and, more
generically, manifolds.

Definition 1.1.9 (Vector bundle). A vector bundle is a fibre bundle p : E — B such
that:

1. Each fibre of the bundle is a vector space of fixed dimension, say k. The standard fibre
is therefore RF.
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2. About each point of B there is a linear trivialization, that is, a local trivialization ¢ :
p~ Y (U) — U x R* such that for each x € U, the map ¢, : E, — R defined by
@0z = pro o p|p, is a linear isomorphism of the vector spaces E, and RF.

Once we have introduced the concept of manifold, tangent bundle of a given mani-
fold and cotangent bundle of a given manifold, there exist other interesting geometrical
concepts, regarding these, which could be useful for the development of this thesis.

Given two manifolds @ and P, one may consider a smooth mapping between them f : QQ —
P. The set of all these mappings is denoted by C*°(Q, P). The tangent map of f is a mapping
between the tangent bundles of the previously defined manifolds, i.e., Df : TQ) — T P. The
tangent map has a pointwise definition as follows: D, f : T,Q — T)—;, P, where ¢ € ) and
p = f(q) € P. When P = R, we shall denote the set of smooth real-valued functions on @
by C>(Q).

A vector field X on @ is a smooth mapping X : @ — T'Q such that 79 o X = Idg
(in bundle terminology, a vector field is just a section of the vector bundle (T'Q, g, Q)).
In other words, it assigns to each ¢ € @ the tangent vector X(q) € T,Q. The set of all
vector fields on @ is denoted by X(Q). An integral curve of a vector field is a curve
v on @, that is v : I — @, satisfying §(t) = X(v(t)) (where 4(t) denotes %’y(t)) Given
an initial condition ¢y, there always exists a unique integral curve d)ég : I — @ of X with
that initial condition because of the results about existence and uniqueness of solutions for
ordinary differential equations ([33]). The flow of X is a mapping ¢~ : I x Q — Q, such
that ¢X(t,q0) = gg(t) and for every t € I, ¢ : Q — Q is a diffeomorphism on @ given by
#7*(q) = ¢X(t,q). Observe that ¢ = g for every x € M and ¢2,, = ¢ o ¢ for s,r € I,
wherever the composition is defined.

In a similar fashion to the definition of vector fields, a 1-form w on @ is a mapping
w: Q — T*Q such that 7g o w = Idg (in bundle terminology, a 1-form is just a section
of the bundle (7T%Q,7q,Q)). In other words, it assigns to each point ¢ € @ a covector
w(q) € T;Q. The set of all the 1-forms on @ is denoted by Q1(Q). As is well established
in linear algebra, there always exists a bilinear natural pairing between a vector space V
and its dual vector space V*. Here (-, -) denotes such a pairing: (-, ) : V. x V* = R. In
consequence, one always can define a natural pairing between elements of the tangent and
contangent bundles; (-, -)q : T,Q x T/Q — R.

In fact, the vector fields and the 1-forms are particular cases of tensor fields on ). Given
r,s € NU{0}, an r-contravariant and s-covariant tensor field ¢ on @ is a C*°-section of
T7(Q)=(TQ® -1 TQ) R (T*"Q® - --s---R®T*Q); that is, it associates to each point
q € @ an R-multilinear mapping;:

Hq): (TEQ x -1+ TQ) X (T,Q % -+ -5 - - T,Q) — R.

Such a geometric element is also called an (r, s)-tensor field on (. Thus, a vector field is
a (1,0)-tensor field and a 1-form is a (0, 1)-tensor field. The set of all tensor fields on @ is
denoted by T(Q). The skew-symmetric s-covariant tensor fields are called s-forms. The set
of all s-forms is denoted by Q%(Q).
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The alternation map A : TFQ — QF(Q) is defined by

1 .
A(t)(vlv ...,Uk) = H Z Slgn(g)t(va(l)v '“77)0'(1))’

’ oEY

where Y is the set of k—permutations. Is easy to see that A is linear, A’Qk(Q) = Id and
AoA=A.
The wedge or exterior product between o € Q%(Q) and 3 € QY(Q) is the form a A B €
QF(Q) defined by
(k+1)!
k!
Some important properties of the wedge product are the following;:

alp= A(a® B).

1. A is bilinear and associative.
2. aAfB=(—1)!BAa, where a € QF(Q) and 8 € Q(Q).

The algebra of exterior differential forms, represented by Q(Q), is the direct sum
of QF(Q), k = 0,1, ..., together with its structure as an infinite-dimensional real vector space
and with the multiplication A.

When dealing with exterior differential forms, another important geometric object is
the exterior derivative, represented byd. It is defined as the unique family of mappings
d*(U) : QF(U) — QF1(U) (k=0,1,... and U C Q open) such that (see [1, 163]):

1. d is a A-antiderivation, that is, d is R—linear and d(a A B) = da A B+ (—1)*a A dB,
where a € Q%(Q) and 8 € QY(Q).

2. df =pao Df, for f € C°(U), with py the canonical projection of TR ~ R x R onto
the second factor.

3. dod =0.
4. d is natural with respect to inclusions, that is, if U C V C @ are open, then d(a}U) =

d(oe)‘U, where a € QF(Q).

Let f: Q@ — N be a smooth mapping and w € QF(N). Define the pull-back f*w of w by

f as
frw(@)(ve, o) = w(f (@) (Dgf (v1), s Dg f(vr)),

where v; € T,Q. Note that the pull-back defines the mapping f* : QF(Q) — Q(Q). The
main properties related with the pull-back are the following:

1. (go f)* = f*og*, where f € C®(Q,N) and g € C*(N,W).

3. If f € C®(Q,N) is a diffeomorphism, then f* is a vector bundle isomorphism and
=y
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4. f*(anB) = ffa A f*B, where f € C®(Q,N), a € QF(N) and 3 € Q/(N).
5. d is natural with respect to mappings, i.e., for f € C®(Q, N), f*dw = df*w.

Given a vector field X € X(Q) and a function f € C*°(Q) the Lie derivative of f with
respect to X, Lxf € C*(Q), is defined as

Lx f(q) = df(@)[X(q)]-

The operation Lx : C®(Q) — C*°(Q) is a derivation, i.e. it is R—linear and Lx(fg) =
Lx(f)g+ fLx(g), for any f,g € C>(Q).
Given two vector fields X,Y € X(Q) we may define the R—linear derivation

[Lx,Ly]=LxoLly —Lyolx.

This enables us to define the Lie derivative of Y with respect to X, LxY = [X,Y] as
the unique vector field that £y y] = [Lx,Ly]. Some important properties are:

1. Lx is natural with respect to restrictions, i.e., for U C @ open, [X‘U, Y|U] = [X, Y]’U
and (Lf)’U = LX‘U(f|U)7 for f € COO(Q)

2. Lx(fY)=(Lx[)Y + f(LxY), for f € C™(Q).

Indeed, the operator £Lx can be defined on the full tensor algebra of the manifold @ (see

[1, 2, 163)).

There is also another natural operator associated with a vector field X. Let w € QF(Q).
The inner product or contraction of X and w, ixw € w*~1(Q), is defined by

ixw(q)(viy .y vp—1) = w(@)(X(q),v1, ey V1),

where v; € T,Q). The operator iy is an A—antiderivation, namely, it is R—linear and ix (o A
B) = (ixa) A B+ (—=1)*a A (ixB), where a € QF(Q) and 8 € Q4(Q). Also, for f € C®(Q),
we have that i(; xyyo = f(ixa).

Finally, we conclude this section by stating some relevant properties involving d, ix and
Lx. For arbitrary X,Y € X(Q), f € C*®(Q) and « € Q%(Q), we have

1. dLXa:LXda.
2. ixdf = Lx .
3. Lxa=1i1xda+dixa.

4. L(fX)Oé = flxa+df ANixa.

ot

Ix,y|® = Lxiyva—iyLxa.

Once we have introduced the concept of bundle, subbundle, tangent bundle and cotangent
bundle, is easy to present the concepts of distribution and codistribution, which will be
relevant when dealing with nonholonomic mechanics.
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Distributions and codistributions

Definition 1.1.10 (Distribution). A k-dimensional distribution D on a manifold Q,
dim Q =n, is a class of a k-dimensional subspace D(q) of T,Q for each ¢ € Q. D is smooth
if for each q € Q there is a neighborhood U of q and there are k C*° wvector fields Xy, ..., Xk
on U which span D at each point of U

In other words, for every ¢ € Q, D, is a vector subspace of T;Q). The rank of D at
q € Q is the dimension of the subspace D,. The bundle nature of distributions is shown in
the following diagram:

)[R — g

N\

where (D, mp, Q) is a subbundle of (T'Q, 7, Q) and i represents the inclusion map (we recall
that if A C B, where A and B are general sets, the inclusion map i : A — B is defined
by i(a) = a for any a € A. In the sequel — will denote an inclusion map.) Some other
interesting definitions related to distributions are:

1. A submanifold S — @ is said to be an integral manifold of a smooth distribution
D — TQ if T'S =D along the points of S.

2. Let D be a smooth distribution on () such that through each point of ) there passes
by an integral manifold of D. Then D is completely integrable.

3. A smooth distribution D is involutive if [X,Y] € I'(rp) for every X,Y € I'(rp), that
is, it is closed under the Lie bracket.

Theorem 1.1.11 (Frobenius’ Theorem). A smooth distribution D is completely integrable
if and only if it is involutive.

In a equivalent fashion as for distributions, it is possible to define codistributions, that
is: Let Q) be a manifold. A smooth regular codistribution D* on T*Q is a subbundle of
T*Q with k-dimensional fiber. Its bundle nature is shown in the diagram:

\/

where (D*, mp-, Q) is a subbundle of (T*Q, 7o, Q). Given the concept of codistribution, is
possible to define the annihilator of a distribution. Let D — T'Q) be a distribution. The
annihilator of D is a codistribution given by:

ann(D,) = DY = {aeTFQ | a(v) = (a,v) =0, Yo € D,}

for every ¢q € Q.
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1.2 Riemannian geometry

Some good references for more insight in Riemannian Geometry are [20, 30, 99].

Definition 1.2.1 (Riemannian metric). Let Q) be a n-dimensional differentiable manifold.
A Riemannian metric G on Q is a (0,2) tensor field on Q which satisfies the following at
each point q € Q:

1. G(vg, wq) = G(wy, vq), where vy, wy € T,Q, (symmetry).

2. G(vg,vq) > 0, where the equality holds only when vy =0, (positive-definite).

In short, the Riemannian metric G is a symmetric positive-definite bilinear form at each

q€ Q.

The pair (@, ), where G is a Riemannian metric, is called Riemannian manifold. Just
as in Euclidean geometry, and as its extension, we define the length or norm of any tangent
vector vy € T,Q to be || vy [|= G(vy, vq)%. In addition, the metric defines the natural musical
isomorphisms

'5:01(Q) » 2(Q), "S:X(Q) - 2'(Q),

where the mapping °G is defined by "S(X) = §(X,-) : 2(Q) — R, such that "G(X)(Y) =
G(X,Y). On the other hand, *§ is its inverse, i.e., #G = ("9)71. If f e C>®Q), we define its
gradient as grad f =% G(df) € X(Q).

If (Q,9) and (Q', 9') are Riemannian manifolds, a diffeomorphism ¢ from @ to @' is called
an isometry if ¢* G’ = G. If any such isometry exists, then we say that the manifolds are
isometric. Is easy to check that being isometric is an equivalence relation on the class of
Riemannian manifolds.

In a local chart (U, ¢) and local coordinates (¢) for @, the metric has the form
§=Gi; d¢' @ dg’.
A Riemannian manifold (@, 9) has associated an affine connection, that is, a mapping

V:iX(Q)xX(Q) — X(Q)
(X,Y) — V(X,Y)=VyY,

where X,Y € X(Q), which satisfies the following properties:
1. it is R-bilinear,
2. VyxY = fVxY, where f € C*(Q),

3. VxfY = fVxY + (Lxf)Y, where f € C®(Q).
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The mapping VxY is called the covariant derivative of Y with respect to X. Given
local coordinates (¢*) on @, the Christoffel symbols for the affine connection are given
by:

0 0 0 .0
v  _ ) e == V - = Fz ST .
<3q7" an> o dg "I ag
From the above properties of the affine connection and for two vector fields defined by X =

X 8?;1' and Y = Yi(%.7 we have the coordinate expression for the covariant derivative:

QY

0
\V4 — J
xY (X qj

+T%, X7 Y’“) i

Given a curve in a manifold @), we may define the parallel transport of a vector along
the curve. Let ¢ : I — @ be that curve (for sake of simplicity we assume that the image is
covered by a single chart (U, ) with local coordinates ¢*). Let X be a vector field defined

(at least) along c(t)
, 0
X = XZ t b .
le(t) (c(t)) g et
If X satisfies the condition
VyX =0, forany tel

X is said to be parallel transported along c(t), where V' is the tangent vector to ¢(¢). In
components, the previous condition is written as
dg¢’

dxi .
e 2 X"=0
dt + ITdt ’

where ¢’ are the local components of the curve c(t). If the vector V itself is parallel transported
along c¢(t), namely if ViV = 0, then the curve c(t) is called a geodesic. Geodesics are, in
a sense, the straightest possible curves in a Riemannian manifold. In components, the
geodesic equations becomes

d? qi i % dqr _
dt? I At dt ’
where, as before, ¢ are the coordinates of the curve c(t) (see [30]).

We have considered the affine connection V x as a mapping between two vector fields on Q).
On the other hand, it can be considered as a derivation and consequently one can naturally
wonder about the definition of such a derivative on function and tensors. The covariant
derivative of f € €*°(Q) is the ordinary directional derivative, namely Vx f = X[f]. Then
the condition

Vx([Y)=[fVxY +(Lxf)Y,

can be exactly rewritten as the Leibniz rule
Vx(fY)=fVxY +(Vxf)Y.
We require this to be true for any product of tensors,

Vx(ti ®@te) = (Vxt1) @ta +t1 ® (Vxta),
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where t1 and to are tensor fields of arbitrary types. With these requirements we can compute
the covariant derivative of a one-form w € Q'(Q). Since (w,Y) € C®°(Q) for Y € X(Q), we
should have

X[{w, V)] =Vx[{w, V)] =(Vxw,Y) + (w,VxY).

In coordinates we find the expression

(Vxw); = X3 2% _ xip

T
oq¢’ gi%rs

which is easily generalizable to any kind of tensor field.

There exists a natural connection on each Riemannian manifold that is particularly suited
to computations in Riemannian geometry. In order to define it is necessary to introduce some
extra concepts. Let (@Q,9) be a Riemannian (or pseudo-Riemannian) manifold. A affine
connection V is said to be compatible with § is it satisfies the following product rule for
all vector fields X,Y, Z € X(Q)

Vx(§(Y,2)) =G(VxY,Z)+ S(Y,Vx, Z).

Lemma 1.2.2. The following conditions are equivalent for a connection V on a Riemannian
manifold

a) V is compatible with §.
b) VG =0.

See [20, 99] for the proof. It turns out that requiring a connection to be compatible
with the metric is not enough to determine a unique connection, so we turn to another key
property. It involves the torsion tensor of the connection, which is the (2,1) tensor field
T:X(Q) x X(Q) — X(Q) defined by

T(X,Y)=VxY - VyX — [X|Y].
A connection is said to be symmetric if its torsion vanishes identically, that is, if
VxY - VyX =[X,Y].

Theorem 1.2.3 (Fundamental Lemma of Riemannian Geometry). Let (Q,9) be a
Riemannian manifold. There exists a unique connection V on Q that is compatible with G
and symmetric.

See [20, 30, 99] for the proof. This connection is called the Riemannian connection
or the Levi-Civita connection of §. In the Levi-Civita case, the Christoffel symbols are
given in terms of the components of the metric as follows:

ri _}91-1 991 | 9SG,  9Sr
A oq” oq’ oqt )
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1.3 Lagrangian submanifolds

Due to its close relation with symplectic manifolds, perhaps is necessary to introduce sym-
plectic algebra and geometry before going deeper into Lagrangian submanifolds. While Rie-
mannian geometry is based on the study of smooth manifolds that are endowed with a non-
degenerate symmetric tensor, i.e. the metric, symplectic geometry covers the study of smooth
manifolds equipped with a non-degenerate skew-symmetric tensor. For deeper understanding
see [1, 12, 111].

1.3.1 Symplectic algebra and symplectic geometry

Let V be a finite-dimensional R vector space with dim V' = [. We say that V is a symplectic
vector space if it is equipped with a symplectic form §2.

Definition 1.3.1 (Symplectic form). A symplectic form
Q:VxV->R

is an skew-symmetric and non-degenerate bilinear form; that is it satisfies Q(v,v) =0 for all
veV, and if Qu,w) =0 for allv eV, thenw =0, we V.

In the case of real vector spaces, it is possible to completely describe a skew-symmetric
bilinear form.

Proposition 1.3.2. If Q is an anti-symmetric bilinear form of rank r, then r = 2n (where
n is a positive integer) and there is a basis of V' relative to which

0 Inxn O
Q= “Inxn 0 0 )
0 0 O

where I, xn 18 the unit matriz.

From the definition of symplectic form follows that the skew-symmetric form of a sym-
plectic space is full rank, and consequently the dimension of a symplectic space should be
even, i.e., if dim V =1 then [ = 2n and

o 0 In><n
Q= ( o ) (1.1)

In other words, there exists a basis {ei}?; of V* such that > | e’ A e"™™. The pair (V, Q)

is called symplectic vector space. Once the symplectic vector spaces are defined, we can
classify their subspaces. Let W be a linear subspace of (V, Q). We define its skew-orthogonal
space by

Wt ={veV,Qu,w) =0 forall we W}.

The subspaces of a symplectic manifold are classified in the following definition.
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Definition 1.3.3. 1. A subspace W C V such that Q|w = 0 is called isotropic subspace
of (V,w).

2. A subspace W C V' with Q|w non degenerate is called a symplectic subspace of V.
3. A subspace W C V with W isotropic is called coisotropic.

4. A subspace L C V which is both isotropic and coisotropic (LL = L) is called a La-
grangian subspace.

Symplectic geometry arises from the globalization of the symplectic algebra. The central
concept is that of a symplectic manifold. In what follows we will assume that P is a smooth
manifold of dimension [ and assume as well that it is real.

Definition 1.3.4. P is called a symplectic manifold if there is defined on P a closed nonde-
generate 2-form Qp; that is an Qp € Q% (P) such that

i) dQp =0,
ii) on each tangent space T,P, p € P, if Qp|, (X,Y) =0 for all Y € T,P, then X = 0.

From now on, if P is a symplectic manifold its associated symplectic 2-form will be
denoted by Qp. In addition, if the particular symplectic manifold is the cotangent bundle of
an arbitrary manifold M, that is P = T*M, then the associated symplectic 2-form will be
denoted by Q7. Definition 1.3.4 means that the restrictions of {p to each p € P make the
tangent space T, P into a symplectic vector space. From the fact that the dimension of its
tangent space is equal to that of a given manifold, it is already clear that for P a symplectic
manifold dim P = [ = 2n. It can be shown (see [12]), that all symplectic manifolds of
the same dimension are locally the same. This is in sharp contrast to the situation in
Riemannian geometry, and indicates that symplectic geometry is essentially a global theory.

Given two symplectic manifolds (P,Qp) and (P',Qp:), let ¢ : P — P’ be a smooth map.

Definition 1.3.5. The map ¢ is called symplectic, or ¢ morphism of symplectic man-
ifolds, so long as
" Qpr = Qp.

Given a symplectic diffeomorphism ¢, ¢! is also symplectic, and ¢ is called symplec-
tomorphism. Sp(P) denotes the group of symplectomorphisms from P to itself.

A main result in symplectic geometry is that of Darboux’s theorem. In its simplest form, it
has the following formulation. To every point p of a symplectic manifold (P, 2p) of dimension
2n, there correspond an open neighborhood U of p and a smooth map

¢:U — R*™, with ¢*Q = Qp|,,

where () is the standard symplectic form on R?" (in other words, the form given in propo-
sition (1.3.2) just by considering V' = R2"). It follows immediately that for an appropriate
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choice of symplectic coordinates p = (z,y), z = (z',...,2") and y = (y1,...,yn), Qp can
be written on U in the manner
n
Qp=> da’ Ady;.
i=1
Proofs of this theorem are given in [3, 12, 50].

From the definition of symplectic manifold and the classification of the subspaces of a
symplectic space given in definition (1.3.3), we arrive to different submanifolds:

Definition 1.3.6. Let (P,Q2p) be a symplectic manifold and i : L — P an immersion. We
say L is an isotropic (symplectic, coisotropic) immersed submanifold of (P,Qp) if
(Tyi) (T L) C Ty) P is an isotropic (symplectic, coisotropic) subspace for each v € L. The
same terminology applies for submanifolds of P and for subbundles of TP over submanifolds
of P.

A submanifold L C P is called Lagrangian if it is isotropic and there is an isotropic
subbundle E C TP‘L such that TP‘L =TL®FE.

Remark 1.3.7. Notice that i : L — P is isotropic if and only if i*Qp = 0. Also note that if
L C P is Lagrangian, dim L = %dz’mP and (TxL)J‘ =T,L.

This remark provides us with an alternative way to define a Lagrangian submanifold:

Proposition 1.3.8. Let (P,Qp) be a symplectic manifold, L C P a submanifold and i : L —
P an immersion. Then L is Lagrangian if and only if i*Qp =0 and dim L = %dim P.

See [1] for the proof.

An interesting kind of Lagrangian submanifolds is the following. Let (P,Qp) be a sym-
plectic manifold and g : P — P a diffeomorphism. Denote by Graph (g) the graph of g, that
is Graph (g) = {(z,g(x)), x € P} C P x P, and by pr; : Px P — P, i =0, 1., the canonical
projections. It is well known that (P x P, Qp), where Qp = pri Qp—pry Qp, is a symplectic
manifold. Let i, : Graph (g) < P x P be the inclusion map, then

Z;QP = (pro)* (g*Qp - Qp) .

It is quite clear that dim (Graph g) = % dim(P x P). Moreover, if g is a symplectomorphism
besides a diffeomorphism, then ¢g*Qp = Qp and consequently i;flp = 0. Finally we can

conclude that if ¢ is a symplectomorphism then Graph g is a Lagrangian submanifold of
P xP.

Let consider now g = ¢, P = T™*(Q the cotangent bundle of a given manifold Q) and Qp =
0. As seen in the previous paragraph, every symplectomorphism ¢ : T*Q — T*() generates
a Lagrangian submanifold Graph ¢ C (T*Q x T*Q, QQ), with QQ = pri Qg —prj Q. These
Lagrangian submanifolds are generically called canonical relations refering to the map ¢
(this development is again used in §2.2.2 in order to define the generating function of a
symplectomorphism).
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1.4 Lie groups and Lie algebras

In this section, we will recall the definition of Lie group and Lie algebra.

1.4.1 Lie group

Roughly speaking, a Lie group is a manifold on which the group operations, product and
inverse, are defined. Lie groups play an extremely important role in the theory of fibre
bundles an also find vast applications in physics, being a crucial notion in the concept of
symmetry (see §2.1.3 and §2.2 for further details).

Definition 1.4.1. A Lie group G is a differentiable manifold which is endowed with a group
structure such that the group operations

1. -:GxG—=G;(91,92) = g1 - g2,

2. 1G>G g— gt

are differentiable.

Remark 1.4.2. [t can be shown that G has a unique analytic structure with which the product
and the tnverse operations are written as convergent power series.

The unit element of a Lie group is written as e. The dimension of a Lie group G is
defined to be the dimension of G as a manifold. The product symbol may be omitted and
g1 - g2 is usually written as g1 go.

Let G be a Lie group and H C G a Lie subgroup of G. Define the equivalence relation
~ by g ~ ¢ if there exists an element h € H such that ¢’ = gh. An equivalence class [g] is
a set {gh|h € H}. The coset space G/H is a manifold (not necessarily a Lie group) with
dim G/H = dim G— dim H. G/H is a Lie group if H is a normal subgroup of G, that
is, if ghg~! € H for any g € G and h € H. In fact, take equivalence classes [g],[¢'] € G/H
and construct the product [g][¢'] = [g¢']. If the group structure is well defined in G/H, the
product must be independent of the choice of the representatives. Let gh and ¢’h’ be the
representatives of [g] and [¢'] respectively. Then ghg'h’ = gg’h"h’ € [gg'] where the equality
follows since there exists h” € H such that hg' = ¢'h".

1.4.2 Lie algebra

Definition 1.4.3. A Lie algebra over R is a real vector space g together with a bilinear
operation [-,+] : g X g — @ such that, for all £&1,&2,&3 € g,

1. &, &) = —[&, &)
2. [&1, (62, &3] = [€3, €1, &al] = [€2, €3, 6n]]-

There exists a Lie algebra g associated to a Lie group G. We will perform this relationship
by means of the following definition:
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Definition 1.4.4. Let h and g be elements of a Lie group G. The right-translation R}, :
G — G and the left-translation Ly : G — G are defined by

Rn(9) = gh, Ln(g) = hg. (1.2)

By definition, Rj, and Ly, are diffeomorphisms from G to G. Hence, the maps Ly, : G — G
and R, : G — G induce TyL;, : TyG — Ty,G and TyRy : T,G — T,,G. Since these
translations give equivalent theories, we are concerned mainly with the left-translation in the
following. The analysis based on the right-translation can be carried out in a similar manner.

Given a Lie group G, there exists a special class of vector fields characterized by an invari-
ance under group action (on the usual manifold there is no canonical way of discriminating
some vector fields from the others).

Definition 1.4.5. Let X be a vector field on a Lie group, that is X € X(G). X s said to be
a left-invariant vector field if

TyLpX(g) = X(hg).

%
A vector £ € T.(G defines a unique left-invariant vector field £ throughout G by

%(g) = Tenga g e G.

In fact, it is possible to verify that ?(hg) = TeLpg€ = Te(Lp o Lg)é = (TeLy) o (TeLg)é =
T, th?(g). Conversely, a left-invariant vector field ¢ defines a unique vector £ = £ (e) €
T.G. Let us de&ote the set of left-invariant vector fields on G by g. The map T.G — g
defined by £ — ¢ is a isomorphism, and it follows that the set of left-invariant vector fields
is a vector space isomorphic to T,G. In particular, dim g = dim G. Moreover, the following
property holds

(€, 5] =6,

that is, the Lie bracket of two left-invariant vector fields is itself a left-invariant vector field.

Since g is a set of vector fields, it is a subset of X(G) and the Lie bracket is also defined
in g. We show now that g is closed under the Lie bracket. Take two points g and hg = Ly(g)
in G. If we apply T,Lj, to the Lie bracket [, 7] of {,7 € g, we have that

1L (IE7(9)) = (1,1 € (0), Ty Lo T (9)] = (€ 1),

<_
where the left-invariance of ¢ ,W has been used. Thus [£,n] € g, i.e. g is closed under the
Lie bracket. Finally, the Lie algebra is defined as the set of left-invariant vector fields g
with the Lie bracket.

Definition 1.4.6. The set of left-invariant vector fields g with the Lie bracket [-,-] : gxg — ¢
is called the Lie algebra of a Lie group G.

We denote the Lie algebra of a Lie group by the corresponding lower-case German gothic
letter. For instance, so(3) is the Lie algebra of the Lie group SO(3), which is widely used in
85.
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1.4.3 The adjoint representation

Definition 1.4.7. Take any h € G and define a homomorphism Ady : G — G by the
conjugation

Ady(g) = Ln o Rp-1g = hgh™",
for g € G. This homomorphism is called the adjoint action of G on G.

Roughly speaking, the adjoint action measures the non-commutativity of the multiplica-
tion of the Lie group: if G is Abelian, then the adjoint action Ady is simply the identity
mapping on G. In addition, when considering motion along non-Abelian Lie groups, a choice
must be made as to whether to represent translation by left or right multiplication. The
adjoint action provides the transition between these two possibilities.

Definition 1.4.8. The adjoint action of G on g is defined as the map Ad : G X g — ¢
given by
Ad(h,§) = Adpé = Tj-1 Le(Te Ry—:€),

forhe G and & € g
Definition 1.4.9. The adjoint action of g on g is given by the map ad : g X g — g defined
by

d
ad(&,m) = aden = [§,n] = 5| _ (Adexp(e)n);

for&mneg.

1.4.4 Action of a Lie group on a manifold

Let @ be a manifold and let G be a Lie group. A (left) action of a Lie group G is a smooth
mapping ® : G x Q — @ such that

i) ®(e,q) =q for all ¢ € Q, and

i) ®(g,®(h,q)) = ®(gh,q) for all g,h € G and q € Q.

A right action is a smooth mapping ¥ : Q x G — @ that satisfies ¥(g,e) = ¢ and
U (U(q,g),h) = V(q,gh) for all g,h € G and q € Q.
The notion of action of a Lie group on a manifold leads to the definition of infinitesimal

generator.

Definition 1.4.10. Suppose ® : GxQ — Q is an action. For & € g, the map ®¢ : RxQ — Q,
defined by ®S(t,q) = ®(exp(t€),q), where exp : g — G is the usual exponential map defined
below, is an R—action on Q. In other words, ®expe) + @ — Q s a flow on Q. The
corresponding vector field £ € X(Q), given by

o) == |,y (exp(i€). ).

1s called the infinitesimal generator of the action ® corresponding to £.
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To complete this subsection is necessary to introduce the definition of exponential map.

Definition 1.4.11. Let G be a Lie group and g its associated Lie alg(e_bm. For all € € g, let
Ye : R — G denote the integral curve of the left-invariant vector field & induced by &, which
1s defined uniquely by claiming

€ €

E(e)=¢ 7:(0) =€, ()= & (1e(t) for allt € R.

The map
exp:g— G, exp(§) =%(1)
1s called the exponential map of the Lie algebra g in the Lie group G.

1.5 Lie algebroids and Lie groupoids

In this section, we will recall the definition of a Lie algebroid and of the differential calculus
associated to them. Moreover, we illustrate the theory with several examples

1.5.1 Lie algebroids

Definition 1.5.1. A Lie algebroid A over a manifold Q is a vector bundle 7 : A — Q
together with a Lie bracket [-,-] on the space T'(A) of the global cross sections of T: A — Q

and a bundle map p : A — TQ, called the anchor map, such that if we also denote by
p:T'(A) = X(Q) the homomorphism of C*°(Q,R)- modules induced by the anchor map then

[X, Y] = FIX, YT + p(X)(/)Y,

for XY € T'(A) and f € C®(Q,R). The triple (A,[-,-],p) is called a Lie algebroid over
M (see [114, 145] for further details).

Remark 1.5.2. If (A, [, -], p) is a Lie algebroid over Q) then the anchor map p : T'(A) — X(Q)
is an homomorphism between the Lie algebras (I'(A), [, ]) and (X(Q),[,"])-

Given local coordinates (¢') in the base manifold and a local basis of sections (e,) of A,
then local coordinates of a point a € A are (¢°,y®) where a = y®eq(7(a)). In local form,
the Lie algebroid structure is determined by the local functions p!, and Cgﬁ on (). Both are
determined by the relations:

;, 0
p(eoc) = Pa 8(]2 ’
[ea es] = C’;Be%
and they satisfy the following equations
0pt 9t . oC%
B8 0P i vy By w oA _

cyclic (,8,7)

We present some usual examples of Lie algebroids:
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1. Real Lie algebras of finite dimension: Let g be a Lie algebra. Then it is clear that g is
a Lie algebroid over a single point.

2. The tangent bundle: Let T'Q) be the tangent bundle of a manifold ). Then, the triple
(TQ,[,],1d) is a Lie algebroid over @, where Id : TQ — T'Q is the identity map.

Lie algebroids morphisms

Let (A, [, -], p) (vespectively, (A", [-,-]’,p') )be a a Lie algebroid over a manifold @ (respec-
tively, @) and suppose that ¥ : A — A’ is a vector bundle morphism over a map ¥y : Q — Q.
Then, the following diagram is commutative

A Yoo

Yo

Q Q'

Now, if X € I'(A) then
VoX =Y fi(X]oWp),

for suitable f; € C*(Q,R) and X] € I'(A’). We refer to the previous relation as the
¥ —decomposition of X.

The pair (¥, ¥() is said to be a Lie algebroid morphism if

ploW =TWqo0p,

Vo [X,Y] Zfzgg +ZP )(Y; 0 W)
Zp )(fi)(X] o%) (1.3)

for X, Y € I'(A), where T, : TQ — T'Q' is the tangent map of ¥( and

VoX= ZfZXo\IIO VoY = Zgz !5 W),

are W—decompositions of X and Y respectively. The right hand side of (1.3) is independent
of the W—decompositions of X and Y (for more details, see [61])

If Q@ =Q, Uy is the identity map. Then ¥ o X is a section of A’. In consequence, (1.3)
is equivalent to the condition

VUo[X,Y]=[VoX,UoY],

for X,Y € I'(A).
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The prolongation of a Lie algebroid over a fibration

Let (A,[-,-],p) be a Lie algebroid over a manifold @ and m : P — @ be a fibration. We
consider the subset of A x TP

‘J';;‘P ={(b,v) € A4y x T, P | p(b) = Tym(v)},

where T'r : TP — T'Q is the tangent map to 7, p € P, and 7(p) = ¢ € Q. We will frequently
use the redundant notation (p,b,v) to denote the element (b,v) € ‘J';,“P. TAP, the union of
‘J'If‘P over all p’s, is a vector bundle over P and the vector bundle projection Tjé is just the
projection over the first factor. The anchor of T4P is the projection onto the third factor,
that is, the map p™ : TAP — TP given by p™(p,b,v) = v. The projection onto the second
factor will be denoted by Tm : T"P — A, and it is a morphism of Lie algebroids over 7.
Explicitly T7(p, b,v) = b.

An element z € TAP is said to be vertical if it projects to zero, that is Tr(z) = 0.
Therefore it is of the form (p,0,v), with m—vertical vector tangent to P at p.

Given local coordinates (¢',u”) (here E is just a super(sub)-index) on P and a local basis
{eq} of sections of A, we can define a local basis {X,, ®g} of sections of TAP by

0 0
p) I q)E<p) - <p7078uE‘p> .

g’
If z = (p,b,v) is an element of TAP, with b = 2%e,, then v is of the form v = pgzo‘%—kvE&%,
and we can write

Xalp) = (p, ea(m (D)), bl

2= 2"Xa(p) + 0" @p(p).
Vertical elements are linear combinations of {®g}.

The anchor map ¢™ applied to a section Z of T4P with local expression Z = Z®X, +
VE® is the vector field on P whose coordinate expression is

O Ly 0

™(Z) = pb 79— .
p() pa 8qz 8UE

Next, we will see that it is possible to induce a Lie bracket structure on the space of sections
of TAP. For that, we say that a section Y of Tﬁ : JAP — P is projectable if there exists a
section Y of 7 : A — M and a vector field U € X(P) which is m—projectable to the vector
field p(X) and such that Y (p) = (Y (x(p),U(p))), for all p € P. For such projectable section
Y, we will use the following notation ¥ = (Y,U). It is easy to prove that one may chose a
local basis of projectable sections I'(75).

The Lie bracket of two projectable sections Z1 = (Y7,U;) and Zy = (Y3, Us) is that given
by
[Z1, Z2]™ (p) = (p, [Y1, Y2](x), [U1, Us](p)), p € P, ¢ =7(p).

Since any section of T4 P can be locally written as a linear combination of projectable sections,
the definition of a Lie bracket for arbitrary sections of T4P follows. In particular, the Lie
bracket of the elements of the basis are

[Xa, Xs]" = CgﬁX,y, [Xa, Pe]™ =0, [P, ®5]" =0,
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and, therefore, the exterior differential is determined by
dq' = pi, X, duf = oF,
dX7 = —5C),X* N XP, de¥ =0,

where {X"‘, <I>E} is the dual basis of {X,,Pg}.

The Lie algebroid TAP is called the prolongation of A over 7 or the A—tangent
bundle to 7. For further details see [64, 105, 127].

1.5.2 Lie groupoids

The global objects corresponding to Lie algebroids are Lie groupoids. We recall the definition
of a Lie groupoid and some generalities about them are explained (for more details see [114]).
We also discuss some examples which will be interesting in the sequel.

Definition 1.5.3. A groupoid, denoted by G = Q, consists of two sets G and Q, called
respectively the groupoid and the base, together with two maps a and 3 from G to @, called
respectively the source and target projections, a map € : Q — G , called the inclusion, a
partial multiplication m : G = {(g,h) € G x G/a(g) = B(g9)} — G and a map i : G —
G, called the inversion, satisfying the following conditions:

i) a(m(g,h)) = a(h) and B(m(g,h)) = B(g), for all (g,h) € GP (which is called the set
of composable pairs),

i7) m((g),m(h, k)) = m(m(g, h), k), for all g,h,k € G such that a(g) = S(h) and a(h) =
B(k),

iii) a(e(q))=PF(e(q)) =g, for all g € Q,
) m(g,e(a(g))) = g and m(g,e(B(g))) = g, for all g € G,
€(8(g)) and m(i(g),g) = e(a(yg)), for all g € G.

If G and @ are manifolds, G = (@ is a Lie groupoid if:

v) m(g,i(g))

i) « and f are differentiable submersions,
1) m, e, i are differentiable maps.

From the last two conditions, it follows that m is a submersion, € is an immersion and 4 is a
diffeomorphism. In fact, 2 = Id. From now on, we will usually write gh for m(g, h) and g~!
for i(g). Moreover, if ¢ € Q then G, = a~1(g) (resp., G¢ = 71(g)) will be said the a—fiber
(resp., the f—fiber) of ¢. Furthermore, since € is an immersion, we will identify M with €(Q).

Given a Lie groupoid G = @ and an element g € G, we can define the left-translation
Ly : Ggg) = Go(g) and right-translation Ry : G*9) — GPUY) by g defined as

Lg(h) = m(g,h) = gh, Rg(h)=m(h,g) = hy. (1.4)
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Using these translations, and imitating the case of Lie groups, one may introduce the notion
of a left (right)-invariant vector field in a Lie groupoid. Given a Lie groupoid G = @, a
vector field £ € X(G) is left-invariant if £ is a—vertical and (ThLg)(&(h)) = &(gh) for all
(g,h) € G?). Similarly, ¢ is right-invariant if ¢ is f—vertical and (TyRy)(£(h)) = &(hg) for
all (h,g) € G,

Under these considerations, we may consider the vector bundle AG — @, whose fiber at
a point ¢ € Q is A;G =T, ;G- It is easy to prove that there exists a bijection between the
space I'(AG) and the set of left-invariant (respectively, right-invariant) vector fields on G. If
X is a section of AG, the corresponding left-invariant (respectively, right-invariant) vector

field on G will be denoted by % (respectively, }) Using the above facts, we may introduce
a Lie algebroid structure ([-, -], p) on AG, which is defined by

X V] =X, V), p(X)(0) = Tupa(X(q),

for X, Y € T'(AG) and ¢ € Q. Note that
X.v]=-[X,7], X,V =0

As a corollary, we can conclude that it is always possible to find a Lie algebroid AG associated
to a Lie groupoid G =2 @ in the manner we have just showed (the converse is not true [10]).

We introduce now some examples of Lie groupoids:

1. Lie groups: Any Lie group G is a Lie groupoid over {e}, the identity element of G. The
Lie algebroid associated with G is just the Lie algebra g of G.

2. The banal groupoid: Let @ be a differentiable manifold. The product manifold @ x @
is a Lie groupoid over M in the following way: « is the projection onto the second
factor and  is the projection onto the first factor; €(q,q) = (g,q) for all ¢ € @ and
m((q,q),(d,q") = (¢,¢"). Q@ x Q = Q is called the banal groupoid. Its associated
Lie algebroid is the tangent bundle T'Q) of Q.

3. The direct product of Lie groupoids: If G; = @1 and Gy = )2 are Lie groupoids, then
G1 X G = @1 X Q2 is a Lie groupoid in a natural way.

4. Reduced systems: Consider the set (Q x Q) x G, where G is a Lie group and @ a
differentiable manifold. The Lie group structure (Q x Q) x G = @ is given by
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Lie groupoid morphisms

Given two Lie groupoids G = @ and G’ = ), a morphism of Lie groupoids is a smooth
map ® : G — G’ such that if (g,h) € G then (®(g), ®(h)) € G and ®(gh) = ®(g)®(h).
A morphism of Lie groupoids ® induces a smooth map @ : Q@ — @’ in such a way that
ao®=%joq, flod=>jo0f and Poe =€ oPpy; a, and € (resp., o/, 8’ and €) being the
projections and the inclusion in the Lie groupoid G = @ (resp., G' = M'). If (®,®g) is a
morphism between the Lie groupoids G = @ and G’ = @', and AG — Q (resp., AG' — Q')
is the Lie algebroid associated to G (resp., G') then (®,®g) induces, in a natural way, a
morphism (A(®), @) between the Lie algebroids AG and AG’ (see [(4, 111])

The prolongation of a Lie groupoid over 7% : A*G — @

An interesting example of Lie groupoid is the prolongation of a Lie groupoid over the
vector bundle 7* : A*G — @, which will be used in §5. Given a Lie groupoid G = ) we may
construct the associated Lie algebroid 7 : AG — @, and its dual bundle 7* : A*G — Q.

Consider the set
PTG = A*G r+xq G gxo+ A*G.

In Reference [115] (see also [154]) this set is called the prolongation of G over 7*. P™ G
is a Lie groupoid over A*G with structure maps

a7 PTG = AG; AT (g, 1) =
- ﬁT: PTG - A*G; *BT*(/MJ W)=,
€ G2 PT G () = (p e(T (), ),
m” (PGP S PTG mT (g, ), (W b i) = (s ghy 1),
PTG — PTG T (g, ))Z(uﬁg 1)

In the particular case when G is a Lie group we obtain the Lie groupoid g* x G x g* = g*.
Now, denote by 7 : AG — @ the Lie algebroid associated to G, and by A(P™ G) — A*G

the Lie algebroid associated to P™ G. It is easy to show that
(TM )(Yu) =( *(mﬁ)( e(r* u)))},

where, obviously, @(r+(u)) € A (G and p € A*G. A section Z € I'(A(PT"Q)) is expressed
as

Z(p) = (X(7" (), Y (1),
where X € I'(AG) and Y € X(A*G) verify that T5(X) = T7*(Y).

Therefore, it is easy to show, from the definition of m™" that

Z (g, 1) = (=Y(1), X(g),0,)
Z(w g ) = (0;“7(9) Y (1))
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Chapter 2

Continuous Lagrangian and
Hamiltonian mechanics

Classical mechanics deals with the dynamics of particles, rigid bodies, continuous media
(fluid, plasma, and solid mechanics), and other fields (such as electromagnetism, gravity,
etc.) This theory also plays a crucial role in quantum mechanics, in control theory and
other areas of physics, engineering and even chemistry and biology. It begins with a long
tradition of qualitative investigation culminating with Kepler and Galileo. Following this
is the period of quantitative theory, represented by the works of Newton, Euler, Lagrange,
Laplace, Hamilton and Jacobi. The neoqualitative period began with Poincaré and lasts to
the present. It consists primarily in the amplification of the geometric methods of Poincaré,
the application of these methods to the qualitative questions of the previous period and the
consideration of new qualitative questions that could not previously be asked.

Throughout history, mechanics has also played a key role in the development of mathemat-
ics. Starting with the creation of calculus stimulated by Newton’s mechanics, it continues
today with exciting developments in group representations, geometry and topology; these
mathematical developments in turn are being applied to interesting problems in physics and
engineering. An instance of this role is the mentioned work by Poincaré, which culminated
in modern differential geometry and topology.

Mechanics has two main branches, Lagrangian mechanics and Hamiltonian mechan-
ics. In one sense, Lagrangian mechanics is more fundamental since it is based on variational
principles and it is what generalizes most directly to the general relativistic context. In an-
other sense, Hamiltonian mechanics is more fundamental, since it is based directly on the
energy concept and it is what is more closely tied to quantum mechanics. Fortunately, in
many cases these branches are equivalent.

This chapter is devoted to develop both branches from geometrical and variational per-
spectives.

43
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2.1 Lagrangian mechanics

The Lagrangian formulation of mechanics is for simplicity set in a finite dimensional manifold
(the infinite dimensional case is treated for instance in [65, 1), which will be denoted by
Q, called the configuration space, whose tangent bundle T'Q) describes the states (position
and velocity) of the system. Due to the important role that 7'Q is going to play in this
representation of mechanics, we detail in §2.1.1 the basics of its geometry.

2.1.1 The geometry of tangent bundle

Through this subsection, () denotes an n-dimensional smooth manifold. Local coordinates in
() are denoted (ql)7 i =1,...,n, and the induced adapted coordinates of T'QQ and TTQ (we
recall here that T'Q) is also a manifold and consequently we can consider its tangent bundle)
are denoted (¢*,v") and (¢*,v", ¢*, 0") respectively. If we restrict our system to 7'Q), along this
thesis the coordinates v* will be also denoted by ¢* making no difference. According to this,
vectors vy € T,Q and V, € T, (T'Q) are of the form

-0

V' —
Vg + (9(]Z

.0 0
vg=v"—| and V,=¢—
! 9q" lq a1 q"

Vq

As was established before 7g : v, € T,Q — ¢ € @ denotes the natural projection of
TQ onto Q. Then, given a tangent vector V; € T,,TQ, we have that 7rq(V,) = vy The
commutative projection structure is defined by the following diagram:

TTQ—% . TQ
Tmi lm
TQ——0Q.

which can be expressed in local coordinates as:
Q(¢'v") = ('), Trq(d’v',¢',0") = (¢',v") and Tro(q',v',¢',0") = (', d").

Definition 2.1.1. Let vy € T;Q). The vertical lift of v, at w, € T5Q is the tangent vector
Uy, € Tw,TQ given by

w

d

Uz\f;q(f) = %f(wq + tvg)|t=0, Vf € C(T,Q).

Given a smooth function g € C*(Q),

(Twrq) (v) (f) = vulgoT)
d

= (gomQ)(w+tv)li

d
= &Q(QMt:O
= 0,
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where, for convenience, we have omitted the subscript ¢ in the elements belonging to 7,Q).
The vertical lift may also be seen as a morphism X € X(Q) — XV € XV(TQ), where XV(TQ)
is the module of vector fields over T'Q) that are vertical with respect to the projection 7. In
local coordinates, if v = (¢*,v") and w = (¢*, w"), then

for the induced adapted local coordinates of TTQ).

Definition 2.1.2. The vertical endomorphism is the linear map S : TTQ — TTQ that,
for any vector V€ TTQ, gives the value

S(V) = (Tumq) (V)
where v =1pg(V) € TQ.

In adapted coordinates (¢*,v%) of TQ, the vertical endomorphism has the local expression

, 0
=dq* :
S q®8vz

Definition 2.1.3. The Liouville or dilation vector field is the vector field A € X(TQ)
defined by

for any v € TQ.

Another way to define the Liouville vector field is as the infinitesimal generator of the
1-parameter group of transformations ¢; : v € TQ + e*v € T'Q. This definition can be easily
translated to any vector bundle.

Definition 2.1.4 (SODE). A second order vector field or differential equation (usu-
ally abbreviated SODE) is a vector field X € X(T'Q) such that T'tg o X = Idrg.

In adapted coordinates (q*,v*) of TQ, a SODE is a vector field

0 -0 A .
+Y"'— such that X' ="

X=X =
aq* ovt

Thus, neither the Liouville vector field nor the vertical lift of a vector field are SODEs.
Nevertheless, SODEs are characterized by the equation

S(X) = A.

Definition 2.1.5. Given a smooth curve c: I — @, its first lift to TQ is the smooth curve

VT = TQ such that 4
(V) (1) = 3 0 DNt

In local adapted coordinates c¢(!) = (¢, %) Sometimes we will use the notation ¢(!) = ¢.
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Proposition 2.1.6. A vector field X € X(TQ) is a SODE if and only if the integral curves

of X are lifts of their own projections to Q; that is, if ¢ is an integral curve of X, then
c=(mgo oW,

The curve ¢ = Tgoc¢: I — @ is called a base integral curve of X or a solution of the

SODE given by X. In that sense, the previous equation can be rewritten as ¢ = ¢,

If ¢ : I — TQ is an integral curve of a SODE X € X(T'Q) locally given by X =
(¢, v, v, a’) and ¢ : I — @ denotes its base integral curve, then along &(t) X satisfies

the following:
. - dd - A%
T i i — " and of = )
¢=c, v 3 2nd a e
Alternatively, the base integral curve c of ¢ satisfies the system of second order differential
equations

I _ i, 9
az Y

which intrinsically can be defined by

where X is a SODE.

2.1.2 Variational approach to Lagrangian formalism

The main objective of classical mechanics is to seek for trajectories that describe the motion
of our system. It is well-known that there exists a variational procedure to obtain these
trajectories. Thus, we will consider twice differentiable curves ¢ : [0, 7] — @ joining two fixed
points qo, q1 € Q. The set of such curves is denoted by

€%((0,T], Q. a0, a1) = {c € €*([0,T),Q) | ¢(0) = a0, «(T) = an} , (2.1)

or C%(go,q1) as a shorthand notation. Given ¢ € €%(qg,q1), denote by ¢ its lift to TQ
(see definition 2.1.5). If (¢°,v%) are adapted coordinates to T'Q, then ¢ (t) = (¢'(t), v'(t)).
Locally, ' ‘
V() = (d(t), & (1)),

where ¢(t) = (¢* o cD)(t) and ¢ (t) = (v' o cM)(t) = (dc*/dt)(¢).

One of the main ingredients of Lagrangian mechanics is, obviously, the Lagrangian func-
tion L : T'(Q) — R, which is a smooth function defined usually as the kinetic energy minus the
potential energy of the system. Given the Lagrangian function, two fixed points qg,q1 € Q

and a fixed time interval [0, 7], the associated action integral is the real valued map Af
defined on C%([0,T), Q, qo, q1) given by

T T
Ar(c) = /O LW (1)) dt = /0 L(g (1), v (1)) dt. (2.2)
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As will be presented soon, the equations of motion of a system described by the Lagrangian
function L are obtained by variational methods. Therefore, we must describe how A changes
under small variations of ¢ and what these variations are. It can be shown that €2(qo,q1)

may be endowed with a infinite-dimensional smooth manifold structure (see [13] for more
details). Namely
T.€%*(qo, q1) = {6c € €1([0,T),TQ) | g 0 dc = ¢, 6¢(0) = 6¢(T) =0} . (2.3)

Definition 2.1.7. Let ¢ € €*(qo,q1), a variation of c is a curve cs € C%(qo,q1), s € [—¢, €]
for € > 0 belonging to R, such that co = ¢. An infinitesimal variation of ¢ is a vector field
dc along ¢ which vanishes at the endpoints 6c(0) = dc(T") = 0.

Taking into account this definition, the tangent space T.C?(qo, q1) at a curve ¢ € €2(qo, 1)
is the set of infinitesimal variations dc of ¢, which are induced by variations c; of ¢. More
precisely,
~des(t)

6C(t) ds ‘3:0’

where ¢ € [0,77] is fixed.

Definition 2.1.8. Let F: C%(qo,q1) — R be a functional of class C'. A critical point of F
is a curve ¢ € €(qo, q1) such that

d(F o cs) B
ds ’s:O =0,
for any variation cs of c.

Equivalently, ¢ is a critical point of ¥ if and only if dF(c) - d¢ = 0 for any infinitesimal
variation dc.

Under these considerations, we are able to formulate the variational Hamilton’s principle,

which states that the dynamics of our physical system is determined from the variational
problem related to the integral action Ap:

Theorem 2.1.9 (Continuous Hamilton’s principle). The motion of a particle in the
physical system defined by the Lagrangian function L : TQ — R s a critical point of the
action integral Ay, that is, a curve c € C*(qo,q1) such that 6Ar(c) = 0.

An easy calculation helps us to write the Hamilton’s principle in terms of the Lagrangian
function, giving also the well-known Euler-Lagrange equations.

Theorem 2.1.10. Consider a given Lagrangian system where L € C*(TQ). A twice differ-
entiable curve ¢ : [0,T] — Q joining qo,q1 € Q is a motion of the system if and only if the
lift €V of ¢ satisfies the differential equations

oL d (0L
PN € DI (Rtudeps € I
od oc 7 ( ~oc ) , (2.4)

where (¢*,v*) are adapted local coordinates in a neighborhood of W,

The proof will be shown in §2.4 within the context of constrained systems. See [I, 123]
for further details.
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2.1.3 Geometric approach to Lagrangian formalism

Definition 2.1.11. The Poincaré-Cartan 1-form is the pullback of the differential of the
Lagrangian function by the vertical endomorphism 8 (see definition 2.1.2), namely

©r = S*(dL). (2.5)
The Poincaré-Cartan 2-form is then given by

Q= —dO;. (2.6)

In local and adapted coordinates, the Poincaré-Cartan 1-form reads

oL .
0 = —d¢
L 81)% q,
while the Poincaré-Cartan 2-form
2L . , 2L . A
Q= ———d¢* ANd¢? + ———dg¢* Adv?.
L ovtog? 1 ¢+ ov*ova 1 v

The Poincaré-Cartan 2-form is exact by definition and hence closed. It is non-degenerate if

and only if the Lagrangian function is regular, that is, when the Hessian matrix ( a?f aLv j> is

invertible.

Definition 2.1.12. The Lagrangian energy is the smooth function E;, € C*(TQ) defined
by
Ep=AL-L,

where A denotes the Liouville vector field given in definition 2.1.3.

Definition 2.1.13. Any vector field X1, € X(T'Q) that satisfies the following equation
ix,Q =dEy, (2.7)
1s called o Lagrangian vector field.

Theorem 2.1.14. If the Lagrangian function L is regular, then there exists a unique vector
field X1 € X(TQ) which is solution of (2.7). The Lagrangian vector field Xy, is a second
order differential equation and its integral curves are solutions of the Fuler-Lagrange equations
(2.4).

Proof. The existence and uniqueness of a Lagrangian vector field comes out from the fact
that €7 is non-degenerate when L is regular, hence €2y, is symplectic. Let X} be a generic
vector field on T'Q) whose local expression is

40 ;0
X =g aqi—H) BIR
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for adapted coordinates (¢°,v') of T'Q. Let suppose also that X, satisfies the equation (2.7).
The contraction of the Poincaré-Cartan 2-form €;, with X, reads
0L - 9L 2

A 9L
3J Y 1 -] 7
Toviag ~ " ﬁvjavi) g +4q aw‘avid” ’

0L
v Oqt

ix, = <q‘j 5

while the differential of the Lagrangian energy Ep, is

- 0L oL ) - O%L :
dE; = (v ———— — —)dq¢* J ———do.
L= g o) YV Guige
Equating coefficients, we have in one hand that
S 0L i 0°L
q —— = — .
ovJ O’ OvI Ov*

Thus, if L is regular, ¢/ = v/, which provides that X is second order. We will use v’ and ¢
without distinction in the sequel whenever we consider regularity conditions. On the other
hand, since L is regular, we have that

OL - 9%L . 0L

o Y _
a¢ " agovi " oviow

Let ¢ : I — @ be a base integral curve of the Lagrangian vector field X;. Then, ¢ =
¢ = de/dt and ©* = & = d%c/dt?. Replacing this into the previous equation and denoting
M) = (¢, &) the lift of ¢ to TQ, we obtain

1 2 1 2
o 9L (4N L oy (4N Ly 9L -y d (OL
g’ dt ) 0qiov dt ) Oviovt 0q’ dt \ ovt ’

which are precisely the Euler-Lagrange equations (2.4). O

Lagrangian vector fields and flows

The Lagrangian vector field X; : TQ — TTQ is a second-order vector field on T'Q)
satisfying equation (2.7), and the Lagrangian flow Fy : TQ x R — TQ is the flow of X7.
We shall write F! : TQ — TQ for the map Fy, at a frozen time ¢t. A curve ¢ € €2(go, q1)
(we recall that C2(qo,q1) is defined in §2.1.2) is said to be a solution of the Euler-Lagrange
equations (2.4) if it is an integral curve of X7.

Symplecticity of Lagrangian flows

From equation (2.7) we immediately have that £,, Q7 = 0 and therefore (F})*Qp = Qp,
which implies the preservation of the Poincaré-Cartan 2-form by the Lagrangian flow F?. In
the following lines we give a variational deduction of this preservation which will be useful in
the discrete formalism.

Define the solution space C1,(Q) C €2(qo, ¢1) to be the set of curves solution of the Euler-
Lagrange equations given a regular Lagrangian. As an element ¢ € Cr(Q) is an integral curve
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of X, it is uniquely determined by the initial (local) condition (¢*(0),v*(0) € T'Q, where
(¢'(t),v'(t)) are the local coordinates of q. Thus, we can identify Cr(Q) with the space of
initial conditions in T'Q). Note that, with some abuse of notation, we are using the same
symbol for the curve q and its configuration coordinates q'(t).

Defining the restricted action sum AL :TQ — R to be
Ar(vg) = Ar(q), q€CL(Q) and (¢(0),0'(0)) € TQ,
where Ay, is defined in (2.2). We see that the Hamilton’s principle d A7 (q) reduces to
(dAL(vg), wo,) = (OL(vg(T)), (FT)swy,) — (OL(0g(0)), wy,)
= {((FL)*OLr) (v4(0)), wy,) — (O1(v4(0)), wy,),

for all wy, € T,,TQ. Taking a further derivative of this expression, and using the fact that
QAL = 0, we obtain the already mentioned preservation property

(FDy*Qp = Q.

Momentum map preservation

Suppose that the Lie group G, with Lie algebra g, acts on @ by the (left or right) action
® : G x Q — Q. Consider the tangent lift of this action to 79 : G x TQ — T'Q given by
@gQ(vq) = T®4(vq) which locally is

o Pt .
@TQ(g’ ql7 Uz) = <q)(g, qz)> qu(g7 ql)vj> 3

where g € G and (¢*, v") are the local coordinates of v, € TQ. For £ € g define the infinitesimal
generators (as is already done in definition 1.4.10) o : Q@ — T'Q and &{pg : TQ — TTQ by

folo) = o @), q),

d TQ
=] 2T exp(t8), vy),

where t € R and exp : g — G is the usual exponential map (see definition 1.4.10). We now
define the Lagrangian momentum map Jg, : TQ — g* to be

(JL(vg),€) = (OL,&rq(vg)),
where (-,-) is the natural pairing between g and g* in the left hand side of the equation,
whereas it denotes the natural pairing between T*T'Q) and TTQ in the right hand side.

A Lagrangian L : TQ — R is said to be invariant under the action ®79 : G xTQ — TQ,
that is

Erqvg) =

Lo®[? =1L, Vgeq,

and in this case the group action is said to be a symmetry of the Lagrangian. Differen-
tiating this expression implies that the Lagrangian is infinitesimally invariant, which is
the statement (dL,&rg) = 0 for all £ € g. We will now show that, when the group action is
a symmetry of the Lagrangian, then the momentum maps are preserved by the Lagrangian
flow. This result was originally due to Noether (1918).
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Theorem 2.1.15 (Noether’s theorem). Consider a Lagrangian system L : TQ — R
which is invariant under the lift of the left (or right) action ® : G x Q — Q. Then, the
corresponding Lagrangian momentum map Jr, : TQ — g* is a conserved quantity of the flow,
so that Jr, o Ft = Jp, for all times t.

Proof. The action of G' on @ induces an action of G on the space of paths €2(qo,q1) by
pointwise action, so that ®, : €%(go, q1) — €%(gq0, gq1) is given by ®,(q)(t) = ®4(q(t)), for
q € Q and q(t) € C%(qo,q1). As the action is just the integral of the Lagrangian, invariance
of L implies invariance of Ay, and the differential of this gives

T
(AL, Ee2(go ) (@) = /0 (L, Erg)dt = 0.

Invariance of Ay also implies that ®, maps solution curves to solution curves and thus
€e2(qo,q1)(2) € T4Cr, which is the corresponding infinitesimal version. We can thus restrict
(dAL,&e2(go,q1)) to the space of solutions €1, (Q) to obtain

0 = (dAL, &rq(vg)) = (OL(vg(T)), érq(vg(T))) — (O1(v4(0)), érq(v4(0))).-

Replacing in the definition of J;, shows that this is just

0= <JL(FE(UQ))7§> - <JL(U(1)ﬂ€>7

which gives the desired result. O

We have thus seen that conservation of momentum maps is a direct consequence of the
invariance of the variational principle under a symmetry action.

2.2 Hamiltonian mechanics

Equivalently to the Lagrangian formalism, the Hamiltonian formulation of mechanics is set up
in a finite dimensional manifold @), the configuration space, but, in contrast, the positions
and momenta of the system under study are described by the cotangent bundle T*Q of Q.
The local coordinates (¢*) of Q induce fiber coordinates (¢, p;) on T*Q.

Let H : TQ — R be the Hamiltonian function (smooth) of the system, which from
the physical point of view is the total energy of the system under study. Typically, the
Hamiltonian is defined as the sum of kinetic and potential energies of the system.

Definition 2.2.1. Given a Hamiltonian function H : T*Q) — R, the Hamiltonian vector
field associated to H is the unique vector field Xy € X(T*Q) such that,

ixy Qo = dH, (2.8)

where §)q s the canonical symplectic form of T*Q).
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Notice that the nondegeneracy of {)g guarantees that Xy exists. The canonical symplectic
form can be geometrically defined in the following way. Define the canonical 1-form or
Liouville’s 1-form ©¢g on T*Q by

(Oq(ayg), va,) = {ag, TTQ(Va,)),

where oy € T*Q, vo, € TT*Q, g : T*Q — Q is the standard projection. In local coordinates,
O¢g = p;dg’. The canonical 2-form Q¢ is defined to be

Qg = —dOg,
which has the local expression {1 = dq¢’ A dp; given by the Darboux theorem.

Theorem 2.2.2. A differentiable curve ¢ : I — T*Q is an integral curve of Xy if and only
if the Hamilton’s equations hold:

. OH OH
L .7; = ——=, 2

where c(t) = (¢'(t), pi(t)).

As mentioned above, the Hamiltonian function represents the total energy of the system.
Thus, if H is autonomous (i.e. there is no explicit dependence on time) the total energy must
be preserved.

Proposition 2.2.3. Given an ingegral curve c(t) of Xu, we have that H(c(t)) is constant.

Proposition 2.2.4. Let F; € Diff(T*Q) be the flow of Xg, then FQq = Qg for each t, i.e.
F; is a family of symplectomorphisms.

Proof. We have

d _, . .
&Ft QQ = LXHQQ = ZXHdQQ + d’LXHQQ.

Since d2g = 0 and (2.8) holds, we arrive to

%Ft*QQ — ddH = 0.

Thus Fy is constant in ¢. Since Fy = Id, the equation F}*{lg = (g results. O

In the previous proof the definition of the Lie derivative and some of its properties,
described in §1.1.1, have been used.

For more insight in Hamiltonian mechanics, see [1, 123].
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Hamiltonian form of Noether’s theorem

Consider a (left or right) action ® : G x Q@ — Q. The cotangent lift of this action is
PT"@ . G x T*Q — T*Q given by @g*Q(pq) = @;_l(pq), where g € G and p, € T*Q. In local
coordinates '

T*Q P ~1yi 0%y
o %(g,(q" pi)) = ((‘I{q ) (Q)J?JW(Q)) ,

where (q°, p;) are the local coordinates of pq € T; Q. This has its corresponding infinitesimal
generator {7+¢ : TQ) — TT™(Q defined by

d "
&r-a(p) = | _ @7 exp(te). py).
The Hamiltonian momentum map Jg : T*Q — g* is defined by

{(J1 (Pg), ) = (Oq(Pg); £+ (Pg)),

where (-, -) denotes the natural pairing between g and g* in the left hand side of the equation,
whereas it represents the natural paiting between TT*Q) and T*T™*(Q in the right hand side.
For each £ € g we define qu : T*Q — R by Jf_l(pq) = (Ju(pq), &), which has the intrinsic
expression Jf{ = lg., Oq-

A Hamiltonian H : T*Q) — R is said to be invariant under the cotangent lift of the
action ® : G x Q — Q if

Hod®!"®=H, Vgeq,

in which case the action is said a symmetry for the Hamiltonian. The derivative of this

expression implies that such a Hamiltonian is also infinitesimally invariant, which is the
requirement (dH, {r+q) = 0 for all £ € g, although the converse is not generally true.

Theorem 2.2.5 (Hamiltonian Noether’s theorem). Let H : T*Q) — R be a Hamiltonian
which is invariant under the lift of the (left or right) action ® : G x Q@ — Q. Then the
corresponding Hamiltonian momentum map Jg : T*Q — g* is a conserved quantity of the
flow; that is, Jg o Fiy = Jy for all times t.

See [1, 124] for the proof. Noether’s theorem still holds even if the Hamiltonian is only
infinitesimally invariant.

2.2.1 The Legendre transformation

Let us now give the relationship between the Lagrangian formulation on 7'Q) and the Hamil-
tonian formulation on 7%(Q). In fact, they are equivalent in the hyperregular case, and are
transformed one into the other by the Legendre transform

Definition 2.2.6. Given a Lagrangian function L : TQQ — R, the Legendre transforma-
tion associated to L is the fibered mapping WL : TQ — T*Q defined implicitly by

(FL(v), w) = dils Lo+ sw),

where v,w € TQ.
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If (¢,v") and (q¢*,p;) denote fibered coordinates on T'Q and T*Q respectively, then the
local expression of the Legendre transform is

. oL
FL(¢',v') = (q pi = (%i)-

Remark 2.2.7. Note that the Legendre transformation is o fiber derivative in the
sense shown in §1.1.1. That is, let QQ be a manifold and L : TQ — R a function on its
tangent bundle. Then the map FL : TQ — T*Q : wy — DLg(w,) € Lin(T,Q,R) = T;Q
is called the fiber derivative of L. Here, L, denotes the restriction of L to the fiber over
q€qQ.

Proposition 2.2.8. If L is reqular, then FL : TQ — T*Q is a local diffeomorphism.

Proof. Employing the Inverse Function Theorem, is easy to see that IFL is a local diffeomor-
phism if

api o 82L
ovi — Ovidvd
is invertible, which is equivalent to say that L is regular. O

Definition 2.2.9. A Lagrangian function L : TQ) — R is said to be hyper-reqular whenever
FL is a global diffeomorphism.

The following theorem shows the relationship of Lagrangian and Hamiltonian formalisms
via the Legendre transformation.

Theorem 2.2.10. Let L be a hyperregular Lagrangian and let H = Er o (FL)™' : T*Q — R,
where E, is the Lagrangian energy. Then the Lagrangian vector field X and the Hamiltonian
vector field Xy are (FL)—related: (FL), Xy = Xg. The integral curves of Xy are mapped
by FL onto integral curves of Xg. Furthermore, X1 and X have the same base integral
curves

Proof. 1t suffices to prove that (IFL), X = Xp. Note that 79 = 7H oL, so once the integral
curves are IFL related, the base integral curves are deduced to be equal.

Now, writing v* = T,,(FL)(w) for v € TQ, w € T,TQ, we get
Qo (TFL(XL(v),v") = Qp(Xp(v),w)
(dEL(v), w)
= (d(HoFL)(v),w)
= (dH(FL(v)),v")
= Q@ (Xu(FL(v)),v),

where, as before, Q¢ is the standard symplectic form in 7*Q. Since T3, (IFL) is an isomorphism,
v* is arbitrary, so

TFL (X1 (v)) = Xy (FL(v)),

that is,
(FL). X = Xg.
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The transformation FL : TQQ — T*(@ thus maps the Euler-Lagrange equations into the
Hamilton equations.

The following diagram shows the relationship between Lagrangian and Hamiltonian for-
malisms via the Legendre transformation:

Q
A
T+Q <L TQL->R
W,
R

In 84 a generalization of theorem 2.2.10, showing the relationship between a general
Hamiltonian system and its (constrained) Lagrangian counterpart, will be presented.

2.2.2 Generating functions

As with Hamiltonian mechanics, a useful general context for discussing canonical transfor-
mations and generating functions is that of symplectic manifolds. Here, we restrict ourselves
again to the case of T*@Q with the canonical symplectic form .

Let F : T*Q — T*@ be a transformation from 7*@ to itself and let Graph(F) C T*Q X
T*@ be the graph of F. Consider the one-form on T*Q) x T*(@) defined by

A~

O = m0q — ™ Og,

where w12 : T*Q x T*Q — T*(Q are the projections onto the two components. The corre-
sponding two-form is then

Qg = —dO = 1300 — 70,
which is a symplectic 2-form in 7#Q x T* Q. Denoting the inclusion map by i : Graph(F) —
T"Q x T*Q, we see that we have the identities

T oip = Wl’Graph(F)’ and myoip = F om on Graph(F).

Using these relations, we have

im0 = (7500 — 1)
(7‘(‘2 o iF)*QQ — (71'1 (¢] iF)*QQ

(™1l Grapher ) (F e — ).
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Usmg this last equality, it is clear that F' is a canonical transformation if and only if
i FQQ = 0 or, equivalently, if and only if d(i F@Q) = 0. By the Poincaré lemma, this last
statement is equivalent to there existing, at least locally, a function S : Graph(F') — R such
that Z}C:)Q = dS. Such function S is known as the generating function of the symplectic
transformation F. Note that S is not unique.

The generating function S is specified on the graph Graph(F'), and so can be ex-
pressed in any local coordinate system on Graph(F'). The standard choices, for coordinates
(qo,po,q1,p1) on T*Q x T*Q, are any two of the four quantities qo, po, g1 and p;; note that
Graph(F') has the same dimension as T*@Q and, moreover, is a Lagrangian submanifold of
T*Q x T*Q.

Coordinate expression

We will be particulary interested in the choice (qo, q1) as local coordinates on Graph(F’), and

so we give the coordinate expression for the above general generating function derivation for

this particular case . This choice results in generating functions of the so-called first kind.
Consider a function S : @ x @ — R. Its differential is

ds = g{idqo + g(idql.
Let F': T"Q — T"Q be the canonical transformation generated by S. In local coordinates,
the quantity i%0 is

i+0q = —podgo + p1dgi,

and so the condition z}(:)Q = dS reduces to the equations

oS
po = *87%((107611), (2.10a)
oS
pP1 = aiql(Qanl)a (210]3)

which are an implicit definition of the transformation F : (go,po) — (g1,p1). From the above
general theory, we know that such a transformation is automatically symplectic, and that all
symplectic transformations have such a representation, at least locally.

Note that there is not a one-to-one correspondence between symplectic transformations
and real-valued functions on Q) x @, because for some functions the above equations either
have no solutions or multiple solutions, and so there is no well-defined map (qo, po) — (q1,p1)-
For example, taking S(qo,q1) = 0 forces pg to be zero, and so there is no corresponding map
F. In addition, one has to be careful about the special case of generating the identity
transformation, as was noted in [31, 47].

2.3 The Tulczyjew’s triple

In this section we summarize a classical result due to W.M. Tulczyjew showing a natural
identification of T*T'Q) and TT*Q, where () is any smooth manifold, as symplectic manifolds.
This construction plays a key role in Lagrangian and Hamiltonian mechanics



The Tulczyjew’s triple 57

In [157, |, Tulczyjew established two identifications, the first one between TT*Q
and T*T'Q) (useful to describe Lagrangian mechanics) and the second one between T7%Q
and T*T*(Q (useful to describe Hamiltonian mechanics). The Tulczyjew map ag is an
isomorphism between TT*Q and T*T'(Q). Beside, it is also a symplectomorphism between
these double vector bundles (see [18, | for further details) as symplectic manifolds, i.e.
(TT*Q, dr Qq), where dr Qg is the tangent lift of Qg, and (T*TQ, Qrq).

Before giving the full picture, we begin with two basic definitions. The canonical in-
volution (see [18] for further details) of TT'Q) is the smooth map kg : TTQ — TTQ given

by
d /d d /d._
KQ <ds (&X(SJ)MO) ‘50> = & <th(s’t)}t0) |8:0’

where y : R? — Q and X(s,t) := x(t,s). Note that %X(S,t)’t:() : R — TQ. If (¢%) are local
coordinates for @, (¢°,v') are the induced coordinates for TQ and (¢',v%,¢*,v") for TTQ,
then the canonical involution can be locally defined by rg(q%,v?, ¢, 9") = (¢*, ¢*,v%, 7). The
relation among the canonical involution and bundles is expressed in the following diagram

TTQ\L \LTTQ
T T
Q—~1Q.

The tangent pairing between T7*Q and TTQ is the fibered map (-,-)T : TT*Q xg
TTQ — R given by

(SO o 0D )T = S 0,567y,

where v : R = T7Q and 6 : R — T'Q are such that mg oy =719 0.

Definition 2.3.1. The Tulczyjew’s isomorphism «g is the map ag : TT*Q — T*TQ
given by

(ag(V), W) = (V,kg(W)), VeTT*Q, W eTTQ.

Locally:
aQ(ql)pZ) qlvpl) = (qlv qlaplapl)

In the following diagram we show the different relationships among the double vector bundles
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and the ag—Tulczyjew’s isomorphism:

TT*Q e T*TQ
2 VAN
TQ TQ T*Q
TQ o TQ
Q

The definition of T*7q is given in the following remark.

Remark 2.3.2. Given a tangent bundle 7y : TN — N, for each y € T, N we can define
Vy = ker{Tytny : T,TN = TN}, 7n(y)==z.

Summing over all y we obtain a vector bundle V of rank n over TN. Any element u € T, N
determines a wvertical vector at any point y in the fibre over x, called its vertical lift to y,
denoted by u” (y) (recall the definition 2.1.1). It is the tangent vector at t = 0 to the curve
y+tu. If X is a vector field on N, we may define its vertical lift as XV (y) = (X (1n5(y)))".
Locally, if X = X' ii in a neighborhood U with local coordinates x*, then XV is locally given

by

0
ovt’
with respect to induced coordinates (z*,v") on TU.
Now, we define T*1q : T*TQ — T*Q by (T*1g(aw), w) = (a,wy)); u,w € TyQ, oy €
TTQ and w, € T,TQ.

XV =X

Definition 2.3.3. The Tulczyjew’s isomorphism 3 is the map Bg : TT*Q — T*T*Q
defined by
BQ(V) = ’inQ, Ve TT*Q,

where Q¢ is the canonical symplectic form of T*Q).

Locally,
ﬁQ(ql7piv qz,pz) = (q7,7 qlvpzapz)

By means of the Tulczyjew’s isomorphisms ag and Bg, the double vector bundle T7™Q
may be endowed with two (a priori) different symplectic structures. Let Q7o and Qr-g
be the symplectic structures corresponding to T*T'Q) and T*T*(Q respectively. Therefore,
Qag = 0‘22 Q7 and Qg = *822 Qr«q define symplectic structures on 77*() which turn out
to be the same, more precisely: 4, = —{g,. As mentioned before, there exists a third
canonical symplectic structure on TT*() which comes from the complete lift of the canonical
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symplectic form g of @, denoted by d7 Qg and which coincides with the previous ones, that
is dr Qg = Q- In coordinates:

Oaq = 0 Orqg = pidq’ + pid¢’ and Op, = B Or+g = —pidq’ + ¢'dp;,
where ©1¢g and O« are the Liouville 1-forms on T'Q) and T*@Q, respectively.

T*TQ o TTQ Fa T*T*Q
TQ T
Q
2.3.1 Implicit description of mechanics
In middle seventies, W.M. Tulczyjew [157, | introduced the notion of special symplectic

manifold, which is a symplectic manifold symplectomorphic to a cotangent bundle. Using
this notion, Tulczyjew gave a nice interpretation of Lagrangian and Hamiltonian dynamics
as Lagrangian submanifolds of convenient special symplectic manifolds. Thus, in order to
depict this interpretation we are going to use the notion of Lagrangian submanifold introduced
in §1.3.1 and that of Tulczyjew’s isomorphisms introduced in the previous subsection §2.3.
In addition, it is necessary to introduce the notion of special symplectic manifold. In
the following definition we are employing an arbitrary symplectic manifold (P,Qp); we will
particularize to P = T*() afterwards.

Definition 2.3.4. A special symplectic manifold is a symplectic manifold (P, Qp) which
is symplectomorphic to a cotangent bundle. More precisely, there exists a fibration m : P —
M, and a one-form ©p on P, such that Qp = —dOp, and o : P — T*M is a diffeomorphism
such that mpyy o = and a*O ) = Op.

Here, @ is a smooth manifold, mg : T*Q) — @ is the canonical projection and ©¢ is the
canonical one-form in T%Q).

The following is an important result for our discussion.
Theorem 2.3.5. Let (P,Qp = —dOp) be an special symplectic manifold, let f : M — R be

a function, and denote by Ny the submanifold of P where o*df and ©p coincide. Then Ny
is a Lagrangian submanifold of (P,Qp) and f is a generating function (see §2.2.2).

Theorem 2.3.5 applies to the particular case of mechanics. Indeed, if we consider a
Lagrangian function L : TQ) — R, we obtain a Lagrangian submanifold Ny, to the symplectic
manifold (T7T*Q, Qa,,) with generating function L.
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Now, assume that H : T*() — R is a Hamiltonian function, with Hamiltonian vector field
X . We have the following results.

Theorem 2.3.6. Given a Hamiltonian function H : T*Q — R, consider the associated
Hamiltonian vector field Xg € X(T*Q). The following assertions hold:

1. The image of Xy is a Lagrangian submanifold Sx, of (TT*Q,Qps,)-
2. The image of dH is a Lagrangian submanifold Sy of (T*T*Q, Qr+q).
3. The isomorphism Bg maps one into each other, i.e. Bg(Sx,) = SH.

Lemma 2.3.7. Given a Lagrangian function L : TQ — R, then the image of AL is a
Lagrangian submanifold Sy, of (T*TQ,Qrq).

Finally, we relate both Lagrangian submanifolds Ny and Im Xy .

Proposition 2.3.8. Given a hyper-reqular Lagrangian function L : TQ — R, consider the
associated Hamiltonian H = Er, o’ L~Y. We have that aél(SL) =Sx, = ﬂél(SH). In other
words, Ni, = Sx,; .

The results 3.5, 2.3.7, 2.3.8 are summarized in the following diagram

T*TQ TT*Q T*T*Q

VAV
A

In proposition 2.3.8 we derive a Lagrangian submanifold of T7*@Q with a Lagrangian or
Hamiltonian system as starting point. To extract the integrable part of the corresponding
equations of motion that this submanifold implies, it is just necessary to use the constraint
integrability algorithm developed in [133], which will be briefly described in §4.1.2.

2.4 Mechanical systems with constraints

Let @ be the configuration manifold of our system. Generically, a constrained system is
defined by a (2n —m)—dimensional submanifold M C T'Q), which locally is defined by ®* = 0,
1 <a <m, where ®* : T() — R. Two distinguished kinds of constraints are the following:
linear and affine (which will be useful in §6):
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Definition 2.4.1. A linear constraint on Q) is defined by a distribution D on Q. A curve
c: I — Q will be said to satisfy the linear constraint D if ¢V (t) € D(c(t)) for all t € 1.

Definition 2.4.2. An affine constraint on Q is a pair (D,~), where D is a distribution
on @ and v € X(Q) is a vector field. A curve ¢ : I — Q will be said to satisfy the affine
constraint (D,v) if ¢V (t) — v(c(t)) € D(c(t)) for allt € 1.

In these definitions ¢! is the lift of the curve ¢(t) (see def.2.1.5). We shall assume that
D has constant rank k for simplicity, and we will use this fact to suppose, at least locally,
the existence of n — k = m linearly independent one-forms p!, ..., u™, which annihilate the
distribution. The previous assertion is equivalent to say the following

D = ker {,ul, T
All solutions of the constrained system are required to satisfy the conditions
o (uc(t)), cM(t)) =0, a=1,..,m, for linear constraints,
o (uc(t)), V(1)) = (u*(c(t)), ¥(c(t))), a=1,...,m, for affine constraints,

In the subsections §2.4.2 and §2.4.3, we respectively present nonholonomic and vakonomic
methods for deriving the equations of motion for a mechanical system with constraints (which
will be linear in both cases). Previously we study the unconstrained case.

2.4.1 TUnconstrained mechanics

Let L : TQ — R be the Lagrangian function of our system. Theorem 2.1.9 established that
the motion of a mechanical system defined by the Lagrangian function L : TQ) — R is a
critical point of the action integral Ay, that is, a curve ¢ € €%(qo,q1) (see equation (2.1))
such that Az (c) = 0. Recall that the action integral is defined by

Ar(c) = /OT L(cM (1)) dt, (2.11)

where L is a Lagrangian on . Note that dAz(c) = 0 if and only if (dAr(c),u) = 0 for

every u € T.C%([0,T],Q, qo,q1) (see equation (2.3)). In other words u(t) = %‘ _oCs(t). Tt is
convenient to write

(Ap(e)u) = S| Anfen(n),

where s is a real parameter. Given (2.11) this can be written as

T
(dAL(c),u) = /0 =

We wish to evaluate this expression in local coordinates for (). By the chain rule we have

(AA)u) = /;(é’”qiﬂLW) a

SZOL(CM (t)) dt.

Oq' s 0¢* Os | 1s=0

TrorL doL\ _, OL\ _;
= [ (5 g 0+ (57 ) o

T
0
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where (q’, ") are the local coordinates for a neighborhood of ¢ and integration by parts
has been used. Since d¢"(0) = d¢*(T) = 0 and, moreover, d¢" are independent, the previous
expression vanishes if and only if

OL(cM) B iaL(c(l)) _0
oqt dt  9¢

Thus, the previous digression can be considered as a proof for theorem 2.1.10.

2.4.2 Nonholonomic mechanics

In order to depict the nonholonomic setting, we shall start with a configuration space ) and
a distribution D that describes the kinematic constraints of interest. Thus, D is a collection
of linear subspaces denoted by D, C T,Q, one for each ¢ € (). As mentioned in definition
2.4.1, a curve ¢(t) € Q will be said to satisfy the constraints if ¢(V)(t) ¢ Dy for all t.
This distribution will, in general, be nonintegrable in the sense of Frobeniu’s theorem; i.e.
the constraints are, in general, nonholonomic.

The Lagrange-d’Alembert Principle.

Consider a given Lagrangian L : TQ — R. In (generalized) coordinates (¢*), i = 1,...,n, on
Q with induced coordinates (¢, ') for the tangent bundle, we write, as before, L(q, ¢*). We
assume the following principle of Lagrange-d’Alembert.

Definition 2.4.3. The Lagrange-d’Alembert equations of motion for the system are
those determined by

T . .
5/ L(q',q")dt =0,
0

where we choose variations dc(t) of the curve c(t) that satisfy oc(t) € Dy for each t, 0 <
t < T, and 6¢'(0) = 6¢*(T) = 0. Recall that we are using local coordinates (q',¢') for a
neighborhood of ¢ (t).

This principle is supplemented by the condition that the curve c(t) itself satisfies the
constraint.

As explained before, in such a principle we take the variations §¢° before imposing the
constraints; that is, we do mot impose the constraints on the family of curves defining the vari-
ation. The usual arguments in the calculus of variations show that the constrained variational
principle is equivalent to the equations

d 0L OL\ .,
L= —=— — i = 2.12
0 <dt a4 aqz> 00 =0, (2.12)

for all variations g such that dq € D, at each point of the underlying curve c(t).
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Structure of the equations of motion

To explore the structure of the equations determined by (2.12), let consider the set of one-
forms whose vanishing determines D, that is

DY = span {,ul, T

Considering this m one-forms independent, it can be proven that one can choose, in a neigh-
borhood of each point, a local coordinate chart such that pu®, a = 1,...,m, can be written
as

p(q) = ds* + Ad(r,s)dr®, a=1,...,m,

where, locally, ¢ = (r,s) € R"™ x R™. With this choice, the constraints on dq = (o7, Js)
are given in the conditions
9s® + Agér* = 0.

Substituting the previous equation into (2.12) and using the fact that ér is arbitrary gives

d oL oL L (doL oL
<dta7‘na_6ra> = A (dtaéa _8s“>’ a=1,m. (2.13)

Equations (2.13) combined with the constraints equation

94 A% =0, a=1,...m, (2.14)

give a complete description of the equations of motion of the system. Notice that they
consist of n — m second-order equations and m first order equations.

In §6 we will give an extension of the nonholonomic equations in terms of affine connections
(see §1.2).

The constrained Lagrangian

We now define the constrained Lagrangian by substituting the constraints (2.14) into the
Lagrangian, i.e:
L.(r%,s*,7*) = L(r%, s*, — A% (r, s)r%).

The equations of motion (2.13) can be written in terms of the constrained Lagrangian in the

following way:

d dL. L. L. L .
a 8 + Aa a = 8 Bgﬂrﬁ,

dt o7 Ore “gsa — 9gb

where

oAb, 0Ay - 0AR oAb

a _ Aa o

orf  Ore @ 9so B psa

Letting du® be the exterior derivative of ;°, another straightforward computation using prop-
erties of differential forms shows that

b
Baﬁ —

dub(g, ) = Bbgifdre,
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and hence the equations of motion have the form

d oL, OJL. 0 O0Lc «  OL 4 .
— 0L, = <dt87*a ~ 5 Ag 85“) or® = (%bdu (g,0r). (2.15)

This form of the equations isolates the effects of the constraints, and shows that if the
constraints are integrable (which is equivalent to du® = 0, i.e., to Bg 5= ), then the correct
equations of motion are obtained by substituting the constraints into the Lagrangian and
setting the variation of L. to zero. However, in the nonintegrable case, which is the case of
nonholonomic systems, the constraints generates extra forces that must be taken into account.

For a more geometric interpretation of the equations (2.15) see [29]. Particularly, for an
interpretation within the Lie algebroid setup see [37, ].

Nonholonomic equations of motion with Lagrange multipliers

We can obtain the nonholonomic equations of motion with Lagrange multipliers from the
Lagrange-d’Alembert principle as follows. Recall that the Lagrange-d’Alembert principle
gives us

<d oL OL

——— ==\ =0, i=1,.. 2.16
dtaq-Z 8qz) q b 7’ b 7n7 ( )

for variations d¢* € D, i.e., for variations in the constraint distribution. We shall denote the
constraints on d¢* as follows,

pléqt =0, a=1,..,m, (2.17)

where we are assuming the Einstein convention. From (2.16) and (2.17) we obtain the set of

n equations
d oL 0L

dtog'  dq’
If, instead of constraints defined by (2.17), the constraints are more generically defined by the

vanishing of the set of m independent maps ®* : TQ — R, that is ®*(¢%, §°) = 0, equations
(2.18) become

= Xaptf. (2.18)

doL oL | oo
dtd¢t  9qt T o¢i’

which are called Chetaev’s equations.

2.4.3 Vakonomic mechanics

In this variational technique one makes the functional Aj; stationary after asking that the
solutions satisfy the constraints. Thus, this is a classical constrained minimization problem,
and may be solved with techniques from the calculus of variations with constraints. Let
consider again a constrained system, with Lagrangian function L : TQ — R, defined by the
submanifold M C T'Q. This submanifold is (2n — m)—dimensional and is determined by
®*=0,1<a<m, where ®*: TQ — R.
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Now, we introduce a special subset éz(qo, q1) of C*(qo, q1) (recall eq.(2.1)) which consists
of those curves which are in the submanifold M

(0. 01) = {c € Ca.a) | € Moy = M7 (e(t), VE€0.T]}, (219)

where 7g : TQ) — @ is the usual projection. Let consider the action integral Ay defined in
(2.11), which we want to extremize among the curves satisfying the constraints imposed by
M, ¢ € C*(qo, q1)-

Definition 2.4.4. A curve ¢ € éz(qo,ql) will be a solution of the vakonomic problem
is ¢ is a critical point of AL’éQ(qO 0

Therefore, following the same procedure in the unconstrained case ~(§2.4.1) c is a solution
of the vakonomic problem if and only if (dA(c),u) = 0 for all u € T.C%(qo, q1)-

Remark 2.4.5. We are assuming that the solution curves ¢ € éz(q(),ql) admit nontrivial
variations in C2(qo,q1). These solutions are called normal in the literature, in opposition
to the abnormal ones, which are pathological curves that do not admit nontrivial variations

[5]-

The usual way to present the equations of motion of vakonomic mechanics is the following

([35]):
d /0L OL . 0P? d /od° 0P
- o - A = )\af + )\a ¥, o - o
dt \ 0¢* 0q* ¢ dt \ 0¢* 0q*
% (q,4) =0, 1 <a<m,

where )\, are the Lagrange multipliers.

(2.20)

Equations (2.20) can be seen as the Euler-Lagrange equations for the extended Lagrangian
L =L+ \®* We will not follow this approach here, which has been exploited fruitfully in
[41, 95, ]. Note that if we consider the extended Lagrangian AL + A\, ®%, with A\, =0 or
1, then we recover all the solutions, both the normal and the abnormal ones [5].

Assume now that the constraints are written in the following way
q* ="(q"q%),

where 1 <a <m,m+1<a<nand1<i<n. Then (¢%,§*) are local adapted coordinates
for the submanifold M of T'Q.

Proposition 2.4.6. A curve c € éz(qo, q1) is a normal solution of the vakonomic problem if
and only if there exists X : [0,T] — R™ such that

d(&i) _ oL _; [d(@\l/“)_é)\l/“} Lo
dt \ 9¢~ g “ldt \ 9> O “ o’
_ 0L 5 ov (2.21)
“ 7 By — b(‘)iqa’

§* = v(q",4"),

where L : M — R is the restriction of L to M.

>
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See [35] for the proof. Equations (2.21) stress how the information given by L outside M
is irrelevant to obtain the vakonomic equations, contrary to what happens in nonholonomic
mechanics. Finally, note that equations (2.20) and (2.21) are related by the transformation

@a:ma—qaandAa:%ﬂ—Aa,1§agm.

2.5 Extension of mechanics to Lie algebroids

In this section we are going to use the notions of Lie algebroid and prolongation of a Lie
algebroid described in §1.5.1.

2.5.1 Lagrangian mechanics

In [128] (see also [105]) a geometric formalism for Lagrangian mechanics on Lie algebroids
was introduced. It is developed in the prolongation T4 A of a Lie algebroid A (see §1.5) over
the vector bundle projection 7: A — Q. The prolongation of the Lie algebroid is playing the
same role as TT'Q in the standard mechanics, that is mechanics defined in tangent bundles.
Following the same program in §2.1.3 to describe geometrically the Lagrangian mechanics for
tangent bundles, we specify the canonical geometrical structures defined in T4 A:

e The vertical lift £V : 7 A — T4 A given by £Y(a,b) = (a,0,bY), where a € A and bY is
the vector tangent to the curve a + tb at t = 0.

e The vertical endomorphism S : T44 — T4 A defined as follows

S(a,b,v) = £Y(a,b) = (a,0,b)).

e The Liouville section, which is the vertical section corresponding to the Liouville
dilation vector field:

Aa) = ¢Y(a,a) = (a,0,a)).

We also mention that the complete lift Y of a section Y € T'(A) is the section of T4A
characterized by the following properties:

i) projects to Y, ie, 7ToY =Y o,
i) Liyeyt = L/y\u, for all p € I'(A%),

where by 1 € C°°(A) we denote the linear function associated to any p € I'(A*).

Given a Lagrangian function L € C°°(A) we define the Cartan 1-section O €
I'((TAA)*) and the Cartan 2-section Q7 € T'(A2(T4A)*) and the Lagrangian energy
Ep € C™®(A) as

©r =S"(dL), Qp =-dOr, Er =LaAL— L.

Here, d denotes the differential operation in the prolongation of the Lie algebroid (see §1.5.1)
If (¢%,y®) are local fibered coordinates on A, (pf,, C’(Zﬁ) are the corresponding local structure
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functions on E and {X,, ®,} is the corresponding local basis of sections of TAA (see §1.5.1)

then:
S(Xa) = o, S(Pa) =0, Va,

A= yaq)ou

_ 9L 1 0%L i 0’°L i OL vy
Qp = ByaayﬂXa A P+ 3 (aqiayapzﬁ — aqiayﬁpg + WCW) X /\Xﬁ)

B = $ky> — L.

From the previous equations it follows that
'iS(X)QL = —S*(ngL), i = —S*(dEL), (2.22)
for X € T(TAA). Here, {X®, &} is the dual basis of {X,, 4}

Now, a curve t — ¢(t) on A is a solution of the Euler-Lagrange equations for L if
i) cis admissible (that is, p(c(t)) = m(t), where m = 7o ¢) and
i1) ier),ee) 2L (c(t)) = dE(c(t)), for all t.

If ¢(t) = (¢*(t),y(t)), then c is a solution of the Euler-Lagrange equations for L if and only

if

d 0L oL . 5 ;0L
“aatas Y = Pagm;
dt oy = oyr P oq
Note that if A is the standard Lie algebroid T'QQ then the above equations are the classical
Fuler-Lagrange equations for L : TQ — R.

i = phy”, = 0. (2.23)

On the other hand, a Lagrangian function L is said to be regular if {27 is a symplectic
section, that is, if 7 is regular at every point as a bilinear form. In such a case, there exists
a unique solution I';, verifying

ir, Q0 =dEL,.
In addition, using (2.22) it follows that igr, Q2 = a2 which implies that T';, is SODE
section, that is,
S(Tp) =A,
or alternatively T7(I'z(a)) = a for all a € A.

Thus, the integral curves of I';, (that is, the integral curves of the vector field p™(I')) are
solutions of the Euler-Lagrange equations for L. I'y, is called the Euler-Lagrange section
associated with L.

The Lagrangian L is regular if and only if the matrix 8y(128Ly5 is regular. Moreover, the
local expression of I'y, is
'y =y*Xa+ [Py,
where the functions f¢ satisfy the linear equations
9L ’L oL . OL
B i .8 Y B i —
+ — + —C — - =0, Va.
ayPoye’ T agioye Y T gy et T Pagy

As a further topic, an interesting reference on reduction of Lagrangian mechanics within the
context of Lie algebroids is [28].
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2.5.2 Hamiltonian mechanics

Let 7* : A* — @ be the vector bundle projection of the dual bundle A* to A. Consider the
prolongation T4A* of A over 7*

TAA* = {(b,v) € Ax TA*|p(b) =T7*(v)}
= {(a*,b,v) € A* x Ax TA*|7*(a*) = 7(b), p(b)) = TT*(v)}.

The canonical geometrical structures defined on T4A* are the following:
e The Liouville section ©4 € T'((T4A4*)*) defined by
(©4(a”), (b,v)) = (a”,b).
e The canonical symplectic section Q4 € T(A2(TAA*)*) is defined by
Q4 =-dOy
where d is the differential on the Lie algebroid T4A*.

Take coordinates (¢’,p,) on A* and denote by {Ha, ‘PB} the local basis of sections of T4A*,
with

ya(a ): <a 7ea(T (a ))7p£aqz>7 fPB(CL ): <a ’07%>.
In coordinates the Liouville and canonical sections are written as
1
04 =pal?, Q=Y APat 5py oY AY™.

where {4, Pg} is the dual basis of {Ya, P?}.
Every function H € C*(A*) define a unique section I'yy of T4A* by the equation

ir, a4 =dH,

and, therefore, a vector field p™ (I'yy) = Xz on A* which gives the dynamics. In coordinates

Ty = SZHQ —~ (pf;gz +p70(lﬁg:;> P,
and therefore
Thus, the Hamiltonian equations are
d¢¢  ;0H  dp.  ;0H . 0H

— = T T
a P Opa’ dt Pa oq' Pr=ap Ops
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2.5.3 The Legendre transformation

The relationship between Lagrangian and Hamiltonian mechanics in Lie algebroids is given
by the Legendre transformation (see §2.2.1 for the case of mechanics in tangent bundles). Let
L: A — R be a Lagrangian function and Oy € T'((T4A4)*) be the Poincaré-Cartan 1-section
associated with L.

We introduce the Legendre transformation associated with L as the smooth map
FL:A— A* defined by

(FL(a),b) = %L(a v

for a,b € A,, where A, is the fiber of A over the point ¢ € Q. In other words (FL(a),b) =
(©1(a), z), where z is a point in the fiber T4 A over the point a such that T7(z) = b.

The map FL is well-defined and its local expression in fibered coordinates on A and A*
is

i ay i OL
FL(q",y") = (q ’aT/a)'

From this local expression it is easy to prove that the Lagrangian L is regular if and only if
FL is a local diffeomorphism.

The Legendre transformation induces a map TFL : TAA — TAA* defined by
TJFEL(b, X,) = (b, (ToFL)(X,)),

for a,b € A and (a,b, X,) € T&A C Ar(g) X Ar(q) x ToA, where TFL : TA — TA* is the
tangent map of FFL. Note that 7% o FL = 7 and thus TIFL is well-defined.

If we consider local coordinates on T4 A (resp. T4A*) induced by the local basis { X4, 4}
(resp. {Ya, P} ) the local expression of TFL is

, AL . 92 0L
{.TFL 7 a, o ay 2 ¢ 4 7 6 , 5 .
(q Y 32,0 ) <$ ) aya’z »Pp= 6qzaya +v ayaayﬂ>

The relationship between Lagrangian and Hamiltonian mechanics is given by the following
theorem.

Theorem 2.5.1. [105] The pair (TFL,FL) is a morphism between the Lie algebroids
(TAA[-]7, p7) and (TAAS[,-]7",p""). Moreover, if ©r and Qp, (resp. ©a and Q4) are
the Poincaré-Cartan 1-section and 2-section associated with L (respectively, the Liouville
1-section and the canonical symplectic section on ‘J'AA*), then

(TFL,FL)*©4 = 0O, (TFL,FL)*Q4=Qp.

In addition, in [105], it is proved that if the Lagrangian L is hyperregular, that is, FL
is a global diffeomorphism, then (JIFL,IFL) is a symplectomorphism and the Euler-Lagrange
section I'y, associated with L and the Hamiltonian section I'yy are (TFL,IFL)—related, that
is

I'gyoFL=TJFLoIy,.

Therefore, an admissible curve a(t) on T4A4 is a solution of the Euler-Lagrange equations if
and only if the curve u(t) = FL(a(t)) is a solution of the Hamilton equations.
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Remark 2.5.2. The extension of nonholonomic mechanics to the Lie algebroid setup was
developed in [37], whereas the vakonomic extension was presented in [72], among other refer-
ences.



Chapter 3

Discrete Lagrangian and
Hamiltonian mechanics

This chapter is mainly based on the work by Marsden and collaborators (see [124] for an
introduction to this topic). Other interesting references, as was mentioned in the introduction
chapter, are [25, 97, 98, ]. They used the concept of discrete variational mechanics to
derive variational integrators simulating initial value problems in dynamical mechanics. The
extension of these ideas to Lie groupoids, presented in the last section of this chapter, were
originally developed in the seminal work [118]. Regarding this last topic we follow here the
nice survey [30].

3.1 Discrete Lagrangian mechanics

As in the continuous case, we consider the configuration manifold @, but now we define the
discrete state space to be Q x . That means that rather than taking a position ¢* and
a velocity ¢’ (as local coordinates of the vector vy € TQ), we now consider two positions gg
and ¢; and a time step h € R. These positions should be thought of as being two points on
a curve at time h apart, such that gy ~ ¢(0) and ¢; ~ g(h). Roughly speaking, the discrete
state space @ x () contains the same amount of information as T'Q) (in other words, both
spaces are isomorphic). A discrete Lagrangian is a function Ly : Q x Q x R — R, which
we think of as approximating the action integral along the curve segment between ¢qg and ¢,
namely

h
La(do, 1, ) ~ /0 Liq(t). d(t)) dt.

In the following we neglect the h dependence except where it is important and consider the
discrete Lagrangian as a function Lg: Q) X @@ — R.

We construc the increasing sequence of times {t; = hk|k =0,..., N} C R from the time
step h, and define the discrete path space to be

Ca(@) = Calftitio @) = {aa: {tihlo — @}

71
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We will identify a discrete trajectory gq € C4(Q) with its image ¢4 : {qk}évzo, where ¢q;, =
¢d(tr). The discrete action map or discrete action sum Ay, : C4(Q) — R along this

sequence is calculated by summing the discrete Lagrangian on each adjacent pair and defined

by
N—-1

ALy =Y La(qr, qrs1)-
k=0

As the discrete path space C4(Q) is isomorphic to @ X --- x @ (N +1 copies), it can be given
a smooth product manifold structure. The discrete action Aj,, inherits the smoothness of
the discrete Lagrangian L.

The tangent space T;,Cq(Q) at gq is the set of maps vy, : {tk}]kvzo — T'Q such that

. X N

Tq © Vg; = qd, which we will denote vy, = {(qx, k) }1—o-

The discrete object corresponding to T7TQ is the set (Q x Q) x (Q x Q). With the
projection operator m and the translation operator o defined as

7 : (g0, 1), (90, 41)) = (20, 1),
o : ((q0,01): (40, 41)) = (90, 41);

the discrete second order submanifold of (Q x Q) x (Q x Q) is defined to be
Qa={wa € (Q x Q) x (Q x Q) |m 0 a(wa) =m0 m(wa)},

where m12 1 Q x Q — @ are the usual projectors of the first and second factors onto Q.
The discrete second order submanifold is the set of pairs of the form ((qo, 1), (¢1,42)). Now,
analogously to the continuous setting, the discrete version of Hamilton’s principle describes
the dynamics of the discrete mechanical system determined by a discrete Lagrangian Ly on

QxQ.

Theorem 3.1.1 (Discrete Hamilton’s principle)__. Given a C* discrete Lagrangian Ly,
k > 1, there exists a unique C*~1 mapping DprLq : Qq — T*Q and unique C*~1 one-forms
@Jer and @Zd on Q x Q, such that for all variations dqq € Tq,Ca(Q) of g4 we have

N-1
(AL, 0¢a) = Y ADrLa((-1, k), (G Get1)), 5ar)
k=0
+(0F (an—1,an), (3gn—1,0qn)) + (O (40, 41), (390, 1)) (3.1)

The mapping Dgp Ly is called the discrete Euler-Lagrange map and has coordinate
expression

DerLa((qk—1,9%), (@&, @k+1)) = DaLa(qr—1, k) + D1La(qk, qr+1)-

The one-forms sz and @Zd are called the discrete Lagrangian one-forms which local
expressions are

oLy

GL(QO,LH) = DyLg(qo, q1)dq1 = 8(; qis
1

oLy

Cdqh.
q;, B

©7,(20.q1) = —DiLa(qo,q1)dgo = —
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Proof. Computing the derivative of the discrete action sum gives

N

(AL, 0q0) = > ((D1La(qr: Ghs1), 6qk) + (D2La(tk—1, k) 5qr+1))
k
N

= > {(D1La(qr, qr+1) + Do2La(qe-1, &), 6q)
k

+ (D1La(qo, q1),0q0) + (D2La(gn-1,9N), 0qN),

—_

Il
— O

Il
o

using a discrete integration by parts (rearrangement of the summation). Identifying the
terms with the discrete Euler-Lagrange map and the discrete Lagrangian one-forms gives the
desired result. O

Note that two one-forms arise from the boundary terms. However, observe that dLg; =
@Jer — @Zd and so using that d? = 0 we arrive to

dey =dey .

Thus, although there are two one-form, they give rise to a single discrete two-form, which is
important for symplecticity.

Discrete Lagrangian evolution operator and mappings

The discrete Lagrangian evolution operator X, plays the same role as the continuous
Lagrangian vector field, and is defined to be the map X7, : @ x Q@ = (Q x Q) x (Q x Q)
satisfying mo X, = Idgxg and

DELLdOXLd = 0.

The discrete objet corresponding to the Lagrangian flow is the discrete Lagrangian map
Fr,:QxQ — @ x Q defined by
Fr,

s=00Xp,.

Since X7, is of second order, which corresponds to the requirement that Xy, ,(Q x Q) C Qd,
it has the form

X1, :(q0,q01) = ((90,q1), (q1,92)),

and so the corresponding Lagrangian map will be Fr, : (qo,q1) — (q1,q2).!

A discrete path g4 € C4(Q) is said to be a solution of the discrete Euler-Lagrange
equations if the first term on the right hand side of (3.1) vanishes for all variations dq; €
T4,Ca(Q). This means that the points {qx} satisfy Fr,(qx—1,qx) = (qk, qr+1) or, equivalently,
that they satisfy the discrete Euler-Lagrange equations

DoLa(qk—1,q98) + D1La(qk, qe+1) =0, Vk=1,..., N — 1. (3.2)

'For a regular discrete Lagrangian (see §3.2), these objets are well-defined and the discrete Lagrangian
map is invertible.



74 Discrete Lagrangian mechanics

Example 3.1.2. Let consider the discrete Lagrangian Ly : R™ x R™ — R defined by

h —a\ " -
La(qr, qut1) = 3 (q;thq;g> M <qk+1hqk) — hV(qr),

where M is a real symmetric positive-definite n x n matrix (in other words a mass matrix)
and V a potential function. Applying equation (3.2), we find that the discrete Euler-Lagrange

equations are
Qk+1 — 24k + Qk—
M ( +1 =k 1> — VYV (g,

which is clearly a discretization of Newton’s equations

which just are the Euler-Lagrange equations for a continuous Lagrangian system defined by
L(q,4) = 54" M ¢ —V(q).
If, on the other hand, we choose a different discrete Lagrangian, namely

h — T _ n
Ly(qr, qrv1) = 5 (%thk> M <q’“+1hq’“) _ hV(%&),

the resulting discrete Fuler-Lagrange equations are

Te+1 — 2qk + qr—1
M ( % > = =VV(qrs1/2) — VV(qk-1,2),
where g1/ = w and qy_1/2 = %. Again, this is a discrete analogue of the

Newton’s law.

3.1.1 Properties of discrete Lagrangian maps

One can show that discrete Lagrangian maps inherit the properties we have presented for
continuous Lagrangian flows. That means that the discrete Lagrangian symplectic form
Qr, = d@Jer = d@Zdv with coordinate expression

2Ld
d459q1

Qr, (0, 01) = dgj A dqf,

is preserved under the discrete Lagrangian map as
(FLd)*QLd =Qp,.

Thus, we say that F7,, is discretely symplectic (see [124] for the proof).

There exists a discrete analogue of Noether’s theorem which states that momentum maps
of symmetries are constants of the motion. To see this, we introduce the action lift to
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Q@ x @ by the product @?XQ(qO, q1) = (P4(qo0), Py(q1)), which has an infinitesimal generator
foxQ 1 @ x Q@ = T(Q x Q) given by
§oxq (a0, q1) = (§o(q0),$q(q1)),

where {g : Q — T'Q is the infinitesimal generator of the action ®, : @ — @, both presented
in §2.1.3. The two discrete Lagrangian momentum maps JLid QX Q — g* are

<J[J,rd(q03q1)7£> = <®zda£QXQ(q07q1)>7
<Jgd(q03q1)7£> = <@ZdanxQ(QOaQ1)>,

for all £ € g, or alternatively written as

(JE (q0,01),€) = (DaLa(qo, 1), éq(q)),
(J1,(90,q1),&) = (—=D1La(q0,q1),€q@(q0))-

The discrete momentum maps erd and J;  are equal, along solutions of the discrete Euler-
Lagrange equations, in the case of a discrete Lagrangian that is invariant under the lifted

action, that is
Lgo®9*9 =1,
holds for all g € G. Then Jp, : Q@ x () — g* is the unique discrete Lagrangian momentum

map.

Theorem 3.1.3 (Discrete Noether’s theorem). Consider a given discrete Lagrangian
system Lg : Q X Q — R which is invariant under the lift of the (left or right) action ® :
G xQ — Q. Then, the corresponding discrete Lagrangian momentum map Jr, : @ X @ — g*
is a conserved quantity of the discrete Lagrangian map Fr, : Q x Q — Q X Q, such that
JLd OFLd = JLd-

See [124] for the proof.

3.2 Discrete Hamiltonian mechanics

Discrete Legendre transforms

Just as the standard Legendre transform maps the Lagrangian state space T'Q) to the Hamil-
tonian phase space T*(), we can define discrete Legendre transforms or discrete fiber
derivatives IFLCT :Q x @ — T*@Q, which map the discrete state space QQ X QQ to T*Q. These
are given by

(FL} (q0,q1),6q1) = (D2La(qo0,q1),0q1),
(FL; (90,q1),0q0) = (—=D1La(qo0,q1),0q0),

which can be written as

FL : (90, q1)
]FL; : (Qanl)

(q1,p1) = (a1, D2L4(qo, q1)),

H
= (qo0,po) = (g0, —D1La(q0,q1))-
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We say that L, is regular if both discrete fiber derivatives are local isomorphisms (for nearby
qo and ¢q1). In general, we assume working with regular discrete Lagrangians. If both discrete
fiber derivatives are global isomorphisms we say that L; is hyperregular. In fact, it is only
necessary to have regularity of one of the Legendre maps. Then the regularity of the second
is straightforward.

The canonical one- and two-forms and Hamiltonian momentum maps are related to the
discrete Lagrangian forms and discrete momentum maps by pullback by the discrete fiber
derivatives, such that

@i = (FL3)*0q and Q, = (FLF)*Qq,

where, as before, ©¢ is the canonical 1-form and g is the symplectic 2-form on T%@Q).

Momentum matching

By introducing the notation

Pigsr = P (G qrr1) = FLY (qrs arn),
Prar1 = P (@ qh+1) = FLy (qk, 1),

for the momentum at the two endpoints of each interval [k, k+ 1] the discrete fiber derivatives
permit a new interpretation of the discrete Euler-Lagrange equations (3.2) which can be
written as

FLY (qe—1,q%) = FL7 (qk, qr+1), (3.3)
or simply

pzfl,k = Pi g1

That is, the discrete Euler-Lagrange equations are enforcing the condition that the momentum
at time k should be the same when being evaluated from the lower interval [k — 1, k] or the
upper interval [k, k+ 1]. This means that along a solution curve there is a unique momentum
at each time k, which is denoted by

_ ot -
Pk = Pr—1k = Pgg+1-

A discrete trajectory {%}{e\;o in Q can thus also be regarded as either a trajectory
{(qx, qk+1)}£f;01 in Q x Q or, equivalently, as a trajectory {(qk,pk)}ivzo in T%Q.
Note that (3.3) can be also written as

FLT =FL; o Fy,. (3.4)

A consequence of viewing the discrete Euler-Lagrange equations as a matching of momenta
is that it gives a condition for when the discrete Lagrangian evolution operator and discrete
Lagrangian map are well-defined.

Theorem 3.2.1. Given a discrete Lagrangian system Lg : Q x Q — R, the discrete La-
grangian evolution operator Xp,, and the discrete Lagrange map F, are well-defined if and
only if FL; s locally and isomorphism. The discrete Lagrange map is well-defined and in-
vertible if and only if the discrete Lagrangian is reqular.

See [124] for the proof.
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Discrete Hamiltonian maps

Using the discrete Legendre transformations also enables us to push the discrete Lagrangian
map Fr, : Q@ x Q — @ x Q forward to T*(). We define the discrete Hamiltonian map
FLd :T*Q — T*Q by FLd = IFLdjE oFy,, o (IFL;ZE). The fact that the discrete Hamiltonian map
can be equivalently defined with either discrete Legendre transform is a consequence of the
following theorems.

Theorem 3.2.2. The following diagram commutes

Fr,

(qo,q1) (q1,62) (3.5)

- +
FL FL]

FL;

+
d ]FLd

(qo,po) ¢ (q1,p1) (q2,p2)

Fr, Fr,

Proof. The central triangle is simply (3.4). Assume that we define the discrete Hamiltonian
map by FLd = ]FL;r oFyp, o (]F‘L;)_l, which gives the right-hand parallelogram. Replicating
the right-hand triangle on the left-hand side completes the diagram. If we choose to use the
other discrete Legendre transform then the reverse argument applies. O

Corollary 3.2.3. The following three definitions of the discrete Hamiltonian map,

Fr, = FL}oFp,o(FL)™,
Fr, = FLjoFp,o(FL;)™},
Fr, = FL}o(FL;)™",

are equivalent and have coordinate expression FLd : (o, po) — (q1,p1), where

po = —D1La(q0, 1), (3.6a)
p1 = Da2L4(q0,q1)- (3.6b)

Proof. The equivalence of the three definitions can be read directly from the diagram in
Theorem (3.2.2). The coordinate expression for F, . : (q0,p0) = (q1,p1) can be readily seen
from the definition Fy, = FL} o (FL;)~!. Taking initial condition (go,po) € T*Q and
setting (g0,q1) = (FL7) '(qo,po) implies that po = —D1La(go,q1), which is (3.6a). Now,
letting (q1,p1) = FL} (g0, 1) gives p1 = D2L4(qo, q1), which is (3.6b). O

As the discrete momentum map preserves the discrete symplectic form and discrete mo-
mentum maps on Q) X @, the discrete Hamiltonian map will preserve the pushforwards of these
structures. As we saw above, however, these are simply the canonical symplectic form and
momentum map on 7*@Q, and so the discrete Hamiltonian map is symplectic and momentum
preserving.
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We can summarize the relationship between the discrete and continuous systems in the
following diagram, where the dashed arrows represent the discretization.

TQ, Fr——— — - ~QxQ, Fy, (3.7)
FL FLg
T*Q7FH 77777 >TQ7FLd

3.2.1 Discrete Lagrangians are generating functions

As we have seen above, a discrete Lagrangian is a real-valued function on @) x Q which defines
a map F, . T7Q — T7Q. In fact, a discrete Lagrangian is simply a generating function of
the first kind for the map F, 4+ in the sense defined in §2.2.2. This is seen by comparing the
coordinate expression (3.6) for the discrete Hamiltonian map with the expression (2.10) for
the map generated by a generating function of the first kind.

3.3 Correspondence between discrete and continuous me-
chanics

We will now define a particular choice of discrete Lagrangian which gives an exact corre-
spondence between discrete and continuous systems. To do this, we must firstly recall the
following fact

Theorem 3.3.1. Consider a reqular Lagrangian L for a configuration manifold Q, two points
q0,q1 € Q and a time step h € R. If ||q1 — qo|| and h are sufficiently small, then there exists
a unique solution q : R — @Q of the Euler-Lagrange equations for L satisfying q(0) = qo and
q(h) = q1.

See [123] and [140] for the proof. For a regular Lagrangian L we state the following
definition

Definition 3.3.2. Let the exact discrete Lagrangian be

h
L5 (g0, a1, 1) :/ L(qo,1(t), qo,1(t)) dt,
0

for sufficiently small h and close qy and q;.

Here, qo,1(t) is the unique solution of the Euler-Lagrange equations for L which satisfies
the boundary conditions go 1(0) = go and go,1(h) = ¢1, and whose existence is guaranteed by
Theorem 3.3.1.

We will now see that with this exact discrete Lagrangian there is an exact correspondence
between the discrete and continuous systems. To do this, we will first establish that there
is a special relationship between the Legendre transforms of a regular Lagrangian and its
corresponding exact discrete Lagrangian.
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Lemma 3.3.3. A reqular Lagrangian L and the corresponding exact discrete Lagrangian Lg
have Legendre transforms related by

F(LY) (q0,91,h) = FL(qo1(h),do1(h)),
F(LY) (q0.q1,h) = TFL(qo1(0),do1(0)),

for sufficiently small h and close qg,q1 € Q.

See [124] for the proof. Since (go1(h),do1(h)) = F(g0,1(0),40,1(0)), Lemma 3.3.3 is
equivalent to the following commutative diagram (recall that F} is the Lagrangian flow,
defined in §2.1.3, of the Lagrangian vector field X determined by the equation (2.7), that is
ix,Qp = dEL).

(90, q1)

F(LE)- F(LE)-
(90, po) (q1,p1)
FL FL
(90, do) ! o (q1,41)

Combining this diagram with Theorem 3.2.2 and with the definition of the Legendre transform
gives the following commutative diagram for the exact discrete Lagrangian

C]Oalh Q1aQ2
F(LE)~ F(LE)* F(LE)*
LE
(40, Po) ! ) (q1,p1) o= (g2, p2)
FL FL FL
(90, Go) ! 7 (q1,41)+ o (92, G2)

This proves the following theorem.

Theorem 3.3.4. Consider a reqular Lagrangian L, its corresponding exact discrete La-
grangian Lg and the pushforward of both the continuous and discrete systems on T*Q), yield-
ing a Hamiltonian system with Hamiltonian H and a discrete Hamiltonian map F LB, respec-
tively. Then, for a sufficiently small time step h € R, the Hamiltonian flow map equals the
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pushforward discrete Lagrangian map:

This theorem is a statement about the time evolution of the system, and can also be
interpreted as saying that the diagram (3.7) commutes with the dashed arrows understood
as samples at times {tk}g:o, rather than merely as discretizations.

We can also interpret the equivalence of the discrete and continuous systems as a statement
about trajectories. On the Lagrangian side, this gives the following theorem.

Theorem 3.3.5. Take a series of times {t; = hk}évzo for a sufficiently time step h € R, and
a reqgular Lagrangian L and its corresponding exact discrete Lagrangian Lg . Then, solutions
q:[0,tny] — Q of the Euler-Lagrange equations for L and solutions {qk}ivzo of the discrete
Euler-Lagrange equations for Lg are related by

QIC :q(tk)7 k:07...,N, 38&)
a(t) = qep+1(t), = [tr, tisa]- (3.8b)

Here, the curves qi 41 [th, thr1) = Q are the unique solutions of the Euler-Lagrange equa-
tions for L satisfying qy x+1(kh) = qx and gy g+1((k + 1)h) = qt1.

See [124] for the proof.

3.4 Variational integrators

We now turn our attention to a discrete Lagrangian system as an approximation to a given
continuous system. That is, the discrete system is an integrator for the continuous system.

As we have seen, under regularity condition discrete Lagrangian maps preserve the sym-
plectic structure and so, regarded as integrators, they are necessarily symplectic. Further-
more, generating function theory shows that any symplectic integrator for a mechanical sys-
tem can be regarded as a discrete Lagrangian system, a fact we state here as a theorem

Theorem 3.4.1. If the integrator F' : T*Q x R — T*Q is symplectic, then there exists a
discrete Lagrangian Lq whose discrete Hamiltonian map Fr,, is F'.

In addition, if the discrete Lagrangian inherits the same symmetry groups as the contin-
uous system, then the discrete system will also preserve the corresponding momentum maps.
As an integrator, it will thus be a so-called symplectic-momentum integrator.

Just as with continuous mechanics, we have seen that discrete variational mechanics has
both a Lagrangian and a Hamiltonian interpretation. These two viewpoints are complemen-
tary and both give insight into the behaviour and derivation of useful integrators.

However, the above theorem is not literally used in the construction of variational inte-
grators, but is rather used as the first steps in obtaining inspiration. In this section we will
assume that ), and thus also T'Q) and T*(Q), is a finite n-dimensional vector space with an
inner product (-,-) and corresponding norm || - ||.
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3.4.1 Implementation of variational integrators

Although the distinction between the discrete Lagrangian map Fr,, : @ X Q@ x R = Q x @
and its pushforward F7, . T7Q x R — T*Q is important geometrically, for implementation
purposes the two maps are essentially the same. This is because of the observation made
in §3.2 that the discrete Euler-Lagrange equations that define Ff, can be interpreted as
matching of momenta between adjacent intervals.

In other words, given a trajectory qo, q1, ..., qk—1,qr the map Fr, : Q Xx @ xR — Q x Q
calculates gi4+1 according to

DoLg(qx—1, g, h) = —D1La(qk, qr+1, h)-

If now we take py = DoLg(qx—1,qx, h) for each k, then this equation is simply

Pk = —D1Lq(qk, qk+1. 1), (3.9)

which together with the next update

Pk+1 = DoLq(qi, @1, 1), (3.10)

defines the pushforward map F, ,T"Q xR — T"Q. Another way to think of this is that
the py are merely storing the values Do Lg(qk, qk+1, h) from the last step. For this reason it is
tipically easier to implement a variational integrator as the single step map Fy, 4> as this also
provides a simple method of initialization from initial vales (qo,po) € T*Q. In the general
case when no special form is apparent, the equations (3.9) and (3.10) must be solved directly.
The update (qx,pr) — (qk+1, Pr+1) thus involves first solving the implicit equation (3.9) for
gr+1 and then evaluating the explicit update (3.10) to give pgy1.

3.4.2 Error analysis

In this section we consider a numerical method F' : T*@Q x R — T which approximates
the flow F : T*Q x R — T*Q of a given Hamiltonian vector field Xy. Error analysis is
concerned with difference between and exact trajectory and a discrete trajectory.

Local error and order of the method

An integrator F' of X is said to be of order r if there exist an open set U C T*Q and
constants C; > 0 and h; so that

| F(q,p,h) — Fu(q,p,h) |< Cih™H! (3.11)

for all (¢,p) € U and h < h; (we are using, with some abuse of notation, (¢,p) and (¢*, p;),
without distinction, since T%@Q and T™*(Q are vector spaces). The expression on the left hand
side of this equation is known as the local error, and if the method has order at least 1,
then it is said to be consistent.



82 Variational integrators

Global error and convergence

Having defined the error after one step, we now consider the error after many steps. The
integrator F' of Fy is said to be convergent of order r if there exist an open set U C T*Q
and constants Cy > 0, hy > 0 and T, > 0 so that

H (F)N<q7p7 h) - FH(vauT) HS Cghr7

where h = T'/N, for all (¢,p) € U, h < hg and T' < Tj;. The expression on the left hand side
is the global error at time 7.

For one-step methods such as we consider here, convergence follows from a local error
bound on the method and a Lipschitz bound on X

Theorem 3.4.2. Suppose that the integrator F for Xy is of order r on the open set U C T*Q
with local error constant Cp, and assume that £ > 0 is such that

|56.s

3(p,Q)H§€

on U. The method is consistent on U with global error constant Cy given by

Cy = %(eﬁTg —1).

See [62], for instance, for the proof.

Order calculation

Given an integrator F' of Xy, the order can be calculated by expanding both the true flow
Fy and the integrator F' in a Taylor series in h and then comparing terms. If the terms agree
up to order r, then the method will be of order r.

3.4.3 Variational error analysis

Rather than considering how closely the trajectory of F' matches the exact trajectory given
by Fy, we can alternatively consider how closely a discrete Lagrangian matches the ideal
discrete Lagrangian given by the action. As we have seen in §3.3, if the discrete Lagrangian
is equal to the action, then the corresponding discrete Hamiltonian map FJ, , will exactly
equal the flow Fy.

The approach taken here is to show that when the discrete Lagrangian approximates a
continuous Lagrangian, the discrete integrator approximates the continuous flow and thus
the classical theory implies that the global discrete trajectory approximates the continuous
trajectory.
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Local variational order

Recall that the exact discrete Lagrangian given in definition 3.3.2 is defined by

h
L8 (qo, 1, h) = /0 Lig(t), d(t)) dt,

where ¢(t) is the solution of the Euler-Lagrange equations satisfying ¢(0) = go and q(h) = ¢.

We say that given a discrete Lagrangian L; is of order r if there exist an open subset
U, C TQ with compact closure and constants C, > 0 and h, > 0 so that

H Ld(q(0>7 q(h‘)7 h) - Lg(q(0)7 q(h), h) HS thr+1 (3'12)

for all solutions ¢(t) of the Euler-Lagrange equations with initial conditions (¢, ¢) € U, and
for all h < h,,.

Discrete Legendre transform order

The discrete Legendre transforms IE‘L; of a discrete Lagrangian L, are said to be of order
r if there exists an open subset Uy C T™Q with compact closure and constants Cy > 0 and
hy > 0, so that
| FLE ((0), a(h). h) — F(LE) (q(0), a(h), h) | < Crh™+, (3.13a)
| FL ((0), a(h). h) — F(LE)~(a(0), a(h), h) | < Crh+, (3.13b)
for all solutions ¢(t) of the Euler-Lagrange equations with initial condition (¢, ¢) € Uy and
for all h < hy.
The relationship between the orders of a discrete Lagrangian, its discrete Legendre trans-

forms and its discrete Hamiltonian map is given in the following fundamental theorem.

Theorem 3.4.3. Given a reqular Lagrangian L and corresponding Hamiltonian H, the fol-
lowing are equivalent for a discrete Lagrangian Lg:

1. the discrete Hamiltonian map for Lg is of order r,

2. Lg is equivalent to a discrete Lagrangian of order r.

See [124] for the proof. An extension of this theorem is treated in [110].

Variational order calculation

Given a discrete Lagrangian, its order can be calculated by expanding the expression for
L4(q(0),q(h),h) in a Taylor series in h and comparing this to the same expansion for the
exact Lagrangian. If the series agree up to r, then the discrete Lagrangian is of order r.

We explicitly evaluate the first terms of the expansion of the exact discrete Lagrangian
to give

- oL, .. ., OL
L ((0), a(h), h) = hL(g,q) + 5h? (&]i(q, D¢ + 55

(g, q)ff) +0(h%),
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where ¢ = ¢(0), ¢ = ¢(0) and so forth. Higher derivatives of ¢(t) are determined by the

Euler-Lagrange equations (recall that the Euler-Lagrange equations % <8Lé()qu')) _ 8L8(37Q') =0

determine ¢ in terms of ¢ and q).

3.4.4 The adjoint of a method and symmetric methods

For a one-step method F' : T*Q x R — T*(@ the adjoint method is F* : T*Q x R — T*Q
defined by

(F)'o F~" =1d (3.14)
that is, (F*)" = (F~")~!. The method is said to be self-adjoint if F* = F. Note that we
always have F** = F.

Given a discrete Lagrangian Ly : @Q X Q X R — R, we define the adjoint discrete
Lagrangian to be L} : Q x  x R — R defined by

L:l(QOaQbh) = _Ld(QI7QO7_h)- (315)

The discrete Lagrangian Lg is said to be self-adjoint if L; = L;. Note that L}* = Ly for
any Ld.

Theorem 3.4.4. If the discrete Lagrangian Lg has a discrete Hamiltonian map FLd, then
the adjoint L} of the discrete Lagrangian has discrete Hamiltonian map equal to the adjoint
map, so that FLZ = de If the discrete Lagrangian is self-adjoint, then the method is self-
adjoint. Conversely, if the method is self-adjoint, then the discrete Lagrangian is equivalent
to a self-adjoint discrete Lagrangian.

See [124] for the proof.

Order of adjoint methods

To relate the expressions of L and its adjoint in terms of h, it is necessary to work with the
modified form

Ly(q(=h/2),q(h/2),h) = —La(q(h/2),q(=h/2), =h),

which can be used in the same way as L}(¢(0),q(h),h) = —Lq(q(h),q(0),—h). From this it
is clear that the expansion of L} is the negative of the expansion of Ly with h replaced by
—h. In other words, if Ly has the expansion

1 1
La(h) = hLy+ 5h* L+ h*LY,

where ’ denotes the derivative with respect to h, then L} will have the expansion

« 1 1
Li(h) = hL}, — 5h2 n+ 6h3Lg’,

and so the series agree on odd terms and are opposite on even terms.
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This shows that the order of the adjoint discrete Lagrangian L is the same as the order
of Lg. Furthermore, if Ly is self-adjoint, then all the even terms in its expansion must be
zero, showing that self-adjoint discrete Lagrangians are necessarily of even order (the first
nonzero term, which is 7 + 1, must be odd).

These same conclusions can be also be reached by working with the discrete Hamiltonian
map, and showing that its adjoint has the same order as it, and that it is of even order
whenever it is self-adjoint. Theorems 3.4.4 and 3.4.3 then give the corresponding statements
for the discrete Lagrangians.

Exact discrete Lagrangian is self-adjoint

It is easy to verify that the exact discrete Lagrangian LdE in definition 3.3.2 is self-adjoint.
This can be done either directly from L%(qo,q1,h) = —La(q1, g0, —h), or by realizing that the
exact flow map F generated by Lg satisfies equation (3.14) and then using Theorem 3.4.4.

3.5 Discrete mechanics on Lie groupoids

In this section we are going to use the notions of Lie groupoid and prolongation of a Lie
groupoid described in §1.5.2. We discuss discrete Lagrangian mechanics on a Lie groupoid
G = Q. Instead of the usual Euler-Lagrange equations (2.23) for a Lie algebroid 7: A — @
7 : A — @ equipped with a Lagrangian function L : A — R, we obtain a set of difference
equations called discrete Euler-Lagrange equations for a discrete Lagrangian Ly : G — R
(see [118] for further details). When the Lie algebroid is precisely A = AG and Lg is a
suitable approximation of the continuous Lagrangian L : AG — R, then we will obtain a
geometric integrator for the continuous Euler-Lagrange equations.

Discrete Euler-Lagrange equations

A discrete Lagrangian system consists of a Lie groupoid G = @ (the discrete space)
and a discrete Lagrangian L;: G — R. For g € G fixed, we consider the set of admissible
sequences

ef]\] = {(glv agN) € GN | (gk’agk-‘rl) € G(2) fork = ]-a aN - ]-a g1 gN = g} .
We may identify the tangent space to Cév with
T(ghm,gN)GéV = {(’Ul, ...,’UN_l) ‘ Vg € (AG)qk anqu = B(gk), 1 < k < N — 1} .

An element of T(gl7._.7gN)C’.éV is called an infinitesimal variation. Now, we define the dis-

crete action sum associated to the discrete Lagrangian Ly : G — R by

=

SLd(917 7gN) = Z Ld(gk>
k=1
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Hamilton’s principle requires this discrete action sum to be stationary with respect to all
infinitesimal variations. This requirement gives the following alternative expression for the
discrete Euler-Lagrange equations:

X (9)(La) — X (gk1)(La) = 0, (3.16)

for all sections X € I'(AG) (see [118] for the proof).
Alternatively, we may rewrite the discrete Euler-Lagrange equations as
d(Lgo Ly + Lyo R, .. o) (e(q ‘ —0,
(Lo Ly + Lao Ry o) ()]

where 3(gr) = a(g(+1)) = qx and i represents the inversion map in Lie groupoids defined in
§1.5.2. Note that Ly, and Ry, ., denote the left-translation by gp and the right translation by
gr+1 in the Lie groupoid, respectively. Thus, we may define the discrete Euler-Lagrange

operator:
DDELLd : G(2) — A*G.

where A*G is the dual algebroid of AG. This operator is given by

DpgrLa(g,h) =d(Lgo Ly+ Lgo Ry 01) (e(q)) ,
(AG)q

with B(g) = a(h) = q.

Discrete Lagrangian evolution operator
Let T4 : G — G be a smooth map such that:

e Graph(Yy) € GO, that is, (g, Ya(g)) € GP), for all g € G (in other words Ty is a
second order operator).

e (9,T4q(g)) is a solution of the Euler-Lagrange equations for all ¢ € G, that is
DpgerLa(g, Ya(g)) =0V g € G.

In such case

X(9)(La) — X (Ta(9))(La) = 0,

for every section X of AG and every g € G. The map Y4 : G — G is called a discrete flow
or a discrete Lagrangian evolution operator for L.
3.5.1 Discrete Legendre transformations

Given a discrete Lagrangian Ly : G — R we may define two discrete Legendre transformations
FLT : G — A*G by
(FL;)(h) (Ve(a(n)) = —Ve(a(n))(La © Rp 0 1),

for ve(a(n)) € (AG)qn) and

(FL7)(9)(ve(sin))) = ve(ainy)(La © Ly),
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for Ve(B(h)) S (AG)ﬁ(h)

A discrete Lagrangian Ly : G — R is said to be regular if and only if the Legendre
transformation IFL; is a local diffeomorphism (equivalently if and only if the Legendre trans-
formation FL} is a local diffeomorphism). In this case, if (go, ho) € G x G is a solution of the
discrete Euler-Lagrange equations for Ly, then one may prove (see [118]) that there exist two
open subsets Uy and Vj of G, with gy € Uy and hg € Vj, and there exists a (local) discrete
unconstrained Lagrangian evolution operator Yr,, : Up — Vj such that

1. Tr,(90) = ho,

2. Y, is a diffeomorphism,

d
3. Ty, is unique, that is, if Uj is an open subset of G, with go € Ug, and Y7 : Uy — G is

a (local) discrete Lagrangian evolution operator, then

Y ialvyney = Yial
d UoﬁUé Lq Uor‘lUé'

Moreover, if FLT and FL; are global diffeomorphisms then Y7, = (FL;) ' o (FL}).

If Ly : G — R is a regular Lagrangian, then pushing forward to A*G with the discrete
Legendre transformations, we obtain the discrete Hamiltonian evolution operator, T, :
A*G — A*G which is given by

Tp, = (FL§) o Ty, 0 (FLE) ™ = (ELY) o (FLy) .

The discrete Hamiltonian evolution operator preserves the Poisson bracket naturally induced
by the Lie algebroid structure 7 : AG — @. In this sense, we are obtaining Poisson preserv-
ing numerical methods by considering appropriate discretizations of the continuous reduced
Lagrangian.

3.5.2 Examples
Pair or Banal groupoid

We consider the pair (banal) groupoid G = @ x @ already introduced in §1.5.2, where the
structural maps are

alq, 2) = a1, Blar, @) = a2, €(q) =(¢,9), i(q1,q2) = (a2, 1),
m((q1,92), (92, 93)) = (q1,93)-

We know that the Lie algebroid of G is isomorphic to the standard Lie algebroid ¢ : T'Q) — @
and the map

U AG =V gya = TQ, (0g,vy) € T4Q x TyQ — Wy(04,v4) = vy, for q € Q,

induces an isomorphism (over the identity of Q) between AG and T'Q). In the last expression
we have that V,ya = Ker (T, a) (respectively 3). If X is a section of 7 : AG ~TQ — @,

that is, X is a vector field on @) then X and y are the vector fields on @ x @) given by

?(QI,(D) = (—=X(q1),0q,) € Ty, Q x Ty, @ and X(QLCD) = (0g,, X(q2)) € T, Q x T3, Q,
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for (q1,q2) € @ x Q. On the other hand, if (g1, ¢2) € @ X Q we have that the map

?E-(?l,qz)G = Viar.e)P © Vigra@ — Tig1,42)(@ x Q) ~ T5,Q x T, Q,

((vgr50gs), (g, vgy)) - (Vg1 5 Vgo)

induces an isomorphism (over the identity of @ x Q) between the Lie algebroids 7@ : PTG =
VB®eVa—G=0QxQ and 1gxq) : T(Q x Q) — @ x Q. Recall that the prolongation of
a Lie groupoid over a tangent bundle 7, PG, was already defined in §1.5.2.

Now, given a discrete Lagrangian Ly : Q x @ — R then the discrete Euler-lagrange
equations for Ly are:

X(g1,02)(La) = X (g2,43)(La) = 0, for all X € X(Q), (3.17)
which are equivalent to the classical discrete Euler-Lagrange equations
Dy La(q1,q2) + D1La4(g2,q3) =0

(see, for instance, [124]). The Poincaré-Cartan 1-sections ©p —and @Jer on 1@ : PG ~
T(Q x Q) — G =Q x Q are the 1-forms on @ x @ defined by

<®Zd (a1, 42), (UQ17UQ2)> = Vg (La), (921 (a1, 42), (UQ17UQ2)> = Vgo (La),

for (Q17QQ) €@ xQ and (UQ1>UQ2) € TQ1Q X T%Q = T(q17Q2)(Q X Q)

In addition, if £ : G =Q x Q - G = Q X @ is a discrete Lagrangian evolution operator
then the prolongation of £

PRE:PRG~T(Q xQ) = PRG~T(Q x Q)
is just the tangent map to £ and, thus, we have that
&Qr, =Qr,,

Qr,=—-d0; = —d@Jer being the Poincaré-Cartan 2-form on @) X Q). The Legendre transfor-
mations FL; : G =Q x Q — A*G ~T*Q and IE‘L;r G =Q x Q = A*G ~ T*Q associated
with Ly are the maps given by

FL;(q1,92) = —D1La(q1,q2) € T,, Q, FL? (q1,92) = DoLa(q1,q2) € 1,,Q,

2L
for (q1,q2) € @ x Q. The Lagrangian L4 is regular if and only if the matrix (88 5 > is
xdy

regular, where z and y account for the first and second variables respectively. Finally, a
Noether symmetry is a vector field X on @ such that

D1L4(q1,92)(X(q1)) + D2L4q(q1,92)(X(q2)) = f(a2) — f(q1),

for (q1,42) € Q x Q, where f : @ — R is a real C*°-function on Q. If X is a Noether
symmetry then

a1 = f(@1) = D1La(q1, q2)(X(q1)) — f(q1)
is a constant of the motion.

In conclusion, we recover all the geometrical formulation of the classical discrete mechanics
on the discrete state space @ x @ (see, for instance, [118, 124]).
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Lie groups

We consider a Lie group G as a groupoid over one point M = {e}, the identity element of G.
The structural maps are

Oé(g) =€ /B(g) = 6(6) =€ Z(g) = 9_17 m(gvh) = gh, for g,h € G.
The Lie algebroid associated to G is just the Lie algebra g = T.G of G. Given £ € g we have

the left and right invariant vector fields:

€ ¢

§(9) = (TeLy)(€), €(9) = (TeRy)(E), for g e,

where, again, L, and R, are the left- and right-translations in the Lie group G, respectively.
Thus, given a Lagrangian Ly : G — R its discrete Euler-Lagrange equations are:

(TeLg )(€)(La) = (TeRgy,)(§)(La) = 0, for all & € g and gk, g1 € G,

or, (Ly, dLg)(e) = (Rj,  dL)(e). Denote by pr = (Rj dLg)(e) then the discrete Euler-

Jk+1
Lagrange equations are written as

Hk+1 = Ad;k,uk, (318)

where Ad : G x g — g is the adjoint action of G on g defined in §1.4.3. These equations
are known as the discrete Lie-Poisson equations (they will be reobtained in a different
context in §5). See [18, 121, 122] for further details.

Finally, an infinitesimal symmetry of Lg is an element & € g such that (Tc.Ly)(&)(Lq) =
(TeRgy)(§)(La), and then the associated constant of the motion is F(g) = (TeLgy)(§)(La) =
(TeRg)(€)(Lq). Observe that all the Noether’s symmetries are infinitesimal symmetries of Lg.
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Chapter 4

Hamiltonian dynamics and
constrained variational calculus

The aim of this chapter is to study the relationship between Hamiltonian dynamics and
constrained variational calculus or, in other words, vakonomic mechanics (see §2.4.3 for fur-
ther details). One of our main conclusions is that, under natural regularity conditions, both
are equivalent. We describe Hamiltonian and vakonomic mechanics using the notion of La-
grangian submanifolds (see §1.3 for further details) of convenient symplectic manifolds and
using the Tulczyjew’s triples (see §2.3 for further details). The results are also extended to
the case of discrete dynamics. More concretely, our approach allows us to build symplectic
integrators and to find out interesting applications to geometrical integration of Hamiltonian
systems. Moreover, we analyze in parallel the case of classical nonholonomic mechanics in
the discrete and continuous cases: we give a general method to compare common solutions of
nonholonomic and vakonomic problems (generalizing the results in [35]) and easily adaptable
to more general systems. In order to complete the landscape, some extra geometric notions,
not presented in §1, are introduced in §4.1, such as implicit differential equations.

4.1 Geometric preliminaries

4.1.1 Lagrangian submanifolds and symplectic structures on the tangent
bundle of a symplectic manifold

In §1.3 both symplectic algebra and symplectic geometry were introduced, along with the key
notion of Lagrangian submanifold. Here we recall the example of Lagrangian submani-
fold given in §1.3 and, moreover, we introduce some other particular constructions that are
interesting for our purposes (see [112, 160]).

An interesting class of Lagrangian submanifolds, which will be useful in this chapter,
is the following. Let (P,2p) be a symplectic manifold, where Qp is the usual symplectic
2-form, and g : P — P a diffeomorphism. Denote by Graph (g) the graph of g, that is
Graph (9) = {(p,g(p)), p€ P} C P x P, and by pr; : P x P — P, i = {0, 1}, the canonical

projections. Then (P x P, Qp), where Qp = pry Qp —pr§ Qp, is a symplectic manifold. Let
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ig : Graph (g) — P x P be the inclusion map, then
irQp = (pro)* (4" — Qp) .

Thus, g is a symplectomorphism (that is, g*Q2p = Qp) if and only if Graph g is a Lagrangian
submanifold of P x P.

A distinguished symplectic manifold is the cotangent bundle T*@Q of any manifold Q.
If we choose local coordinates (¢°), 1 < i < n, then T*Q has induced coordinates (q*, p;).
Denote by mg : T*Q) — @ the canonical projection defined by mg(e;) = ¢, where ¢, € Ty Q.
Define the Liouville one-form or canonical one-form ©¢g € A'T*Q by

(©Q)e, X) = (e, Tmg(X)), where X € T.T*Q , e € T*Q.

In local coordinates we obtain ©¢g = p; dg’. The canonical two-form Qg on T"Q is the
symplectic form Qg = —dO¢ (that is Qg = dg’ A dp;).

Now, we will introduce some special Lagrangian submanifolds of the symplectic manifold
(T*Q,9Qq). For instance, the image Xy = A(Q) C T*Q of a closed one-form A € A'Q is a
Lagrangian submanifold of (7*Q,Qq), since A*Qg = —dX. We then obtain a submanifold
diffeomorphic to ) and transverse to the fibers of T*(). When )\ is exact, that is, A = df,
where f : Q — R, we say that f is a generating function of the Lagrangian submanifold
Y\ = Y. Locally, this is always the case.

A useful extension of the previous construction is the following result due to W.Q. Tul-
czyjew.

Theorem 4.1.1 ([157],[158]). Let Q be a smooth manifold, 7q : TQ — Q its tangent bundle
projection, N C Q a submanifold, and f: N — R. Then

£ = {pe T°Q | mo(p) € N and (p,u) = (df.v)
for allv € TN C TQ such that 7q(v) = o (p) }

is a Lagrangian submanifold of T*Q.
Taking f as the zero function we obtain the following Lagrangian submanifold
Yo = {p € T*Q‘N | (p,v) =0,VveTNwithtg(v) = WQ(p)},

which is just the conormal bundle of N:
V(N = {g eT'Qlyi €l v = o} :

Given a symplectic manifold (P, Qp), dim P = 2n it is well-known that its tangent bundle
TP is equipped with a symplectic structure denoted by dpQp (see [108]). If we take Darboux
coordinates (¢%,p;) on P, 1 < i < n, then Qp = d¢' A dp; and, consequently, we have
induced coordinates (q', p;; ¢*, p:), (¢*, pi; a;,b°) on TP and T* P, respectively. Thus, drQp =
d¢* Adp;+dq' Adp; and Qps = dg Ada;+dp; Adb? (with some abuse of notation 1,« denotes the
usual symplectic form on 7% P). If we denote by bq, : TP — T*P the isomorphism defined



Geometric preliminaries 93

by Qp, that is bg,(v) = i, Qp, then we have bq, (¢, pi; ', i) = (¢*,pi; —pi,q'). Given a
function H : P — R, and its associated Hamiltonian vector field Xp, that is, ix, Qp+ = dH,
the image Xy (P) is a Lagrangian submanifold of (T'P,dr2p). Moreover, given a vector field
X € X(P), it is locally Hamiltonian if and only if its image X (P) is a Lagrangian submanifold
of (T'P,drQp). It is interesting to note that drQ2p = —bg,  Qp and by (Xp(P)) = dH(P).

An important notion in the theory of Lagrangian submanifolds is the concept of generating
function. If we have a Lagrangian submanifold IV of an exact symplectic manifold (P,Qp =
dOp), where Op € AP, then 0 = i%,Qp = i5,dOp = d(i5,Op). Consequently, applying the
Poincaré’s lemma, there exists a local function S : U — R defined on a open neighborhood
U of N such that i3,©p = dS. We say that S is a (local) generating function of the
Lagrangian submanifold N. The concept of generating function was already introduced in
the context of canonical transformations in §2.2.2.

4.1.2 Implicit differential equations

An implicit differential equation on a general smooth manifold @ is a submanifold £ C T'Q.
A solution of E is any curve v : I — @, I C R, such that the tangent curve (y(t),%(t)) € E
for all t € I. The implicit differential equation will be said to be integrable at a point if
there exists a solution v of ' such that the tangent curve passes through it. Furthermore,
the implicit differential equation will be said to be integrable if it is integrable at all points.
Unfortunately, integrability does not mean uniqueness. The integrable part of E is the
subset of all integrable points of E. The integrability problem consists in identifying such
a subset.

Denoting the canonical projection 7¢ : T'Q) — @Q, a sufficient condition for the integrability
of F is
ECTQ,

where C' = 7g(FE), provided that the projection 7 restricted is a submersion onto C'.

Extracting the integrable part of F

A recursive algorithm was presented in [133] that allows to extract the integrable part of an
implicit differential equation E. We shall define the subsets

EO = Ea CO = 07
and recursively for every k > 1,
By = Ep 1 NTCy1, C=19(Ek),

then, eventually the recursive construction will stabilize in the sense that Ey = Ejy1 = ... =
Ew,and Cy = Cxyq = ... = C. It is clear by construction that Fo, C TCy. Then, provided
that the adequate regularity conditions are satisfied during the application of the algorithm,
the implicit differential equations E, will be integrable and it will solve the integrability
problem.
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4.2 Continuous Lagrangian and Hamiltonian mechanics

In §2.3 and §2.3.1 we have shown how the Tulczyjew’s triple is used to describe geometrically
Lagrangian and Hamiltonian mechanics and its relationship. In this section we will see
that it is also possible to adapt this geometric formalism when we introduce constraints
into the picture. As was shown in §2.4, there are (at least) two methods that one might
use to derive the equations of motion of systems subjected to constraints: nonholonomic
mechanics (§2.4.2) and constrained variational calculus (or vakonomic mechanics §2.4.3).
The classical method to derive equations of motion for constrained mechanical systems is the
nonholonomic mechanics. The equations derived from the nonholonomic methods are not
of variational nature, but they describe the correct dynamics of a constrained mechanical
system. In order to obtain the nonholonomic equations, if we have linear or affine constraints,
is necessary to apply the Lagrange-D’Alembert’s principle. When dealing with nonlinear
constraints, one should employ the more controversial Chetaev’s rule (see [14, | for further
details). Since the geometrical implementation of the Chetaev’s rule is practically equal to
the process in the linear case, we shall use it from a pure mathematical perspective.

On the other hand, the equations of motion of constrained variational problems are deriv-
able by using variational techniques (always in the constrained case). These last equations
are also known in the literature as vakonomic equations. The terminology vakonomic (“me-
chanics of variational axiomatic kind”) was coined by V.V. Kozlov ([5],[96]). The main ap-
plications of the constrained variational calculus appear in problems of mathematical nature
(like subriemannian geometry) and in optimal control theory.

4.2.1 Nonholonomic mechanics

A nonholonomic system on a manifold @ consists of a pair (L, (), where L : TQ — R is the
Lagrangian of the mechanical system and C is a submanifold of T'Q) with canonical inclusion
ic : C — TQ. In the following, we will assume, for sake of simplicity, that 7¢(C) = Q.
Since the motion of the system is forced to take place on the submanifold C, this requires
the introduction of some reaction or constraint forces into the system. If ¢*(¢’,¢’) = 0,
1 < a < n, determine locally the submanifold C, then Chetaev’s rule implies that the
constrained equations of the system are:

d /JL oL | 0¢”

dt <aq'i> Cog T og

(4.1)
¢a(qiaqi) =0, 1<a<n.

Next, we will describe geometrically the nonholonomic equations. First, we need to introduce
the vertical endomorphism S which is a (1,1)-tensor field on T'Q) defined by

S: TTQ — TTQ

d
Wy, +— qtlieo (Vg +tTTo(Wy,)) .

Its local expression is S = £i ® dg'.
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If we accept Chetaev-type forces, then we define
F =S*(TC)°.
Observe that the vector subbundle F' will be generated by the 1-forms u® = %(g? dq’ because
S*(dg®) = pe.
Now, define the affine subbundle of TT'Q) given by

Enoh = (dL) o Z'C + F’7

that is,
b= {(d, ' iy i) € T*TQ | (4.2)
B OL ol
i = oq aﬁiq'i’
N OL
Hi = 67q-ia

¢%(¢,4) =0, 1 <a<n}.

Therefore, applying the Tulczyjew’s isomorphism g we obtain the affine subbundle

o' (Z"") = {(d'pid5i) € TT'Q) (4.3)
- JL
pl - 8(]17
. OL 09°
i = o7 T Aaq
b aq* + a¢*

¢*(q,4) =0, 1<a<n}.
Define now the nonholonomic Legendre transformation FL™" : C' — T*Q by
FL"h = T+ © aél odLoic .

The solutions for the dynamics given by aél (E”Oh) are curves o : I C R — @ such that
d2(I) € C and the induced curve v : R — T*Q, v = FL""(42) verifies that %(I) C
aél (£m°h). Locally, o must satisfy the system of equations (4.1).

An interesting use of Tulczyjew’s triple in order to define Lagrangian submanifolds and
generalized Legendre transformations within the nonholonomic framework can be found in

[125].

4.2.2 Variational constrained equations (vakonomic equations)

Now, we study the same problem but now using purely variational techniques. As above, let
consider a regular Lagrangian L : TQ — R, and a set of nonholonomic constraints ¢*(q’, §*),
1 < a < n, determining a 2m — n dimensional submanifold C C T'Q). Now we take the
extended Lagrangian £ = L + A,¢® which includes the Lagrange multipliers A\, as new
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extra variables. The equations of motion for the constrained variational problem are the
Euler-Lagrange equations for £, that is:

d (0L 0L _ 99" [d (967 06"
dt \og') 8¢ " oq " [dt \ 0¢ g |’

(4.4)

From a geometrical point of view, these type of variationally constrained problems are de-
termined by a pair (C, L) where C is a submanifold of T'Q), with inclusion i¢ : C' — T'Q, and
L : C — R a Lagrangian function. Using Theorem 4.1.1 we deduce that ¥ is a Lagrangian
submanifold of (T*T'Q,Qrq) (see [54]). Now using the Tulczyjew’s symplectomorphism aq,
we induce a new Lagrangian submanifold Ozél (Xr) of (TT*Q,d7rS2q), which completely deter-
mines the constrained variational dynamics. Of course, the case of unconstrained Lagrangian
mechanics is generated taking the whole space T'QQ instead of C' and an a Lagrangian function
over the tangent bundle L : TQ — R.

Next we shall prove that, indeed, this procedure gives the correct equations for the con-
strained variational dynamics. Take an arbitrary extension L : TQQ — R of L : C' — R, that
is, L oic = L. As above, assume also that we have fixed local constraints such that locally
determines C' by their vanishing, i.e: $“(q,4) =0, 1 < a < n where n = 2dim @ — dim C.

Locally
S o= {(¢' ¢ i) € T'TQ | (4.5)
o
Hi = 8(]1 o] 6q7’ 9
L 9g°

fli = q + Sy
$*(q,4) =0, 1<a<n}.
Observe that locally the conormal bundle v*(C) = span {d¢*,1 < o < n}.

Therefore,
o oo
p’L - 8q1 a 3(]’ 9
AL dgn

pi = 87]1 + )\aaiqi,
¢“(q,4) =0, 1 <a<n}.
The solutions for the dynamics given by aél (Xp) C TT*Q are curves v : I C R — T*Q such
that § : I € R — TT*Q verifies that {(I) C ag' (S1). Locally, if ¥(t) = (¢'(¢), pi(t)) then
it must verify the following set of differential equations:
d /0L O™ oL O™
|l ot bs ) 55 rams
dt \ 9¢* oq* aq* oq*
¢a(qi7 ql) = 07
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which clearly coincide with equations (4.4).

Now, we consider adapted coordinates (¢’, ¢*) to the submanifold C (recall that 7o (C) =
@ is now a fibration C' — @), 1 <i < dim@ and 1 < a < dim Q — n, such that

iC(qi7 qa) = (q27 q-a7 \I’a(qi7 qa)) .

This means that ¢*(¢’,¢") = ¢ — ¥*(q¢*, ¢*) = 0. Therefore, we have

L T
Hi = 8(]1 Ko aql ’
oL ove

Ha = 94" - MQTQ}“’
i =V¢', "), 1<a<n}.

Observe that (q%, ¢%, fio) determines a local system of coordinates for Xy
Then,

ag' (Z0) = {(d'pid'pi) € TTQ | (4.8)
oL v
Pa = 87qa _paTqa’
. oL 9u°
Di = 87q1 — Do Oq’ )

§* =g, ¢"), 1<a<n}.

Consequently, the solutions must verify the following system of differential equations (see

[35]):

d /0L ove oL ov®
it (57 75) = ar or
. oL aue
b = w—Pawa

¢ =9%q",¢"), 1<a<n.

The constrained Legendre transformation

Definition 4.2.1. We define the constrained Legendre transformation IFL : ¥ — T*Q as
the mapping FL = 17+ o (OzélﬂzL.

We will say that the constrained system (L, C) is regular if 'L is a local diffeomorphism
and hyperregular if 'L is a global diffeomorphism.

Observe that locally, if as above we consider the constraints ¢* = ¥(¢’, ¢*) determining

C, then
oL ov®

FL(qi7qa7ﬁa) = (qi7pa = ((Tja - Noaaiqa7pa = /’La) .
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L~ 9Pu~
34“3(}” Ha aqaaqb

The constrained system (L, C) is regular if and only if ( ) is a nondegenerate
matrix.

Next, define the energy function E, : ¥; — R by

Er(a) = (o, ) — L(u), o, € Xp,ue C=ic(0)

Locally, we have

oL _ 0v%(¢',¢*) ., - L ;L
9i7 uaéqa) q* + fia¥Y*(q",4"*) — L(q", ")

a

Er(qd', 4% i) = q

Remark 4.2.2. The constrained Legendre transformation allows us to develop a Lagrangian
formalism on Xp. Indeed, we can define the 2-form Qp, = (FL)*Qgq on X1, and it is easy to
show that the equations of motion of the constrained system are now intrinsically rewritten
as

ix§, = dEy,.

In consequence, we could develop an intrinsic formalism on the Lagrangian side, that is a
Klein formalism ([19, 55, 88, |) for constrained systems without using (at least initially)
Lagrangian multipliers. Moreover, notice that the constrained system is reqular if and only if
Qy is a symplectic 2-form on Xp,

Then, if the constrained system (L,C') is hyperregular we can define the Hamiltonian
function H : T*Q — R by
H=Epo(FL)™",

and the corresponding Hamiltonian vector field X g by ix, g = dH. In this particular case
we have that

ImXy = Xp(T°Q) = B, (dH(T*Q)) = ag' (1)

The second equivalence, Xy (T*Q) = aél (X1), will be studied below. The next diagram
summarizes the above discussion:

TT*Q ae T*TQ
TT*Q aél(EL)
k
Q
"Q FL XL
R %
R

In the singular case, it is necessary to apply the integrability algorithm briefly described in
§4.1.2 to find, if it exists, a subset where there are consistent solutions of the dynamics (see
[53, 51, 52] for further details).
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4.2.3 Comparison of nonholonomic and variational constrained equations.
Continuous picture

Let consider a system defined by the Lagrangian function L : T() — R and an independent
set of constraints ¢%(¢’, ¢') = 0 determining the submanifold C C TQ.

As shown in §4.2.1 and §4.2.2, the solutions of the nonholonomic dynamics are geo-
metrically described by the submanifold ¥"°" < TT*Q, while the solutions of the con-
strained variational dynamics are given by the Lagrangian submanifold ¥; < TT*(Q), where
L=L|,:C—R.

Our aim is to know whether, given a solution of the nonholonomic problem, it is also a
solution of the constrained variational problem. In order to capture the common solutions to
both problems, we have developed the following geometric algorithm. Consider the fibered
product 7*Q @ T*Q, where we choose the local coordinates (¢¢,p;,m;); consider also the
tangent bundle T(T*Q & T*Q) which can be identified with T7*Q D, TT*@Q, which fibers
over T'(). Under these considerations, construct the submanifold "% — TT*(Q EBTWQ TT*Q
as follows:

yeons  — {(Xaq, qu) S TT*Q EDTWQ TT*Q/Taqﬂ'Q(Xaq) = Tﬁqﬂ'Q(Yﬁq),
for  Xo, € X" Yp, € X1}, (4.9)
It is quite clear that the submanifold 3"® gathers together both nonholonomic and
constrained variational dynamics.  Locally, >" is determined by the coordinates

(¢%, pi, mi, ¢, ps, ;) obeying the nonholonomic and constrained variational conditions respec-
tively presented in (4.2) and (4.5), that is

L oL 0™
Di = Gl Ty = aq’ +,U’048L£?z‘7
: L 0™ . L Jelod
pizaq'+)\o¢£m Wi:aqi‘i‘ﬂaaq;m

subject to ¢*(¢*, %) = 0. Here, A, and fi, are the nonholonomic and variational constrained
Lagrange multipliers, respectively. Finally, in order to find the common solutions we will
need to apply the integrability algorithm described in [35, 133].

The following diagram shows the bundle relations:

Tr¢
yeonsC____ o TT*Q @Tﬂ'Q TT*Q Q TQ
(TT*Q,TT*Q) TQ
T*Q & T*Q — Q
TQ

where 1% :TT*Q @TWQ TT*Q — TQ and 7g : T*Q & T*Q — Q denote the fibrations of
the Whitney sums over T'Q) and @), respectively.
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As a simple example, consider the case of linear constraints, namely ¢%(q’, %) = ¢* —
©%(q") ¢ = 0. The relationship determining 3°" presented in (4.25), as well as the integra-
bility algorithm, implies the following equation:

qaﬂaRgb = O, (410)
where N N N N
a 890b N a(pa SDB a<lDb _ SDB a(pa
™ 9ga Agb * 0qP b 0qP
can be considered as the curvature of the connection I' in the local projection p(¢%, ¢%) = (¢%)
such that the horizontal distribution JH is given by prescribing its annihilator to be

HY = {dg™ — p%dg*, 1 < a < m}.

See more details in [35].

4.2.4 Lagrangian and Hamiltonian mechanics relationship

In this section, we shall discuss the converse case, i.e., starting from a Hamiltonian system
we shall show that it is possible to construct a constrained Lagrangian system providing the
same dynamics.

Since mg : T*@Q — @ is a vector bundle, then it is possible to define the dilation vector
field or Liouville vector field A* € X(T*Q), which is the generator of the one-parameter
group of dilations along the vertical fibres pu, — €'pq, pq € T;Q. The dilation vector field

is locally expressed by
0

A* =pi—.
Di Op;
Given a Hamiltonian function H : T*@Q — R, the Hamilton’s equations are written in
canonical coordinates by

. OH
(4.11)
. oH

The solutions of the Hamilton’s equations are just the integral curves of the Hamiltonian
vector field given by

ix,Slo =dH, (4.12)
where Qg is a symplectic form on 7@ .

Given the Hamiltonian function, one defines a function FH : T*Q) — TQ, i.e. the fiber
derivative of H (see [1]), by

d
(FH(ag), Bg) = a tZOH(O‘q +t8q),

where both ag, 5, € T;Q. In local coordinates,

. - OH
FH(d', p) = (¢, =—) .
(¢",pi) = (q 8pi)
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Assume that the image of T*@Q under IFH defines a submanifold C of T'Q). Mimicking the
Gotay and Nester’s definition ([51, 52]), we implicitly define the function L : C' — R by

LoFH = A*H — H. (4.13)

The function L : C' — R will be well-defined if and only if, for any two points ay, 3, € T*Q
such that F'H (o) = FH(B,), we have that (A*H — H)(ay) = (A*H — H)(B,). Obviously,
without additional assumptions there is no reason why this should be true. The following
definition states under what conditions such projection L exists.

Definition 4.2.3. A Hamiltonian H : T*Q — R is almost-regular if FH(T*Q) = C is a
submanifold of TQ and FH : T*Q — C C TQ is a submersion with connected fibers.

TQ ——+ TQ

T

FH(T*Q) =C

Under the assumption that the Hamiltonian H is almost-regular, it is only necessary to show
that expression (4.13) defines a single-valued function L : C' — R, or, in other words, that
A*H — H is a constant function in the fibers. Since each fiber of the submersion FH is
connected, it is sufficient to consider the infinitesimal condition, i.e. to show that

Lz(A*H —H) =0, forall Z€ker(FH,),

where L7 is the Lie derivative in the Z direction. Working in local coordinates, Z will be of
the form )
0 0°H
Z = Z;—, with Z;
Ipi

Since FH,(Z) = 0, the last condition can be obtained taking into account that (o, FH.(Z))

——— =0, forall 1 <j<n.
Op; Op;

= (FH*(0), Z) = 0, for o an arbitrary point of T*T'Q such that mrg(c) = 7rq (FH.(Z)).
Then
A*H — H
Ly(AH— 1) = 7,28 H=H)
opi
OH 0’H OH
=ti— +pili ——— — Z; — = 0.
Opi 7" Op; Op; opi

In what follows we will assume that H satisfies the almost regularity property.

Theorem 4.2.4. The following equality holds

aQ(Xu(T"Q)) =%,

where aq is the Tulczyjew’s isomorphism.
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Proof. Take Wi € ¥x,, = Xp(T*Q) C TT*Q and take ag(Wi) € T*TQ. We need to prove
that

<aQ(W1)7 U> = <dL7 U> )

for all U € T C C TTQ, such that 7pg(U) = T'mg(Wh). This is equivalent to the equality
(a(Wh), FH.(W3)) = (AL, FH.(W2)), (4.14)

for all Wy € TT*Q such that 7pq (FH.(W3)) = Tmg(W1). Therefore, regarding (4.14) the
previous equality turns out to be

(FH)* (ag(W1)) = (FH)* (dL) =d(A*H — H) , (4.15)

where the right hand side of the equation comes directly from (4.13). If locally W; = qia% +
pia%, in other words W1 = (¢*, pi; ¢*, i), then

O*H ; O*H
FH)* (ag(W- = p,-+p~.> dq' + pj—F%— dp;
(1) (0qW) = (5i+nig ) di' +0ig 5
0’H OH ) » 0’H
= (pp=—————=— ) d¢" + pj—— dp;, 4.16
( ?9p;og ¢’ ! dp;Op; (4.16)
where we consider p; = —‘gg since we are dealing with a Hamiltonian vector field X (see

equations (4.11)). From condition, 7rgF H.(W2) = Tmg(W1) we also deduce that ¢ = g—g.
But this is true since W7 € YXx,,.

On the other hand, a straightforward computation leads to check that d(A*H — H) is
exactly (4.16). O

4.3 Discrete equivalence

4.3.1 Discrete nonholonomic mechanics

A discrete nonholonomic system is determined by three ingredients: a discrete lagrangian
Lg: @ x @ — R, a constraint distribution D on @ and a discrete constraint submanifold
Cq C @ x @ with canonical inclusion ic, : Cq — @ x ). Notice that discrete mechanics
can also be seen within this case, where D = T'Q and Cy = @ x Q. Notice also that, in
the discrete version of Lagrangian mechanics, the tangent manifold 7T'Q) is substituted by the
cartesian product @ x Q.

Define the affine submanifold ¥7°* C T*(Q x Q) by ¥7°" = (dLy) o ic, + Fy, where Fy is
the vector subbundle of T¢, (Q x Q) given by

Fy= (pri D°) |Cd :

Here, pri : Q x Q — @ is the first projection onto Q.
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The symplectic manifold (7%(Q x Q) , Qgxq) is symplectomorphic to (T*Q x T*Q, QQ),
where Qg = priQg—pri€lg and pr; : T*QxT*Q — T*Q, ¢ = 0, 1, are the natural projections
of T%Q x T*@Q onto T*Q. The symplectomorphism is given by

T:TQxQ) — TQxTQ
Ygor) = Yaos Yar) = (Va0 Var)

where (qo,q1) € Q X Q.

Using T we induce the affine subbundle T(X7°") of the symplectic manifold (T*Q x
T*Q,Qq). The dynamics is then determined by the sequences gy, Yq:s---,7gy Such that
(Yais Vaisa) € T(EG), 0 <0 < N =1 (see [71]).

We will describe now the equations in terms of local coordinates. Assume that Cj is

defined by the vanishing of the following set of independent constraints: ¢4 (go,q1) = 0,
1 < a < n, where n = 2dim @ — dim C and D° = span{w® = w® dq’}. Therefore,

S = {(gh, i (o)is (11):) € THQ x Q) | (4.17)
(ro)i = ZLZZ + (Ao)a wi',
40
_ OLa
(:ul)l - 8(]71 )

¢7(q0,q1) =0, 1 <a<n},

where (A, )¢ are Lagrange multipliers to be determined. Then,

T = {(gh, (po)ir b (p1)i) € T*Q x T*Q | (4.18)
oL
(po)l = - aq’d - ()\O)awz )
0
oLy
p T TN
(#) dq3

¢fl{(QOaQ1) :05 1 Saﬁn} .
The solutions of the dynamics are therefore given by the equations

JL oL
;j(QRflan‘) == ,-d(%%ﬂ) — (Ak)awi (qk),
oq} oq;,

5 (qk, @et1) = 0.

These equations are traditionally written in the following manner

DoLa(qr—1,qx) + DiLa(qk, gr+1) = (Mk)aw™(qx)
¢g(Qk7 qk-i-l) = 07

which are the expression of the discrete nonholonomic equations (see [38] for more details).
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4.3.2 Constrained discrete Lagrangian mechanics

A discrete constrained system [ 19] is determined by a pair (Cy4, L;) where Cy is a submanifold
of @ x @, with inclusion i¢, : Cq — @ x @, and Lg : Cq — R a discrete Lagrangian function.

Using again Theorem 4.1.1 we deduce that ¥, is a Lagrangian submanifold of (7T7(Q x
@) QoxQ)-

Using T we induce the Lagrangian submanifold T (X, ) of the symplectic manifold (7@ x
T*Q,Qq) (see the diagram below).

THQ % Q) — = T*Q x T*Q

|

ZLd T(ZLd)

The dynamics is determined by the sequences vgy, Yqy» - - - » Vgy Such that (v4,, v4.4,) € Y(E1,).
0<i<N-—1(see[7], ]). Observe that

Yo € T;kQ ﬂpTo(T(ELd)) ﬂpT’l(T(ELd)), 1<kE<N-1. (419)

After determining intrinsically the dynamics, as in the continuous case, we now consider
local expressions. Take an arbitrary extension Lg : @ X @ — R of Ly : Cy — R, that
is, Lg 0o ic, = Lgq. Assume also that we have fixed local constraints such that determines
the submanifold C;. This definition is performed by the vanishing of the following set of
independent constraints: ¢5(qo,q1) =0, 1 < a < n where n = 2dim @ — dim C.

Locally

Y, = (@, (1o)i, (1)) € TH(Q x Q) | (4.20)
Ly a0
i=——+M)a7a+,
(ko) q + (A1) od,
Ly 962
i= =+ Mas",
(1) oq + (A1) oq

¢7(q0,q1) =0, 1 <a<n},

where (A1), are Lagrange multipliers to be determined.

Therefore,
T(,) = {(a (po)z‘,aqziv (p1)i) € g*g x T7Q | (4.21)
(o) = =5t = ad,
(p1)i = ?2; + (M)aiﬁ‘?

¢3(q0,q1) =0, 1 <a<n}.

The solutions of the dynamics come from (4.19) and are given by the equations
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oL Ipg IL 99
g(%—h ) + ()\k)aiﬁl(%—h qr) = — f(% Q+1) — ()\k+1)a7?(% Qr+1),
aql 8Q1 6qO aqO
¢g(qk‘—17 Qk) = 07
¢q (ar> qr+1) = 0.

These equations are traditionally written as

Dolla(qr-1,qr) + D1Lla(qr, qe+1) + (Ae)a D20 (@r-1, @rr1) + (Akt1)aD16G (ak, Ge+1) = 0,
ng(qk—l; Qk) = 07
473(%7 QIC+1) = 07

which are the expression of the discrete vakonomic equations (see [11] for more details).

Now, as a particular case, we assume that we can choose adapted coordinates (qé,q%),
1<i<dim@ and 1 <a <dim@ —n, on Cy in such a way the inclusion is written as

iCd (Q(l)’ q(ll) = (Q(l% qflla \Pg(q%, q(ll)) (422)
In other words, we can write the constraints as ¢ (qo,q1) = qf — \Ifg(qé, qf) =0.

Thus, locally we have that

Spe = (@@ (po)i, (1)) € THQ x Q) (4.23)
_OLa_ -\ 9%
()u(])z - aqé (Nl)a aqé ’
OLq 0w

(Ml)a = 87(15‘ - (’“)“qu’
¢ =g, qf), 1<a<n}.

Observe that (g, qf, (11)a) gives a local coordinate system for X, .

Therefore, we obtain the following expression of the Lagrangian submanifold Y (Xy,,):

T(S2,) = {(gh (po)isdi, (p1)i) € T*Q x T*Q | (4.24)
0Ly ovs
(po)i = o4, +(p1)a78qé ,
dLg vy

(pl)a = 87(]‘11 - (pl)aqu’
g = i(ghqf), 1<a<n}.
Consequently, the solutions must verify the following system of difference equations:
(D2)a(La = (Pk)a¥g) (@k-1, k) + (D1)a(La — (Pr+1)aVq)(gk; qk+1) = 0,
(Pe)g + (D1)pLa(qr, qk+1) — (Pr+1)a(D1) Vg (gks gr+1) = 0,
Gy = Y3 (qh Giya)

where (D;); just means a%l’ being j = {1,2} and [ = {a, a}.
i
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The constrained discrete Legendre transformations

Definition 4.3.1. [119] We define the constrained discrete Legendre transformations
]FL; : X, — T7Q as the mappings
FL; = proo (T)‘ELd,
+
FL; = prio (T)‘ELGZ.
We will say that the constrained system (Lgq,Cq) is regular if FL is a local diffeomorphism
and hyperregular if 'L is a diffeomorphism.

Remark 4.3.2. It is easy to prove that 'L is a local diffeomorphism if and only if IFL:IZIr s a
local diffeomorphism; therefore, it is possible to characterize the regularity of the constrained
system using any of the two Legendre transformations (see [119]).

Observe that if we consider the local constraints ¢ = ¥5(qf, ¢) determining Cy, then

— (b a 7 oL ove
FLg (5 af, (m)a) = (a0} = =5 + (11)a g )
40 dp
| = (QS,—(Dl)z’(Ldf(ul)alllé“)(q(),ql))-
FL(gh,q7, (11)a) = (qf, af = Vg (g5, qf),
0Ly vy B
(pl)a = 8q(11 (Ul)a 8q(11 ) (p1>a = (Ml)a)

= (¢f, af = V5 (g0, i),
(p1)a = (D2)a(La — 1 %) (0, 01) 5 (P1)a = (111)a) -

So, the constrained system (Lg4, Cy) is regular if and only if the matrix

2L 2\1:,04 P
(AiavAia) = < 81 da - )uiz 87, da’ a 7,d>
0q404§ dqp0q7 " gy

is nondegenerate.

Remark 4.3.3. The constrained Legendre transformations allow us to define a univocally
presymplectic 2-form on X,

Qr, = (FL;)* Qo = (FL))*Qq
which is symplectic if the system is reqular.

Then, if the constrained system (L4, Cy) is hyperregular, we can define the discrete dynam-
ics determined by Y~!(X;,) as the graph of the canonical transformation (FL;)o (FL;)™" :
T°Q — T*Q, that is,

Graph (FL}) o (FL,) ' =T(Zy,) -
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4.3.3 Comparison of nonholonomic and variational constrained equations.
Discrete picture

Let consider the system defined by the discrete Lagrangian function Ly : Q@ x @ — R and a
set of constraints ¢§(qo, q1) = 0 determining the submanifold Cq C @ x Q.

As shown in §4.3.1 and §4.3.2, the solutions of the discrete nonholonomic dynamics are
geometrically described by the affine subbundle T(Zg"h) C T*@Q x T*Q, while the solutions
of the discrete constrained variational dynamics are given by the Lagrangian submanifold
Y(XL,) CT*Q x T*Q, where Ly = Ld\cd :Cy — R.

Given a solution of the discrete nonholonomic problem, we want to know when is also
a solution of the associated discrete constrained variational problem. To capture the set of
common solutions to both problems, we have developed the following geometric integrability
algorithm similar to the continuous one.

As in the continuous case, take the Whitney sum 7*Q & T*Q, and the cartesian product
(T"QeT7Q) x (I"QaT"Q) = (T7Q X T*Q) Sroxry (T7Q x T7Q).
Construct the submanifold X5 — (T*Q & T*Q) x (T*Q & T*Q) as follows:

7= (Yo Yars Yaor Tar) € (T7Q X T*Q) Brgxmg (T7Q X T7Q) /
(Yao» Y1) € EgOha (Yaos Var) € XLy} (4.25)

It is quite clear that the submanifold X$"¢ gathers together both nonholonomic and con-
strained variational dynamics and applying the discrete version of the integrability algorithm
developed in [71] we will find the set where there are common solutions for both dynamics.

The following diagram shows the bundle relations:

Ezons(_> (T*Q D T*Q) X (T*Q @ T*Q) Q % Q

Tax7a

TReeT17Q — Q

where the vertical arrows represent the projections onto the first and second factor of the
respective cartesian products.

4.3.4 Construction of a discrete constrained problem from a Lagrangian

submanifold of T*Q) x T*Q

Given a Lagrangian submanifold A of (T%Q x T*Q, QQ) we will construct, under some regu-
larity conditions, a constrained Lagrangian problem given by a submanifold Cy C @ x @ and
a function Lg : Cy — R.

We first construct the Lagrangian submanifold Y !(A) of (T*(Q x Q),
Qoxg) and we assume that the restriction of Qpxg to YT1(A) is exact, that is, we
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have a generating function S : Y~!1(A) — R. In addition, we suppose that the image of
T~1(A) by mgxq is a submanifold C,; of Q x @, and, also, that (TI'QXQ)|T_1(A) is a submersion
with connected fibers (see the diagrams below).

T

T*(Q x Q) TQ xT*Q
TJ:(A) — i
Q X Q)

Theorem 4.3.4. Under the previous conditions the function S : YT YA) — R is
(TQxqQ ‘T -pmjectable onto a function Ly : Cq — R. Moreover, the following equation

holds
Tﬁl(A) = ELd .

Proof. The submanifold T~1(A) is defined as

Til(A) = {(’YQOvﬁym) qo ql)(Q x Q)| 1(A)@Q><Q<7(I0771h) = dS(’YQm'YQl)}' (4.26)

By definition of the Liouville 1-form ©¢gxg we have that

<@Q><Q , kerTWQXQ> =0.

By applying the chain rule T'(mgxg o i =TrmgxgoTi is easy to check that

T_l(A)) r-ly’

T-1(a)
into Ly : Cqy — R, i.e.

T <kerT TI'QXQ‘ ) C kerT'mgxq. Thus, we finally deduce that S is projectable

Tl

S = (moxq| )Ly (4.27)

T 1(1\)

since mox (Y 1(A)) = Cy.

On the other hand, we can define a tangent vector X = (X, ,X,, ) € TY YA C

Yag

TT*(Q X @), such that T(qu’m)wQXQ(X) = (g, Uqy) € T(g9,q1)Cd> DY

<(7q077m)7 (UQO?UQ1)> = <dS('YtI0¢'VtI1)7 X),

where (V49,7¢,) € Y 1(A). The equation above comes directly from the definitions of both
the Liouville one-form and the Lagrangian submanifold Y~ (A) in (4.26). Regarding equation
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(4.27) and taking into account that the pullback and the exterior derivative commute, we
arrive to

(dS(vg0,Yar) » X) = (dLalg0,q1) , Tgxq (X))

T-1(A)

= (dLq4(q0, q1), (UQOvuth))'

In the last line of the expression just above, we recognize the definition given in Theorem
4.1.1 of ¥, that is

Y, = {(’Yqov%n) € T(Zo,ql)(Q x Q)| <(’Y¢I0ﬂ7¢h)7 (UQOvutIl)) =
= (dL4(qo, q1) , (ugy,uq,)) for all (ugy,uq, ) € T(qo,ql)Cd}.

In consequence, we deduce that Y™1(A) = X O

Remark 4.3.5. We would like to point out that the proof of Theorem 4.3.4 can be easily
extended to the continuous case. Namely, let consider ACTT*Q a Lagrangian submanifold.
Under some regularity conditions, it is possible to construct a constrained Lagrangian problem
given by a submanifold C C T'Q and a Lagrangian function L : C — R. If we consider the
Lagrangian submanifold aQ(INX) C(T*TQ, Qrq), where ag is the Tulczyjew’s isomorphism,
we can build an analogy with the discrete case by assuming that the restriction of Qrg to

aQ([X) is exact, that is, we have a generating function S : aQ(ZX) — R,
aq(R) = {v € T, TQi%, 5 Ora(r) =dS() |,

where vy € TQ such that 7,(vy) = q € Q. In addition, we suppose that m, (aQ([X)) is a

submanifold C' C T'Q, and that 18 a submersion with connected fibers.

kerl'r,,) =0,

TQ |O¢Q(1~X)
Again, by the definition of the Liouville one-form ©1¢g we have that (©
*L.

TQ

and consequently that S is projectable into L, that is S = (WTQ|OCQ([\))

Following similar arguments that in the proof of Theorem 4.3.4 we deduce that on(]\) =
3L

Since we are not fizing the Lagrangian submanifold A, this is a more general result than
that one provided by Theorem 4.2.4, i.e. ag(Xu(T*Q)) = Xr. Nevertheless, among all the
Lagrangian submanifolds A of T*T'Q, we choose Xpu(T*Q), that is the image of the cotangent
bundle T*(Q) by the Hamiltonian vector field provided by the equations ix, g = dH, in order
to stress the relationship between Hamiltonian and constrained Lagrangian systems.

4.4 Examples

4.4.1 Linear Constraints

Let consider a dynamical system denoted by the Lagrangian

L(vg) = %9(% vg) = V(a) = %gijqiqj - V(q) (4.28)
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where v, € T,Q, with local coordinates v, = (¢, ¢*), § is a Riemannian metric with compo-
nents (G;;) (see §1.2). Moreover, V : Q — R is a potential function. Additionally, the system
is subject to the linear constraints

¢%(vg) = ¢~ — TG (q) ¢*, (4.29)

where ¢ = {¢%,¢*}. Locally, the constraints define a submanifold C' C TQ. Moreover, we
have the restriction of L. to C, L : C' — R. In local coordinates,

;. 1.
L(g',4") = 57apd"d" = V(a) ,
where
Yab (@) = Sab + aal§ (@) + 95T (4) + G e (4)T (0)
Observe that (7,p) is invertible since G is a Riemannian metric.

Using expression (4.8), we can find local coordinates for aél(E L):

Pa = Yab(q) qb—pafg‘(q),

10Vab .y OV are .

5 aqa; qaqb_ an — Pa 8(]? (Q)qaa
@ = T5(q)q"

The Legendre transformation is defined by IFL = 7p«g o (aél) ‘EL7 or locally by:

pi =

FL(q", 4% fia) = (¢", Yabd® — fia T2(q), fia) -

Since ( agf (,)Lq,, — [l O%i%zb) = (Yap) the constrained system (L, C) is regular.

Moreover, the energy function E, : ¥ — R is precisely

o~ |
Er(¢', ¢% fia) = §’Yabq“qb - Vig) .

Therefore, the Hamiltonian function can be expressed by H = E o (FL)™' : T*Q — R

H(q, p) = 390 Pa Py + V(a), (430

where v,57°¢ = §¢ and P, = py + pa T'%(q).

Discretization: symplectic Euler method

Taking into account equations (4.28) and (4.29), we define the discrete Lagrangian Ly :
@ x Q@ — R and the set of independent constraints in the following way (see [124] for more
details):

a1 — g 1 i iN( j
LA%ﬂﬂzhLW»1h(Wzéﬁ%ﬂwﬂm—%Mﬁ—@@—thdv

q7 — q¢ a qf — 4
=T S (A
( - ) a<qo>( . )

(4.31)
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Next, we can explicitly obtain the coordinates for the submanifold Y (Xy,,) given in equations
(4.21), namely

0)a = 3 50s00)al — )+ h0uV (a0) = 50055(a0)a} — ab) e — )
+ (M) DTy (00) (aF = ab) — ()aTe (a0), (4.32)
(o = 1 Sei(a0)(a] — )+ houV (a0) — o005 (a0 — ab)(a] — )
+(M)a + (M)50aT; (90)(a} — a6), (4.33)
)0 = 7 Sai(@)(d] — @) — ()aTS o), (4:34)
(P1)o = %901]'(%)((1{—6]6)%-()\1)6“
(¢ —a5) = Ta(a)(ai — o),
0 0

where 9,, 0, mean v and respectively. It is important to note that (4.32) is a set of

9%
2m + n equations with 2m + n unknowns, which are (¢1)*, (¢1)”, (p1),, (P1), and (A1),

Alternatively, we can apply the so-called Euler symplectic method (see [(1])

OH OH
=py — h— = h— 4.35
D1 = Po 9 (q0,p1), @1 =qo+ ap (q0,p1) ( )

to the Hamiltonian function H : T%@Q — R defined in (4.30). We deduce the following set of
equations:

(@) = (q)"+ ™ (Pr),,
(@)* = (qo)*+hL3y™ (Py),,
(4.36)

e = (ol —10uV = {3 (00) (P, (P2 (), 00 (P}

0 = )= 10V =1 { 5 (07) (P (P, 2 (P2, 90 (P2 .

where (P1), = (p1),+(1), T, and V, T (P1), are evaluated at go. Regarding equations
(4.32), is easy to express A1 in terms of p and ¢. Since

0= 0,05 = 04 (7617%(1) = <5a76b) Yod + 7 (DaVod) (4.37)

and (8afyd’) Yod = =7 (Oaypa), is easy to check, after a straightforward calculation, that
equations (4.32) reduce to (4.36).
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Discretization: Midpoint rule

Define the discrete Lagrangian and the discrete constraints using the midpoint rule (see
[124] for more details), that is:

q1 + qo Ch*Qo):

2 7 h
1 + i : +
o 91T ) @ — @) (@ — o)’ — RV (T, (4.38)

2
a—q )\ a+aq. (a—q)\"
=T¢ .

Now, we can explicitly obtain the corresponding equations derived from the submanifold
T(Xr,). A straightforward computation shows that these equations are equivalent to the
corresponding ones derived from the so-called midpoint rule

La(qo,q1) = hL(

OH (q1+q0 p1+po OH (q1+q0 p1+po
= h— =py— h— 4.39
q1 q0 + ap < 2 ) 2 , D1 Po aq 2 ) 2 ) ( )
which is a symplectic method of order 2.
FL; 5
IR 3 a T*Q < -T*Q (4.40)
bL b, (Z)IFL; (bH)a du
FL, : Y
ZL*$d>2Ld TQ<@*TQ
FLT X
IR 318 d T*Q <2 -T*Q (4.41)
bL b, ¢]PLd+ (bH)a b
FL} A y
Y- 5,7 YL, o<, -T¢

The results of the previous examples can be summarized in the diagrams (4.40) and (4.41),
which are explained in the following lines.

e From right to left: ¢y is the Hamiltonian flow derived from (4.11) applied to a
Hamiltonian function H, ¢g is the discretization of that flow (concretely the symplectic
Euler method (4.35) and the midpoint rule (4.39)), (¢ )q is the discrete flow in T*Q
provided by @g4.

e From left to right: ¢ is the constrained Lagrangian flow resulting from equations
(4.4) applied to the continuous Lagrangian, ¢4 is the discretization applied to that
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Lagrangian ((4.31) and (4.38)), ¢r, is the discrete flow within ¥, (4.23) due to ¢q,
¢]FLdi is the discrete flow in 77Q x T7Q (4.24).

In order to be more explicit, ¢g : T*Q — T*Q represents the discrete flow generated by
applying a symplectic method to the Hamiltonian equations (e.g. (4.35) and (4.39)). On
the other hand, ¢4 represents the discretization mapping, that is pg : TQ — Q X Q, e.g.
0a(q,d) = (gr, ZH72) or pa(q, §) = (Ltptle Besizde)

As expected from Theorems 4.2.4 and 4.3.4, what we explicitly show is that ¢y Lx =

)

(¢r)q using some discretizations (we have depicted the particular cases of the symplectic
Euler methods and the midpoint rule). In other words, the diagrams (4.40) and (4.41) are
commutative in those particular cases, as also is when the discretization ¢4 corresponds to
the exact discrete Lagrangian’s (see [124]). Therefore, using a discrete variational integrator
for the constrained continuous Lagrangian system or applying a symplectic integrator to the
associated continuous Hamiltonian problem are equivalent approaches.

4.4.2 The Martinet case: symplectic integrators for sub-Riemannian ge-
ometry

Let us consider the Hamiltonian function H : T*R3?> — R

2\ 2 2

where ¢ = (2,y,2)T € R?® and p = (ps,py,p:) € (R?)* ~ R3. From (4.42) we can locally
define Xy (T*M), particulary Xy (T*R3), through the Hamiltonian equations, i.e:

2 2
r = Pz + pzy?a Pz = Qf%)sa
o — Dy B — y>
o= o by = —(petp) Py, (4.43)
. y2 y2 .

The associated Legendre transform FH is in this particular case written as

y? Py y?\ y?
FH(z,y,2;pe, Dy, Pz) = (2,9, 23 (Do +pz5), (EY L <px +pz2> 5)- (4.44)

Looking at (4.43) and (4.44) is easy to realize that
2

CCTR?= {(x,y,z; &7, 2) st &= y2x}

Next, we will obtain the Lagrangian function L : C' — R using the implicit equation given in
(4.13):

1 y2 2 p2
LoFH == = 4 .
) 2<<p”pZ2) e
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Finally, using FH we arrive to

(&* + (1+B2)*9?) . (4.45)

N

L(l‘7y’z7jj?y) =

Consequently, our approach allows us to conclude that the Hamiltonian system (4.42) is

equivalent to the Lagrangian one (4.45) subject to the constraints z = %x We clearly

recognize in (4.45) a Martinet sub-Riemannian structure ([, 19, 32]), which is described by
the triple (U, A, §). In this triple, U is an open neighborhood of the origin in R3, A is a

2
distribution corresponding to A = ker a for o« = dz — %-dz and § is a Riemannian metric. In

the particular case G = da? + (1 + Bx)2dy?, we deduce that (4.45) corresponds to L = L!C

where L(q, ¢) = %9 (8% , 8%), where 8% = J'UE% + ya% + z%. In addition, the constraints are

given by « (3%) =0.

Discrete Case

Let us consider the symplectic Euler method (4.35). Is easy to see that a type-2 generating
function of the approximated Hamiltonian flow is

H"(q0,p1) = qop1 + h H(qo,p1), (4.46)
where H is the Hamiltonian function H : T*R3 — R. In other words:

~ 0H™"(qo,p1) ~ 0H™(qo,p1)
=K. » N=———F
dqo op1

Pbo

Under these considerations, we can define the local coordinates for T=1(A):

OH" (qo,p1)  OH (qo,p1) }
, y P1 -
8(]0 8]71

TA) = {QO ,

Now, projecting YT=1(A) onto R? x R3, we obtain that

2
T = zo+h <(p1)z + (pl)zy20> )
(p1)y
= yo+h LY 4.47
Y1 Yo (1+ Bo)? ( )
2\ ,2
21 = zo+h ((pl)z + (pl)zy20> %0~
2
From the last equations we obtain the constraint (21 — zo) = % (z1 — 2¢), which defines the
submanifold
2
Ca = {(20, y0, 20; 71,41, 21) € R® x R? | (21 — 20) = 50(531 —z0)}-

The next step to completely determine the discrete constrained Lagrangian system is to
obtain L4. In that sense, we take the usual generating function S mentioned in Theorem
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4.3.4. Transforming S into a type-2 generating function ([106]) we arrive to the implicitly

defined expression: S(qo,p1) = p1¢1 — H™ (qo, p1), which, taking into account (4.46) leads to
9H (qo, p1

Stanon) =1 (2 (o) ) (4.48)

We have shown in Theorem 4.3.4 that S is WQXQ‘T_l(A)—projectable onto Ly : Cq — R. Thus,
from (4.48) and according to equations (4.47) we finally arrive to

9
Lq(q0,q1) = % (($1 —20)? + %O(yl — yo)2> : (4.49)
for
2
Cac@x@={(m. @) | (1~ 20) = L - a0)}. (4.50)

This is the expected result as is easily seen taking into account the continuous Lagrangian
(4.45) and the submanifold C' C T'Q) defined by the continuous constraint z = % z. If we
define both the discrete Lagrangian and the discrete submanifold Cy in the usual symplectic
Euler discretization ([124]), i.e. Lq(qo,q1) = h L(qo, “5*), we easily obtain (4.49) and (4.50).

4.4.3 Symplectic Stormer-Verlet method

Due to its well-behaved features, namely reversibility, symplecticity, volume preservation
and conservation of first integrals, the Stormer-Verlet method is one of the most important
examples in geometric numerical integration (see [61]). For a Hamiltonian system determined
by H : T*Q — R, the Stormer-Verlet method reads

h
Pryaje = Pe— 5 Ho(Gk Prray2);
h
U1 = dkt g (Hp(qr Prs1/2) + Hp(qrr1, Prs1y2)) (4.51)
h
Pk+1 = Dit1/2 — §Hq(Qk+1,pk+1/2),

where g, € R", p;, € (R™)" and Hy, H,, are the derivatives of the Hamiltonian function respect
q and p, respectively. As we did for the momenta, we can fix an intermediate configuration
point qyy1/2 = qr + %Hp(qk,pk+1/2) and consider (4.51) as a two step integrator:

h
Gtz = Gkt 5 Hp(ar Prr2),
(4.52)
h
Pit+1/2 = Pk — §Hq(Qkapk+l/2)a
h
k+1 = Qk+1/2+§Hp(Qk+lypk+l/2)v
(4.53)

h
Pk+1 = pk+1/2_§Hq(Qk+lapk+1/2)-
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Equations (4.52) and (4.53) show the well-known fact that the Stormer-Verlet method is
the composition of two different symplectic Euler schemes. In addition, it is clear that they
are respectively generated by the 2- and 3-type generating functions

h
HY (qr Prg1j2) = Drrrj2 e+ 5 (@ Prra/2);
_ h
H™(qes1:Pht1/2) = DPhti/2 Qhrl — §H(Qk+1,Pk+1/2)7

which, taking into account that p; dg1 — po dgo = dS(qo, q1), lead to

ST(qr,Prt1/2) = Dht1/2Qht1/2 — Phi1/2 Gk — gH(q.’mpk—l—l/Q)a (4.54)
ST (Pr+1/2: k1) = —DPrkt1/2 Qht1/2 + P12 Qb1 — gH(Qk—l—lapk-i—l/Q)' (4.55)

Now, as shown in [106], we can construct a 1-type generating function S(gx, gx+1) by
S(qr> qe+1) = ST (ks Prgry2) + 5~ Prtr/2: Q1) (4.56)

h
= Plt1/2 Gk+1 ~ Pr1/20k — 5 (H(qk, Prt1/2) + H(qrr1, Prs1/2))

and a extremal condition in the intermediate variable py /5. That is,

0S 0S
g 7 Ogp

0S™ oS™ 0S5~ 0
(8 (g
Oqr, Opry1/2 Opryre) Ok

05~ oS+ 0S5~ > 3pk+1/2}
+ + dqri1,
{ Oq+1 <3pk+1/2 Oprt1/2) Okt FH

dqr41

_|_

which leads to
08+ 0SS~

+
Opky1/2 OPry1)2

=0, (4.57)

(put in another way, S(qx,qk+1) is not a function of pyiy/, and consequently its partial

derivative with respect to this variable should vanish). In other words, we obtain the first

95(qk»q 95 (qr-qr+1)

equation in (4.51) by —pg = 8%'““), the third one by pri1 = v and the second

95(qkqkt1) _ 0

one by Opjt1/2

As shown in Theorem 4.3.4, S(qx,qr+1) is projectable onto Ly, while condition (4.57)
provides Cy C Q x Q.
Regular systems

Consider the usual mechanical Hamiltonian

1
H(q,p) = 5pM Ll +V(g),
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where M is a symmetric regular n X n matrix. From the second equation in (4.51) is easy to
check that pf+1/2 = M(@). Hence, projecting (4.56) onto @ x @ we arrive to

L Ge1—q Ghe1 —qky D
La(grs 1) = 55 (55— M (F5,—) = 5 (Vi) + V(are))

In the expression just above, we clearly recognize the discretization

h _
Li(qk, qk+1) = = L(qr, w

qk+1 — Qk)
2

h
—L
)+ 2 (qk+17 h

for the usual mechanical Lagrangian L(q,q) = %QT Mq—V(q).

Martinet structure

Consider again the sub-Riemannian Martinet structure in (4.42). Recall that ¢ = (z,y, 2)T €
R3 and p = (ps, py, p) € R3. From (4.57) we obtain

h 2 y2
Thtl = Tkt g {((pk+l/2)x + (pk+1/2)zy2k> + <(pk+1/2)x + (Prt1/2)= k2+1 > } ;
ho( (Prt1/2)y (Prt1/2)y }
= —|— — _|_ ,
et T {(1+5$k)2 (14 Bapy1)?
h 2 2 y2 y2
el =zt g {((karl/Q)x + (pk+1/2)zy2k> y?k + ((pk+1/2)z + (Pht1/2)= k;) k;l} .

As above, we consider a two steps (of h/2 size) interpretation of this sub-Riemannian
system through equations (4.52) and (4.53) in the following manner (we denote pj1/2 by p
for sake of simplicity):

(ar, Pk) = (Qt1/25 Prt1/2) (Grt1/2: Per1/2) = (Qh+1 Prt1)
2 2
Tht1/2 = Thk T % (pa: +sz7’“> Tht1 = Th41/2 T % (Pz +pzyk2“>
yk+1/2:yk+h{(1+27yxk)2} yk+1:yk+1/2+h{m}

Yi

h y2 h Yit1 | Yt
Zp+1/2 = 2kt 5 (px +Pz7k) 5 241 = Zg+1/2 T 3 (px +p 5 > 5

C, - Zk4+1/2 %k _ﬁ Tr41/2— Tk C, - RZk+1"Rk4+1/2 _?JEH LTr+1—Lk41/2
d- h/2 -2 h/2 d- h/2 -2 h/2

LY (qks qr1/2) Ly (kt1/2) Thv1)
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As shown in the table above, both discrete submanifolds are respectively defined by the

_ 2 _ _ 2 _
constraints <W> =% <W> and (Z’”lh;;“”) = y’“2+1 (x’““h/x;“”). Taking
into account equations (4.54) and (4.55) in §4.4.3, define the two discrete Lagrangian functions

(implicitly expressed) as

h
L;{(QIm Qk+1/2) = Pk+1/2 9k+1/2 — Pk+1/2 4k — §H(Qk,pk+1/2)7

with qpi1/2 = qx + %Hp(qk,pkH/Q) (recall that this expression corresponds to the generating
function after projecting onto @ x @). On the other hand

_ h
L, (Qk+1/2> Qh+1) = “Pk+1/2 Qe+1/2 T Pht1/2 Qe+1 — §H(Qk+17pk+1/2),

with gr4+1 = qry1/2 + %Hp(Qk-i—lapk—i—l/Q)-
From the previous expressions and following the discussion in [124] §2.5.1, we divide each

step (qr, qe+1) into 2 substeps (gx = q)), ¢ = qr41/2) and (g} = Gry1/25 Gpyq = Q1) Take
the discrete action sum

=

-1

Sal{ah, at}0™") = (L (@R ar) + Ly (ar- apy1))

M= 1M

(L (ks @rr1/2) + Ly (G172, Q1)) -

i

0

The corresponding Euler-Lagrange equations, resulting from requiring this action to be sta-
tionary, pair both neighboring discrete Lagrangians together to give

Do LY(qd-qt) + DiLj(q,qf) =0,
Do Ly (at,q}) + DiL}(qhi1,qt41) = 0.

The equations just above completely determine the discrete dynamics in equations (4.52) and
(4.53) for the Martinet sub-Riemannian system (4.42). In other words, the discrete scheme
in (4.52) and (4.53) could be understood as two discrete Hamiltonian flows FLI and F' =

each one of half-step h/2, respectively generated by the generating functions Lz{ and L.
The map over the entire time-step A is thus the composition of the maps FL; o FL:{.



Chapter 5

Discrete mechanics and optimal
control

The goal of this chapter is to develop, from a geometric point of view, numerical methods
for optimal control of Lagrangian mechanical systems. We will employ the theory of discrete
mechanics and variational integrators presented in §3 to derive both an integrator for the
dynamics and an optimal control algorithm in a unified manner. The proposed framework is
general and applies to unconstrained systems, as well as systems with symmetries, underactu-
ation, and nonholonomic constraints. We pay special attention to Lagrangian systems defined
on tangent bundles and Lie groups. The extension to principal bundles and nonholonomic
mechanics is carefully studied in §5.3.

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 forces. In principle, we admit the possibility of piecewise continuous
control forces, as happens in real applications. We observe that the discrete equations of
motion for this type of systems are interpreted as the discrete Euler-Lagrange equations of
a new Lagrangian defined in an augmented discrete 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.

Moreover, since we are reducing the optimality conditions to discrete Euler-Lagrange
equations, the geometric preservation properties like symplectic-momentum preservation in
the standard case or Poisson bracket and momentum preservation for reduced systems are
automatically guaranteed using the results in [118, ].

Several theoretical and a practical examples, e.g. the control of an underwater vehicle,
will illustrate the application of the proposed approach.

119
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5.1 Optimal control of a mechanical system defined in 7'Q)

5.1.1 Continuous Lagrangian picture

Let @ be the configuration manifold, with (¢*) local coordinates i = 1,...,n. We consider
a mechanical system described by a regular Lagrangian L : TQ) — R. The induced local
coordinates on TQ are (¢',¢'). Additionally, there are external-control forces present
defined by the map

f:TQxU—T*Q,

such that f(vg,u) € Ty Q for vy € TyQ.

To define these control forces we have introduced the control manifold U C R™ (m < n)
for a given interval I = [0,7]. The control path space is defined by

DWU)=D(0,T],U) ={u:[0,T] = U|u € L>*},

with u(t) € U also called the control parameter. LP(RR™) denotes the usual Lebesgue space
of measurable functions x : [0,7] — R™ with |z(-)|P integrable, equipped with its standard

norm )
T P
el e = ( / |x<t>rpdt) ,
0

where |-| is the Euclidean norm. We interpret a control force as a parameter-dependent force,
that is a parameter-dependent fiber-preserving map f(u) : TQ — T*Q over the identity Idg,
which can be written in coordinates as

fw): (d,d") = (¢, fF(u)(d' d"))-

Remark 5.1.1. Note that the definition of a control force also includes forces that are inde-
pendent on the control parameter. Thus, in the following, we restrict to a formulation with
control forces which gives us the opportunity to include friction or dissipative forces as well.

The optimal control problem can be defined as follows: during the time interval I = [0, T]
the mechanical system described by L moves on a curve ¢(t) € @ from an initial state
(¢(0),¢(0)) to a final state (¢(7"),¢(T")). The motion is influenced via the external forces f
with chosen control parameter u(t) such that a given cost functional

T
8(q.4.u) = /0 Cla(t), (1), u(p)dt, (5.1)

where C' : TQ x U — R is the cost function (continuously differentiable).

The initial state is fixed in the following way: ¢(0) = ¢" and ¢(0) = ¢°, where (¢°, ¢°) € TQ
is a fixed value for the initial state, that is input data coming from experiments or any
theoretical assumption.

On the other hand, the final state is given by the time constraint 7(q(T), ¢(T), ¢*,¢") =0
with r : TQxTQ — R™ (n, is an integer), where (¢, ¢7) € TQ is a fixed value for the desired
final state. This boundary condition allows the simplest velocity constraint ¢(T") = g7, that
is (¢(T),4(T),q",¢") = ¢(T) — ¢*, or more involved ones.
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At the same time, the motion ¢(t) of the system has to satisfy the Lagrange-d’Alembert
principle, which requires that

T
5 /0 L(q(t). d(t)) dt + / F(a(®). d(t), u(t)) bq(t) dt =0, (5.2)

where we consider arbitrary variations dq(t) € T, @ with §¢(0) = 0 and dq(T") = 0.

The optimal control problem for a Lagrangian system can be now formulated as follows

Problem 5.1.2 (Lagrangian optimal control problem).
mingy / Clq Lu())dt, (5.32)

subject to

T
5 / ) dt + /O Fa(), d(0), u(t)) dq(t) dt = 0, (5.3b)
.0

=q", 4(0) = ¢", (5.3c)
T(q(T%q(T),q ") =0. (5.3d)

The final time T" may either be fixed or appear as a degree of freedom in the optimization
problem.

Under these conditions it is necessary to apply the Pontryaguin maximum principle (see
[14, 113] for further details) in order to derive the equations of motion. Generally, it is not
possible to explicitly integrate these equations and, consequently, it is necessary to apply a
numerical method.

5.1.2 Discrete Lagrangian picture

To obtain a discrete formulation, we replace each expression in the previous subsection by
its discrete counterpart in terms of discrete variational mechanics, that is following the pre-
scriptions in §3. Briefly, we replace the state space T'QQ of the system by @ x @) and a
path ¢ : [0,7] — @ by a discrete path ¢4 : {0,h,2h,... Nh =T} — @, N € N, with
qr = qq(hk) =~ q(tr). Analogously, the continuous control path u : [0,7] — U is replaced by
a discrete control path ug : At — U. In order to establish a discrete version of the Lagrange-
d’Alembert principle, is necessary to clarify the properties of this discrete control path and,
in addition, the discrete control forces.

Discrete control forces

For the replacement of the control space by a discrete one we introduce a new time grid
At. This time grid is generated by an increasing sequence of intermediate control points
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c={c|0<qg<1,l=1,..,8} as At = {t} |k €{0,... N =1}, 1 € {1,...,s}}, where t;, =
tr + ¢th. With this notation the discrete control path space is defined to be

'Dd(U) = Dd(Ag, U) = {ud : AE—) U} .

We define the intermediate control samples wuy on [ty, txi1] as up = (ug1, ..., uks) € U®
to be the values of the control parameters guiding the system from g = qq4(tx) to qrr1 =
qd(tgs1), where ug = ug(ty) for 1 € {1, ..., s}.

The set of discrete controls U® can be viewed as a finite dimensional subspace of the
control path space D([0, h], U).

There are several approaches to discrete optimal control theory in the mathematical
literature. An inspiring approach for our work is the one in [139], where the authors consider

the following discretization of the control forces: take two discrete control forces f,;t :
QxQxU*—=T*Q:

f];(quqk-f-la uk) € T;kQ7 (54&)
Fi (aws aryrsur) € Ty, Q, (5.4b)

also called left and right forces!. Analogously to the continuous case, the two discrete

control forces are interpreted as two parameter-dependent discrete fiber-preserving forces
fl;t(uk) :Q x Q — T*Q in the sense that 7g o fl;t = WES, where mg : T*Q — Q is the usual
projection and 7Té5 : @ X Q — @ are projection operators defined by Wé(qk, Qk+1) = qx and

Wg(qk, Gk+1) = qr+1- The two discrete control forces are combined to give a single one-form
fe(ug) : Q@ x Q — T*(Q x Q) defined by

S () (@hs Ge1) O, Oarr1) = fif (wi) (s @rr1)0Gh41 + fro () (Qhs Q1) G- (5.5)

The left discrete force f]j_l is interpreted as the force resulting from the continuous control
force acting during the time span [tx_1, ;] on the configuration node g;. The right discrete
force f,~ is the force acting on g, resulting from the continuous control force during the time
sSpan [tk, tk+1].

Discrete Lagrange-d’Alembert principle

As with discrete Lagrangian functions, the discrete control forces also depend on the time step
h, which is important when relating discrete and continuous mechanics. Given such forces,
the discrete Hamilton’s principle is modified, following [85], to the discrete Lagrange-
d’Alembert principle, which seeks discrete curves {qk}i\;o that satisfy

N-1 N-1
5> La(qr: qe1) + (faf (ur) (ars qe1)0qr41 + fr (wr) (Gks qe+1)0qi) =0, (5.6)
=0 pn

for all variations {5%}2\;0 vanishing at the endpoints. This is equivalent to the forced
discrete Euler-Lagrange equations

DoLa(qr—1, k) + D1La(qr, @ks1) + fi—1 (@r—1, @k ur—1) + fr (@, Qg1 ue) = 0, (5.7)

1Observe, that the discrete control force is now dependent on the discrete control path.
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which are the same as the standard discrete Euler-Lagrange equations with the discrete
forces added. These implicitly define the forced discrete Lagrangian map Fr, (up_1,u) :
Q x Q — @ x Q. For further details see [35, , , 139].

5.1.3 Discrete optimal control problem

Now, we propose another discretization of the control forces which allow us to consider a more
general class of controls (see [76]). Namely, we allow in the sequel two different sequences of
discrete controls {u; } and {; } in (5.4). That is

f];(qka qdk+1, u];) € T;kQ, (58&)
f,lj(qka qk+1, u2>) € T;kJrl Q (58b)

In the notation followed through the rest of this chapter, the time interval between [k, k + 1]
is denoted as the k-th interval. This choice allows us to model piecewise continuous controls,
admitting discrete jumps at the time steps ¢t = hk. Our notation is completely depicted in
the following figure:

uy
- +
Ugy2 Ugyo
Nept1
s —
Uy,
“2_4-1 i
> tk;
(k)—th (k+1)—th (k+2)—th
hk h(k+1) h(k+2) h(k+3)

Under these definitions we take the following approximation of the control forces in (5.2):

(k+1)h

Fi Qs 15wy ) 0qi + fif (s Qg1 ul) Oqryr & /kh f(q(t),q(t),u(t))oq(t) dt
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where (fo (@, @rr1, ug ), o (@, @1, uf)) € T5.Q x Ty . Q. Consequently, the discrete
Lagrange-d’Alembert principle given in (5.6) is modified in the following way

N-1 N-1
5> La(qr: qe1) + (fi (s Ge15 vy ) Gk + fif (Qhs Qes1, ul) 6qis1) = 0,
prr =0

for all variations {dqy }x=0,..n with dg; € Tp, @ such that dgo = dgn = 0. From this principle
is easy to derive the system of difference equations:

Do La(qe—1,qk) + D1La(qks Ge1) + froq (=15 @, wi_q) + fr (@ Qes1,ug ) =0, (5.9)
where £ = 1,..., N — 1. Equations (5.9) are the new forced discrete Euler-Lagrange
equations.

We can also approximate the cost functional (5.1) in a single time step h by

(k+1)h

Culams s gy ul) ~ /k .00, ult) .

yielding the discrete cost functional:

N-1
8 (QON lau[)N 1 Z Cd q]mu];>Qk+1>u;:) .
k=0
Observe that Cy: Q x U x Q x U — R.

Boundary conditions

In the next step, we need to incorporate the boundary conditions ¢(0) = ¢°, ¢(0) = ¢° and
r(q(T),q(T),q", ") = 0 into the discrete description. Those on the configuration level can be
used as constraints in a straightforward what as q(0) = go = ¢°. However, since in the present
formulation velocities are approximated in a time interval [t,tr11], the velocity conditions
have to be transformed to conditions on the conjugate momenta. These are defined at each
and every time node using the discrete Legendre transform. The presence of forces at the
time nodes has to be incorporated into that transformation leading to the forced discrete
Legendre transforms ]Fszlt(u) :Q X Q — T*Q defined by

F/ LT (u) : (g0, q1) = (q1,p1) = (@1, D2La(qo, @1) + fo (g0, a1, ), (5.10a)
F/L; (w) : (q0,q1) = (q0,10) = (90, —D1La(q0, q1) — £y (g0, q1, ). (5.10Db)

Using the standard Legendre transform FL : TQ — T*Q, (¢,9) — (q¢,p) = (¢, D2L(q,q))

defined in §2.2.1 and the two different sequences of discrete controls {uki};gvzo leads to the
discrete initial constraint on the conjugate momentum:

DZL(qov qo) + DlLd(QOa Q1) + f(;(q07 q1, Ua) =0. (511)

We can transform the boundary condition from a formulation with configuration and velocity
to a formulation with configuration and conjugate momentum. Thus, instead of considering
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a discrete version of the final time constraint r on T'() we use a discrete version of the final
time constraint 7 on T*Q x T*(Q). We define the discrete boundary condition on the
configuration level to be

rg: QxQxU’xTQ — R™,

Td(QN—la qJ\Uu]J(T_la qu qT) = ’Fd(]FfLZlL(QN—la qJV?“]J(T_l)v FL(qT7qT))7

with (gn,pN) = ]FfL;(qN_l,qN,u;_l) and (¢7,p") = FL(q", "), which can be translated
in the final boundary conditions

pn = DaLa(an—1,an) + fr_i(av—1,an,u%_y), (5.12a)

p" = DyL(q",¢"). (5.12b)

Remark 5.1.3. For the simple velocity constraint r(q(T), §(T),q*, ") = ¢(T)—4", we obtain
T),q",p") = p(T) — p" the

for the transformed condition on the momentum level #(q(T), p(
discrete constraint

—DoL(q",¢") + DaLa(an-1,qn) + fr_ (an—1,qn,uly_;) = 0.

Finally, after performing the above discretization steps, one is faced with the following
discrete optimal control problem:

Problem 5.1.4 (Discrete optimal control problem).

N-1
N v ) Calqr, uy; , qrr1, ), (5.13a)
k=0
subject to
N-1 N-1
0> Lalgr, qer1) + Y (fi @ Grr1s ) 0 + FiF (Ghs Grsr, 1)) dqesn) =0, (5.13b)
k=0 k=0
4(0) = g0 = ¢’, (5.13¢)
D2 L(q°,4°) + D1La(qo, q1) + fo (g0, q1,u5) = 0, (5.13d)
Td(qN—DQJV)u]—"\_]fl?unqT) =0. (5136)

Recall that f,;t are dependent on ug € U®. To incorporate a free final time 7" as in the
continuous setting, the step size h appears as a degree of freedom within the optimization
problem. However, in the following formulations and considerations we restrict ourselves to
the case of fixed final time 7" and thus fixed step size h.

In the sequel we develop our new method to approach (5.13), which consists in solving
the discrete optimal control problem as a variational integrator of a specially constructed
higher-dimensional system.
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5.1.4 Fully-actuated case

We say that a system is fully-actuated when the dimension of the control space equals the
number of degrees of freedom of the system under study. We perform the fully actuation by
means of the following definition:

Definition 5.1.5. (Fully-actuated discrete system) We say that the discrete mechanical
control system is fully-actuated if the mappings

Iy | U—T,;Q () = i (ars g1, ),

k |(Qk7Qk+1

CI
+ x + _ ot
T ‘(%%H) U— qu+1Q’ F ‘(Qk7Qk+l)(u) = I (ks @1, 1),
are both diffeomorphisms.
Define the momenta
pr = —DiLa(qk, k+1) — fi (aks ev1, 0y ), (5.14)
1 = DaLa(qr, qrs1) + Fi (ks qos1, wf)).- (5.15)

Since both f,f ‘ (gr.arsr) AT€ diffeomorphisms we can work out uf in terms of (qx, Pk, Qk+1, Pk+1)

from (5.14) and (5.15). Now, we are in situation to define a new Lagrangian Ly : T*QxT*Q —
R by

La(qk, Pk, Qet1, Pk1) =

= Calqr, (f, ) N =D1Lg—pi) s ari1, (Fi ) (=DaLg + prs1))-

‘(Qk Qk+1) |(Qk:f1k+1)

The system is fully-actuated, consequently the Lagrangian £, is well defined on the entire
discrete space T*Q x T* (). Now the discrete phase space is the Cartesian product T%Q x T*Q
of two copies of the cotangent bundle. The definition (5.14), (5.15) gives us a matching of
momenta (see [124]) which automatically implies

DoLa(qr—1,qr) + i 1(@k—1, @i ) = —D1La(ar, qe1) — fr (@ @1, uy ),

k =1,...,N — 1, which are the forced discrete Euler-Lagrange equations (5.9). In other
words, the matching condition enforces that the momentum at time k 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 p.

Once we have the new discrete Lagrangian L, it is possible to define the discrete action

sum
N-1

Sa =Y Ll Pk: Ght1,Drs1)-
k=0

Applying the Hamilton’s principle we obtain the discrete Euler-Lagrange equations of motion
for the Lagrangian £4: T*Q x T*Q — R:

D3 La(qe—1,Pk—1, @k, Pk) + D1Lalqk, Pks @1, P+1) = O, (5.16)
DyLa(qk—1, Ph—1, ks Pk) + D2La(qr, Pks @iet1,P6+1) = 0. (5.17)
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In conclusion, we have obtained the discrete equations of motion for a fully-actuated me-
chanical optimal control problem as the discrete Euler-Lagrange equations for a Lagrangian
defined on the Cartesian product of two copies of the cotangent bundle.

Example 5.1.6 (Optimal control problem for a mechanical Lagrangian with con-
figuration space R"). Let consider x € R™, M a n X n constant and symmetric matrix
and the mechanical Lagrangian L : R?*® — R defined by L(x,1) = %jtTMdc — V(z), where
V :R™ = R is the potential function and & represents the time derivative of x. Our bound-
ary constraints are (x(0),%(0)) and (z(T),z(T)). The system is fully actuated and there exist
no welocity constraints. Note that in the continuous setting we can define the momentum
by the continuous Legendre transformation ¥L : TQ — T*Q, (¢,4) — (¢,p): p = g—é, i.e.
p(t) = 2T (t) M. In consequence, we can define boundary constraints also in the phase space:

(2(0), p(0) = #(0)" M) and (x(T), p(T) = &(T)" M).
We set the Trapezoidal discretization for the Lagrangian (see [01]), that is,

h Tpr1 — Tk D Tht1 — Tk
L =—L — )+ - L —_
a(@k, Tp41) = 5 Llxw, ————) + 5 L(zpr, — )
where, as above, h is the fized time step and x1, T2, ..., TN s a sequence of elements on R".
Our concrete discrete Lagrangian is
1 T h
La(ar, 2r41) = 55 (@ — @) M (@1 — 2) = 5 (V(@w) + V(zg41)) -

The control forces are fi (xg, Tpq1, uy, ) € Ty R™ and f;f (xg, xpp1,u)) € T3, . ,R". For sake of
clarity, we are going to fix the control forces in the following manner fi(xk,xkﬂ,uff) = uf
Looking at equations (5.14) and (5.15) is easy to obtain the associated momenta py and p1,

namely

1 h _
P = E ($/€+1 — xk)TM + 5 Vx(xk)T — Uy,
1 h
Peyt = o (@er - zp) T M — 5 Vi(wp)” +uyf.
Let
V-1
Ca="3" () + @)
k=0

be a discrete cost function. Consequently, the Lagrangian over T*R x T*R is

La(xk, Dk, Tht1, Dht1) =

1 = Tk Tk T h ?
_ = N B\ S _ = T
-3 (pk (P ) o= G Vit )

1 = Tpal — 2k \ L h 2
+Z (PkH - <+1h) M + 5 Vx(ka)T) )
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where V, represents the derivative of V with respect to the variable x. Applying equations
(5.16) and (5.17) to L4 we obtain the following equations:

T
(e ma)
. < - ) M=o, (5.18)
_ h h2
(pk — (T - 2 vgg(a;k)T) (M -2 Vm(a:k)T> (5.19)
Ty — Tp h h2
_ (pk _ (%)TM + 5 Vx(xk)T> (M _ ? V;ﬁz(xk)T> -0,

where both set of equations are defined for k = 1,....,N — 1. It is quite clear that we could
remove the py dependence in equation (5.19). However, we prefer to keep it in order to
stress that the discrete variational Euler-Lagrange equations (5.16) and (5.17) are defined in
TQ x T*Q (T*R x T*R in the particular case we are considering in this example).

Ezpressions (5.18) and (5.19) mean 2(N — 1)n equations for the 2(N + 1)n unknowns
{xk}i\;o , {pk}ivzo. Nevertheless, we translate the boundary conditions (5.13c), (5.13d) and
(5.13¢) (in its Hamiltonian version 7q(xy,pn,x’,p’) =0) into

o =T 0)7 pozp(0)7

which contribute 4n extra equations and convert eqs. (5.18) and (5.19) in a nonlinear root
finding problem of 2(N — 1)n and the same amount of unknowns.

5.1.5 Under-actuated case

We say that a system is under-actuated when the dimension of the control space is fewer
than the number of degrees of freedom of the system under study. We perform the under-
actuation by means of the following definition:

Definition 5.1.7. (Under-actuated discrete system) We say that the discrete mechan-
ical control system is underactuated if the mappings

el
il

qkan+1) : U - T;kQ’ flzl(qk,qk+1)(u) = f];(quIk—i-l,U),

U= T;k+1Q’ flj’( )(u) = f]j(Qthz-i-l’u),

Qh>qk+1) Qs Q41

are both embeddings.

Under the embedding requirement we ensure f,;t(U ) C T*@ to has a submanifold struc-

ture. Furthermore, under this hypothesis we deduce that M(qk,qu) = f |(qk,qk+1)(U )

+ _ £+ ; * * ;
M(%qkﬂ) = fi ‘(%qkﬂ)(U) are submanifolds of Ty @ and T, | @, respectively. Therefore,
fi‘ are diffeomorphisms onto its image. Moreover, dim M = dimM} =
E 1(qr,q641) (ak+qk+1) (qk,qx+1)

dimU.
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As in the fully-actuated case, we define the Lagrangian function

La(qk: Phs Go+1, Pr+1)
= Calqr, (fy ‘(qk qu))*l(—Dﬂzd — k) Qs (f |(qk’qk+l))71(_D2Ld + Pr+1)),

where we have defined the momenta

pr = —D1La(qr, qe+1) — fr (Qr, Grt1, 1y ), (5.20)
prr1 = DoLa(qw, qii1) + fif (ks @1, uf)- (5.21)

To define L; in the way we have just done, is necessary to consider that

(g, —D1La(qr, @k+1) — Pk » Gk+1, —D2La(qk, Ge+1) + Pr+1) is a point of M eaein)

in order to calculate its image by the inverse functions ( fﬂ . That

(qK,qk+1) (QIkaJrl))
is, the Lagrangian function £, is defined for points (qg, Pk, qk+1, Pr+1) satisfying

(qx s —D1Lq(qr, qr+1) — k) € (@easn) © T, Q,
(a1, —D2La(@r, Gos1) +prs1) € M . CTo Q.

In many examples of interest, these conditions are performed by means of constraint functions
O, 0L T*Q xT*Q - R, 1 < a < n—dimU and therefore the solutions of the optimal
control problem are now viewed as the solutions of the discrete constrained problem (in
other words Vakonomic) determined by the Lagrangian £4 and the constraints ®X. Since
fi‘ (ar.arsn) OT€ embeddings, as established in definition (5.1.7), the number of constraints is

determlned by n minus the dimension of U. Note that the total number of constraints, ®,
is therefore 2(n — dim U).

To solve this problem we introduce Lagrange multipliers (A;),(Af)® and the extended
Lagrangian

La(Qhs Prs Ay s Q1 P> AL ) =La(Qhs P Qo 15 P 1)
+ (M) @ (Qks Pr» Q1 Pit1)
+ (A (qk, Prs Q15 Prt1)-

Observe that, in spite the constraints are functions of the cartesian product of two copies of
the cotangent bundle i.e. ®F : T*Q x T*Q — R, neither ®, depends on p;, 1 nor ® on py.
The discrete Euler-Lagrange equations gives us the solutions of the underactuated problem.

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

o (@ @rrrsuy,) = A (@ Q1) + By (@i @iet1) (uy,)
Fi @ anruf) =AY (ks 1) + By (ars ai) ()
where A} (qk, gk1+1) € 15, Q, A (qk,Qk—H) € Ty, ,,Q. Moreover By (g, qk+1) € Lin(U, T Q)

and B} (qk, qr+1) € Lm(U, T;HIQ) are linear maps (we assume that U is a vector space
and Lin(E;, E2) is the set of all linear maps between FE; and E3). In consequence

B];(Qk7Qk+1)( ) € T* Q and B (qksan-‘rl)( ) € TtI*kJrlQ
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Then the constraints are deduced using the compatibility conditions:

rank B, = rank (B ; —D1La(qk, qet1) — Pk — Ay (ks 1)) 5
rank B;" = rank (B ; —DaLa(qk, qk+1) + Prs1 — Ay (qrs Gis1))

which imply constraints in (qx, gx+1,px) and (qk, qk+1,Pk+1) respectively. The fact that

fi‘ are both embeddings implies furthermore that rank B; = rank B;" = dim U.
k 1(qr,q841) k

5.2 Optimal control of a mechanical system defined in a Lie
group

5.2.1 Continuous Lagrangian picture

We consider the optimal control of a mechanical system on a finite dimensional Lie group
with Lagrangian that is left invariant under group actions. The goal is to move the system
within the time interval I = [0, T, under the influence of control forces f with chosen control
parameter u(t), from its current state to a desired state in an optimal way, e.g. by minimizing
distance, control effort, or time, which will be representated by a suitable cost function.

The standard way to solve such problems is to first derive the continuous equations of
motion of the system. Among the trajectories satisfying these equations one can find extremal
(cost function minimizing) by solving a variational problem.

Let the configuration space be a n-dimensional Lie group G with Lie algebra g and a
Lagrangian function L : TG — R which is left invariant under the action of G. Using this
invariance we can left-trivialize such systems (i.e., we can consider the following isomorphism
TG ~ G x g) by introducing the body fixed velocity £ € g defined by the left-translation to
the origin § = T.L,-1g (T.L is the left translation to the origin, not to be confused with the
Lagrangian function L). This last expression will be called henceforth the reconstruction
equation:

§=T.L,E = gc. (5.22)

The reduced Lagrangian [ : TG/G ~ g — R is:

(&) = L(g"9,97"9) = L(e, ), (5.23)

where the invariance under G and (5.22) have been used.

In addition, the control forces are defined by the map f: g x U — g*. Asin §5.1.1, the
control manifold U is a subspace of R, with m < n. Since the motion of the system is
influenced by control forces, the dynamics will be governed by the Lagrange-d’Alembert
principle, which in this case looks like:

T T
5 /0 e(t)dt + /0 (), ult)) n(t)dt = 0, (5.24)

for all variations 6¢(t) of the form §&(t) = n(t) + [€(),n(t)], where n(t) = g~ 1(t)dg(t) is an
arbitrary curve on the Lie algebra g* with n(0) = n(7") = 0 (see [123] for further details),
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The derivation of §¢ is straightforward by taking usual variations in (5.22), moreover [-, ] :
g X g — g is the usual Lie bracket of g. Finally, (-,-) represents the usual pairing between g
and g*. Taking variations in (5.24) we arrive to

d [l L/l
T (8{) = adg ((%) + f. (5.25)

These equations are called the forced Euler-Poincaré equations (see [(6] for further details).
adg A is defined by (ad¢A,n) = (A aden), where A € g* and adgn = [§, 7], n € g. Together
with the reconstruction equation (5.22), the Euler-Poincaré equations provide the continuous
trajectory (g(t),£(t)) of a system evolving on a Lie group under the action of control forces.
If we take the Legendre transform p = g—é, € g*, the Euler-Poincaré equations become

o= adiu+ f,

ol
H= e (5.26)
g = 9,

which are called the Lie-Poisson equations.

The optimal control problem can be defined as follows: during the time interval I =
[0,T] the mechanical system described by [ moves on a curve ¢g(t) € G from an initial state
(9(0),£(0)) to a final state (¢(T"),£(T)). The motion is influenced via the external foces f
with chosen control parameter u(t) such that a given cost functional

T
3(€.u) = /0 C(E(t), u(t))dt, (5.27)

where C': g x U — R is the cost function (continuously differentiable).

As in §5.1.1, the initial state is fixed by (g(0),£(0)) = (g%, &), for (¢°,€°) € G x g a
input value for the initial state, while the final condition is given by the time constraint
r(g(T),&(T),g", ") =0, with r : G x g x G x g — R"™, where (¢7,¢7) € G x g is a fixed
value for the desired final state.

Equivalently to the optimal control problem on T'Q) defined in (5.3), the optimal control
problem for a Lagrangian system evolving on a Lie group can be defined as follows:

Problem 5.2.1 (Lagrangian optimal control problem).

T

min(g(,)’u(.)j) /0 C(f(t), u(t))dt, (5.28&)
subject to
(5.28b)
T T

5 [ ueona+ [ (e, u)ne) —o. (5.28¢)

0 0
g9 =95, (5.28d)
9(0) = ¢°, €(0) =¢°, (5.28¢)
r(g(T),&(T), 9", ¢") = 0. (5.28f)
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The final time T may either be fixed or appear as a degree of freedom in the optimization
problem.

5.2.2 Discrete Lagrangian picture

Departing from a continuous picture where the Lagrangian is defined in the tangent bundle of
a Lie group, i.e. L : TG — R, the prescription shown in §3.1 enforces a discrete Lagrangian
Lyg: G x G — R. We assume Ly invariant in the following sense:

Li(9ks 9k+1) = La(99k, G9k+1)

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

la(Wi) = La(e, g5 " grs1),

just by choosing g = ¢~!. In the last e is the identity of the Lie group G. On the other hand,

Wi = g; ' g1 (5.29)

is the discrete counterpart of (5.22) and is called the discrete reconstruction equation.
By taking usual variations in (5.29) we arrive to

Wi = =W + Wi, (5.30)

where g 3 n = g,;légk is an arbitrary element of the algebra.

Put in another way, we can construct the reduced discrete Lagrangian l; : G — R as an
approximation of the action integral, that is

(k+1)h
W~ [ E) d
kh

when we deal with a reduced continuous problem [/ : g — R as shown in (5.23). Thus, we are
replacing the Lie algebra g by the Lie group G and the continuous curves £(t) by by sequences
(Wo, Wi, ..., Wy_1) € GV (since the Lie algebra is the infinitesimal version of a Lie group,
its proper discretization is consequently that Lie group [122, |) that will reproduce the
discrete trajectory {gk}é\fzo by means of the discrete reconstruction equation (5.29).

Let define the discrete external forces in the following way: f,;t : G x U — g*, where
UCR™form <n=dimg. As in §5.1.3 and sections therein, we are going to allow two
different sequences of discrete controls {u:}gzo and {u,:},ivzo in order to describe discrete
jumps of the controls in the time nodes t;. In consequence, we are going to use the following
quadrature rule:

(k+1)h
(e Wi ) s m) + (ff Wi, wl) s mern) = /kh (F(€@), u(t)),n(t)) dt,

where (f,, (Wi, uy ), fif Wi, uy)) € g* x g* and n; € g, for all k. In addition 1y = ny = 0.

For sake of simplicity we might omit the dependence on G x U of both f,j and f,~ in the

following.
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Taking all the previous into account, we derive a discrete version of the Lagrange-
d’Alembert principle for Lie groups:

N-1

N—-1
53 (W) + - (Ufisme) + (i) =0, (5.31)
k=0 k=0

for all variations {6Wk},]€v;01 verifying the relation (5.30). {nk}ivzz]l is an arbitrary sequence
of elements of g which satisfies 79 = ny = 0 (see [17, 18, 121] for further details).

From this principle is easy to derive the system of difference equations:

Ly, dla(Wi—) = Ry, dla(Wi) + £y (Wi, ) + fir (Wi, uy) =0, (5.32)

Wi

k =1,...,N — 1, which are called the controlled discrete Euler-Poincaré equations.
In (5.32), L : G x G — G is the left-translation of the Lie group G (which shall not be
confused with the continuous Lagrangian function L) and R : G x G — G is the right-
translation. Clearly, the controlled discrete Euler-Poincaré equations are the discrete coun-
terpart of (5.25).

5.2.3 Discrete optimal control problem

We will relate now the discrete changes in the group configuration (5.29) to elements in the
Lie algebra &, by means of a retraction map.

A retraction map 7 : g — G is an analytic local diffeomorphism around the identity
such that 7(£)7(—&) = e, where £ € g. Two standard choices for 7— the exponential map and
the Cayley map-are employed in this chapter.

The variational principle will now be expressed in terms of the chosen map 7. The
resulting discrete mechanics will thus involve the derivatives of the map which we define next
(see also [22, 73, 91]):

Definition 5.2.2. Given a map 7 : g — G, its right trivialized tangent d7: : g — g and
is inverse dTgl 1 g — g, are such that for g =7(§) € G and n € g, the following holds

et (§)n = dren7(§),
der M (g)n = dr H(nT(=¢)).

Using these definitions, variations 6 and dg are constrained by
88 = ATper (= + Adr(neymir1)/ I, (5.33)

where 7, = gk_légk, which is obtained by straightforward differentiation of &, =
7 gy " gra1)/he

Regarding & as the velocity along the segment between g and gx+1, we set the discrete
Lagrangian l; : G — R to be

La(Wi) = hi(&) = (&), (5.34)
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where & = 771(g; 'gk11)/h = 771 (W) /h. The difference g; ' gr+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. Note that the new Lagrangian
is well-defined only on 4, 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 I : g — R.

With these new elements, the discrete version of the Lagrange-d’Alembert principle (5.31)
can be rewritten as

N-1 N-1
6 A&+ Y (U sme) + (fiFvwan)) = 0. (5.35)
k=0 k=0

Taking variations in the last equation, taking into account the definition (5.2.2) for the right-
trivialized (and inverse) retraction map, equation (5.33), lemmae defined in Appendix A and
the definition of the discrete conjugate momenta

ol
e 1= (drig, )’ ;f:) (5.36)

we arrive to the equations

HE — Ad:(hgk_l)/'bk—l = fNI; (gka U];) + f]:rfl(gk—lauﬁfl)a
k=1,.,N—1,

Ly = (dfggk)*ag(gk), k=0,..,N—1, (5.37)
g,;lgkﬂ =7(h&), k=0,...N—1,

where f,;k and f,;t are related by the retraction map. Equations (5.37) are the discrete
counterpart of the Lie-Poisson equations (5.26).

In addition, using arguments similar to those given in [124] (forced discrete mechanics
section), the discrete forced Noether theorem yields the following boundary conditions

1o — 9e1(£(0)) = fo (&0, ug), (5.382)
9el(&(T)) — Adj—(thfl)MN—l = JE]J\F;(fN, uyr), (5.38Db)

where £(0) and £(T") are the (given) initial and final velocities. These boundary conditions
account for what happens in the initial and final points. Note the distinction between &g
and £(0) on one hand, and between {x and £(7") on the other. These quantities are not
necessary the same since £(t) refers to the point on the continuous curve at time ¢ while &
can be thought of as an average velocity along the k-th trajectory segment resulting from the
discretization.

The exact form of (5.37) and (5.38) depends on the choice of 7 . It is important to point
out that this choice will influence the computational efficiency of the optimization framework
when the equalities above are enforced as constraints. As mentioned above, there are several
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choices commonly used for integration on Lie groups. Among them, the more usual are the
exponential map and the Cayley map:

a) The exponential map exp : g — G, defined by exp(§) = v(1), with v : R — G in
the integral curve through the identity of the vector field associated with £ € g (hence, with
4(0) = &). The right trivialized derivative and its inverse are defined by

o0
1 ,
_ J
7=0
o
_ B;
dexp;'y = Y —Fadly,
=0 7"
where B; are the Bernoulli numbers (see [(1]). Typically, these expressions are truncated in

order to achieve a desired order of accuracy.

b) The Cayley map cay : g — G is defined by cay(§) = (e — %)*1(6 + %) and is valid for a
general class of quadratic groups (see [(1]) that include the groups of interest in this chapter
(e.g. SO(3), SE(2) and SE(3). The exact form of the Cayley map for these groups is given
in Appendix B). Its right trivialized derivative and inverse are defined by

xT. _ T, _
deay,y = (e=5) yle+3)7,
deay,'y = (e=3)yle+73):

To end up with the discrete optimization problem, we have to take an approximation the
cost functional (5.64):

(k+1)h
Catuig Weif) = [ Cletule) at, (5.39)
yielding the discrete cost functional:
N-1
JaWon-1,uiy ) =Y Caluy, Wi, ul) . (5.40)
k=0

Observe that now Cy : U x G x U — R. By means of the retraction map we can define also
a discrete cost function defined in the space U x g x U, that is:

=

Ja(Con—1 Uiy 1) = a(ug s k) (5.41)

=
Il
=]

To be precise, the cost function is well-defined only on U x i x U, where il 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 cost function definition to the full space U x g x U.
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Discrete optimal control problem

The discrete optimal control problem for a system with reduced Lagrangian [ : g — R
and fixed initial and final states (¢(0),£(0)) and (g(7),&(T")) respectively can be directly
formulated as

Problem 5.2.3 (Discrete optimal control problem).

N-1
ming oooaE Caluy, , &, uyl), (5.42a)
k=0
subject to
po — O:L(£(0)) = fy (o, up), (5.42b)
e = Al e, i1 = i Geoug) + Fy (Genwf ), k=1, N -1, (5.42¢)
Oel(€(T)) — Ad7 (e, yHN-1 = Fa(En,ud), (5.42d)
pi = (A7, 8 ) Ol (&), k=0,..,N—1, (5.42¢)
90 = 9(0), (5.42f)
Jk+1 = g7 (h&k), k=0,..,N—1, (5.42g)
T gy'9(T)) =0, (5.42h)

where (5.42h) enforces the condition g(7') = gn. Is clear that (5.42c) are the discrete
Lie-Poisson equations coming from the discrete Lagrange-d’Alembert principle (5.35), which
in problem 5.2.3 are enforced as constraints. The variables denoted &)y and pn have no effect
on the trajectory go.n so we can treat these last points as irrelevant to the optimization. This
is coherent with thinking of the velocities £ as the average body-fixed velocity along the k-th
path segment between configurations g and gg41.

As we did in the case of tangent bundles, in the sequel we develop our new method
to approach prob.5.2.3, which consists in solving the discrete optimal control problem as a
variational integrator of a specially constructed higher-dimensional system

5.2.4 Fully-actuated case

As in §5.1.4, we perform the fully actuation by means of the following definition:

Definition 5.2.4. (Fully-actuated discrete system) We say that the discrete mechanical
control system is fully-actuated if the mappings

Filw, U= ol () = fir (We ),
IﬂWk U =g, flj’Wk(Uz) = I (VVk,u;)7

are both diffeomorphisms.
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Therefore, we can construct the Lagrangian
Lg:g"xGxg"— R
by

La(v, Wi, vg11) = (5.43)
= Ca (7], )71 By, Ala(Wi) = ), Wi (F | )7 (=L, dla(Wi) + vis) )

where we have the equivalence

Ve = R?;deld(Wk) — fk_(Wk,u,;),
Vi1l = L?;deld(Wk) + f;(Wk,uﬁ) (5.44)

Clearly v, and vg1 belong to g*. Observe now that our discrete phase space is g* x G x g*
which is a space not considered in the previous cases, i.e. two copies of g* and a Lie group
G, but in some sense a mixture of both: a Lie groupoid ([118]).

We realize that the discrete optimal control problem defined in (5.31) and (5.39) has been
reduced to a Lagrangian one, with Lagrangian function £4 : g* x G x g* — R, as shown
just above. In consequence, we are able to apply discrete variational calculus to obtain the
discrete equations of motion of the variables in the phase space g* x G x g*.

Let us show how to derive these equations from a variational point of view (see [118] for
further details). Define first the discrete action sum

N-1

Sa = Lalvk, Wi, vit1).
k=0

Consider sequences of the type {(vg, Wi, Vk+1) bk=0,....N—1 with boundary conditions: vy, vy
and the composition W = Wy Wy - - - Wy_o Win_1 fixed. Therefore an arbitrary variation of
this sequence has the form

{vi(e), hy (€) Wi hiy1(€) , vir1(€) bhmo,.. N—1,
with € € (—0,9) € R (both € and § > 0 are real parameters) and vy(e) = vy, v,(0) = v ,
vn(€) = vn, hi(e) € G and ho(e) = hn(€) = e, for all e. Additionally hy(0) = e for all k.

The critical points of the discrete action sum subjected to the previous boundary condi-
tions are characterized by

d
de
% . {Lalvo, Wohi(e), vi(€)) + La(vi(e), hi*(€) Wi ha(e) , va(e))
oo La(un—a(e), hyo(e) Wn—2hn_1(€), vn_1(€))
+La(vn-1(€), hjyt (6) Win—1, vN)}-

N-1
—o <Z La(vg(e), hlzl(e) Wi hi1(€) yk+1(6)))
k=0

e=
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Taking derivatives we obtain

N—-1
> (Lo Al W) = By dLal (W) O
k=1
N-1
+ Z [DZLd‘ ) (W1, k) +D1Ld‘ VkaVk—H)} OV,
k=1

where Ld{(W) g" xg" - R and Ld‘(yy,) : G — R are defined by Ld}(W)(V, V) =
Ld}(w (W) = Lg(v, W,V), where W € G and v,/ € g*. Since dh; (which is defined as

dh’“ le=0) and dvy, (which is defined as ”k le=0), k =1,..., N —1 are arbitrary, we deduce the
followmg discrete equations of motlon
L*Wk de‘ (Vk—1:Vk) (kal) R d d‘ (VksVit1) (Wk) = 0,
(5.45)
Dzﬁd\ y W1, 1) + Dlﬁd\(W (Ve k1) = 0,

for k=1,..., N—1. Similarly to §5.1.4 we obtain the control inputs u, and u,j using (5.44).

5.2.5 Under-actuated case

The under-actuated case can now be considered by adding constraints. Similarly to §5.1.5
underactuation restricts the control forces to lie in a subspace spanned by vectors {e®} of the
basis {e*,e?} of g*, where {s,0} =1,...,n. Then

fk;_(Wk7uI;) = (Z];(Wk) + (bIZ(Wk7ulz))Ses7

e Wiul) = aif (Wi) + (b (Wi, u))se”,
where a; (Wg), a;f (Wy) € g* and (b, (Wi, uy))s, (bF (Wi, u))s € R, for all s. Additionally,

the embedding condition implies that rankb, = rank b;’ = dimU. Then, taking the dual
basis {es, s}, we induce the following constraints:

O (v, Wi, Vgey1) = <R:deld(Wk) -V — alz(Wk), es) =0, (5.46a)

O (v, Wi, V1) = (Va1 — Ly, dlg(Wy) — af (W), es) = 0. (5.46b)
Observe in (5.46) that, even though the constraints are functions ®F : g* xG xg* — R, neither
®_ depends on vgy 1 nor I on ;. 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:

Lo A s Wi vy 1, M) = Lalve, W, vegr) +
+  (A)7Ps (Vs Wiy vit1) + (N7 (vi, Wi, Vi)

Defining the discrete action sum

N-1

dor ~ _ +
Sgn er __ ZLd(yk7)\k7Wk,Vk+laAk)v
k=0
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we obtain the underactuated discrete equations of motion

LWk71 de‘(Vk—lka)(kal) o Rkal de‘(VkkaH)(Wk)

+Ly, ((A;;l)a do, Wi-1) + (N_)7d®g |, (Wk—1)>
(W) =0,

(e,

|(Vk—1,Vk)(

- R, (Wi) + (\)7deg ],

1 Vg Vkt1) VkVk41)

D, Ld|(Wk_1)(Vk—1, vg) + D1 Ld‘(Wk)(Vka vir1) + (M) — (A5)7] es =0,

®;(Vk7 Wk‘7 l/k‘+1) = 07
éj(yka Wk7 Vk+1) = 07
where the subscripts (Wy_1), (Wg), (Vk—1,Vk), (Vk,Vk+1) denoted variables that are fixed.

5.2.6 Numerical methods for systems on Lie groups

We now put the discrete optimal control equations (5.45) and (5.47) into a form suitable
for algorithmic implementation. The numerical methods are construsted using the following
guidelines:

1. good approximation of the dynamics and optimality,
2. globally valid parametrization,
3. guarantee for numerical robustness and convergence,

4. numerical efficiency.

The discrete mechanics approach provides an accurate approximation of the dynamics (re-
quirement 1) through momentum and symplectic form preservation and good energy be-
havior. In addition, we will 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 sec-
tion. The resulting algorithms are numerically 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 op-
timization 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 remedies for such cases has been suggested in [91]. In gen-
eral, the resulting algorithms require a small number of iterations, e.g. between 10 and 20 to
converge (requirement 4).

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 though of
the averaged velocity of this displacement. This is accomplished using the retraction maps
defined in §5.2.3 and considering the discrete Lagrangian lg to be l4(Wy) = hi(&).
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Next, the discrete forces and cost function are defined through a trapezoidal approxima-
tion, i.e.

" et),

Fi(eeut) =

and h L
Cd(u];,fk, u]j;_) = 5 C(§k7uk_;) + 5 C(§k7 U;:),

respectively. With the choice of a retraction map and the trapezoidal rule the equations of
motion (5.37) become

x h —\, h
K — Adr(hgk,l),uk—l = 5 f(gkvuk) + 5 f(gk—lauz;l)a k=1,.,N-1

p = (A7 ) Ol (&), k=0,..,N—1
gkt1 = grT(h&k), k=0,..,N—1,
while the momenta defined in (5.44) take the form
h _
. h
V41 = Adq—(hgk):uk + 5 f(fkv U—/:) (5'49)

Finally, define the Lagrangian ¢; : g* x g x g* — R such that

Ed(l/, 3 V,) = Ld(yv T(h£)7 V,)'

Note that the Lagrangian is well-defined only on g* x il x g*, where Y 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 g* x g x g*.

The optimality conditions corresponding to (5.45) become

(A2, ) L, (E1) = (d7hg )" dlal,, (&) = 0, (5.50)
Dy fd’ y W1, 1) + Dy fd‘ YWy V1) = 0, (5.51)
for k =0,..., N — 1. Here, fd‘(g) Ed’ yy, = Ly(v,&,v"). Equations (5.50) and (5.51)

can be also obtained from (5.45) employlng Lemma 6.6.3 and Lemma 6.6.4 in Appendix A.

In the underactuated case we define
La(v, &,V A7, X)) =Lq(v, 7(h€), V)

) o 5.52
F OO0 [ (1) + W05 (), O
and from (5.47) obtain the equations
—1 * i —1\*x 17 _
(de dgd’(l/kfl,ljk,)\;t 1)(§k_1) B (dThgk) dgd‘(yk,yk+1,>\ki)(£k) - O’
Dy Ld‘r(hfk (I/kfl, I/k) + Dy 'Cd‘T(hEk)(Vk’ Vk+1) + )‘I—:—l B )‘I; =0, (553)

@, (v, 7(h&k), V1) = 0,
O (vg, 7(hék), vi+1) = 0,
where we employed the notation A* := (A*)%¢, and used the definitions (5.46).
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Boundary conditions

Establishing the exact relationship between the discrete and continuous momenta, pj and
p(t) = O0l(&(t)), respectively, is particularly important for properly enforcing boundary con-
ditions that are given in terms of continuous quantities (see equations (5.38)). The following
equations relate the momenta at the initial and final times ¢t = 0 and ¢ = T and are used to
transform between the continuous and discrete representations:

h _
to — 9el(§(0)) = B} f(&(0), ug ),
. h
OET)) ~ AL, ivar = o FED).u).
which also corresponds to the relations vy = 0¢l(§(0)) and vy = 0¢1(£(T")). These equations
can also be regarded as structure-preserving velocity boundary conditions, i.e., for given
fixed velocities £(0) and &(7T).

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 5.2.5. 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¢l(£(0)) and vy = O¢l(E(T))
3. Solve for (&o, .oy EN—1, V1, ey VN_l,)\iE, ...,)\ﬁfl) the relations:

{ equations (5.53) for allk =1,...,N —1,
7'71 (T(th_l)fl...T(hfo)fl g(O)’lg(T)) =0

Output: optimal sequence of velocities &g, ..., EN—1-

-.R

5. Reconstruct path go,...,gn by gk+1 = gx7(h&k) for k=0,..., N — 1.

The solution is computed using root-finding procedure such as Newton’s method.

5.2.7 Example: optimal control effort

Consider a Lagrangian consisting of the kinetic energy only

full unconstrained actuation, no potential or external forces and no velocity constraint. The
map I : g — g* is called the inertia tensor and is assumed full rank.
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In the fully actuated case we have f(&, uf) = uf We consider a minimum effort control
problem, i.e.

1
Cle,u) = Sl

The optimal control problem 5.2.3 for fixed initial and final states (g(0), £(0)) and
(g(T), &(T)) can now be summarized as:

. +
Compute' 50:]\771 » U N

o o o o N—1 —
minimizing: %Zkzo (|| U ||2 + | uz ||2) )

subject to:
po —L(£(0) = §ug
Wi — Ad:(hﬁk,l) HE—1 = h(’u]; + u;ll), k=1,..,N —1,

LE(T)) = AdZ ey, ) N1 = G ul,

e = (dmy e )7 1),

Gk+1 = gk 7(hék), k=0,.N -1,
7'_1(95,1 g(T)) =0.

On the other hand, the optimality conditions for this problem are derived as follows in
the approach developed in this chapter. The Lagrangian becomes

N-1
1 s —1 o\
Calvis &) = 72 D0 (v = (@7 TE) 12 + | v = (d 750 )T [12)
k=0
where the momentum has been computed according to

1/ L
V. = § ((dThé) ]I(&k) + (dT*iifkfl) H(&k—l)) s (554)
Thus the optimality conditions become

(d T’;Ei)* dgd}(”k#kﬂ)(gk) - T:éék,l)* dfd’(yk,l,lfk)(gk_l) =0,
k=1,..,.N—1,

1 (T(h&v_l)_l...’]’(hfo)_l go_lg(T)) =0.

It is important to note that these last two equations define N - n equations in the Nn
unknowns &y.nx_1. A solution can be found using nonlinear root finding. Once &y.n have
been computed, is possible to obtain the final configuration gy by reconstructing the curve
by these velocities. Beside, the boundary condition g(7) is enforced through the relation
T_l(gx,l 9(T)) = 0 without the need to optimize over any of the configurations gy.
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5.2.8 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 potential energy
V : G — R according to

where g € G and £ € g. The controlled Lie-Poisson equations are in this case

fo—adip = —L; 0, V(g) + f,
p=0:K(E),
g = gg:

(recall that L, denotes the left-translation by g) where the external forces are defined as
f:GxgxU — g* Our discretization choice Ly : G x G — R will be (recall that

& =75, "gk+1)/h)

h h
La(gr gi+1) = 5 L(gr, &) + 5 Lgr+1.€k)
— hK(g) - h 9 V)

while the G-dependent discrete forces now become

h h
f};(gk?gk?u]:) = §f(gk7£k7u]:)7 f}j(gk+17§k7ulj;) = §f<gk+17§k7uli_)'

This leads to the discrete equations
Mk — Adr—(hgkil),uk—l =—h L;kagv(gk>

h _ h
+§f(gk7£k:7uk)+Ef(gkafk—lvu;r_l)v k= 1)"'7N7

p = (A7 ) 0 K (&), k=0,.,N—1,
gk+1 = gk (h&k), k=0,.,N—1.

The momenta become
h ., h _
ve = et g Ly, 0y V(gk) — 5 f gk, & uy, ),
. h . h n
verr = Adigein = 5 Loy, O VIgker) + 5 fgrrs G up)-
In consequence, we can define a discrete Lagrangian

Lg:9°x Gxgxg' — R,
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depending on the variables (v, gk, &k, Vk+1) which discrete equations of motion will be a
mixture between (5.45) and (5.50), (5.51), namely

Do Sd‘( (Vk—1,vk) + D1 Qd‘(gk7£k)(l/kal/k+l> =0,
k) + R Al e (o)

(gk—l) - (de:Ei)* dgdl(uk’gk,Vk+1)(§k)> - O’

Ik—1,Ek—1)

*
(Lgk—l d L4 ‘ (Ve—1,Ek—1:Vk

+ (e, )7 g,

Vk:*lzgkflyyk)

fork=1,..,.N —1.

5.2.9 Application 1: underwater vehicle

We illustrate the developed algorithm with an application to a simulated unmanned underwa-
ter vehicle. Figure (5.1) 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.

A

u3

T

propellers parallel o

drag "R parking

a) b)

Figure 5.1: An underwater vehicle model (a) and a various computed optimal trajectories between chosen
states (b). Only a few frames along the path are shown for clarity.

The vehicle configuration space is G = SE(3). We make the identification SE(3) ~
SO(3) x R? using elements R € SO(3) and x € R3. The exact form of a group element
g € SE(3) and an algebra element & € se(3) are described in Appendix B, together with the
analytic form of the Cayley map. Elements of the Lie algebra are identified with body-fixed
angular and linear velocities denoted w € R? and v € R?, respectively, through

w v
§:<03><3 0)’
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where the hat map > : R? — s0(3) is defined is defined also in Appendix B. The algorithm is
thus implemented in terms of vectors in RS rather than matrices in se(3).

The map 7 = cay : s¢(3) — SE(3) is chosen, instead of the exponential, since it results
in more computationally efficient implementation. The matrix representation of the right-
trivialized tangent inverse dcay(_wlv) :R3 x R3 — R? x R? becomes

- I3 — 30 + swwT 0
Ly | B2 1 3
[dCaY(w7v)] = _% (Is - %@) T A %@ . (5.55)

The vehicle inertia tensor I is computed assuming cylindrical mass distribution with mass
m = 3kg. The control basis vectors are {es}5_; = {e1, e, e3, ey, €5}, while the non-actuated
direction is e, = eg, where e; is the i-th standard basis vector of R®. The control functions
take the form

1= d(U5 — ’LL4),
2 = c((u1 +u2)/2 — ug),

here H is a negative definite viscous drag matrix and the constants ¢, d are the lengths of the
thrusting torque moment arms (see Figure 5.1).

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 func-
tion is defined in §5.2.7. The optimal control problem is solved using equations (5.53). The
computation is performed using Algorithm 5.2.5. Figure 5.2 shows the computed velocities
and controls for the “reconfiguration” trajectory shown in Figure 5.1. The algorithms re-
quires between 10-20 iterations depending on the boundary conditions and when applied to
N = 32 segments.

Angular velocity Linear velocity Control inputs
5 ‘ ‘ ‘ 4 ‘ ‘ ‘ 5 ‘ ‘ \
o —Vy —1
[0} —2
B /\ y i 2 v,
8 0 —0—(02 E +VZ z 0 3
ot —4
—5
‘ |
50 2 4 6 20 2 4 6 50 2 4 6
sec sec. sec

Figure 5.2: Details of the computed optimal path for the reconfiguration maneuver given in Figure (5.1).
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5.2.10 Application 2: discontinuous control

One of the advantages of employing the discrete variational framework is the treatment of
discontinuous control inputs as illustrated in §5.1. The nature of the control curve depends
on the cost function. In the standard squared control effort case (i.e. Ly control curve
norm employed in §5.2.9) the resulting control is smooth. Another cost function of interest
is fOT |lu(t)||dt (i.e. the L; control curve norm) which is typically imposed along with the
constraints Upin < u(t) < Upmaz. This case results in a discontinuous optimal control curve.
Our formulation can handle such problems easily since the terms wu, and uz are regarded
as the forces before and after time tj, respectively. A computed scenario of a rigid body
actuated with two control torques around its principles axes of inertia (Fig. 5.3) illustrates
the discontinuous case.

Forces
0.4 ‘ —Uy
-|-Uy
0.2
L
Z 0 ]
g
-0.2
04 5 10
SecC.
a) b)

Figure 5.3: 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. An Li-control cost function results in a discontinuous
optimal trajectory (b) which our algorithm can handle.

5.3 Extensions

The methods developed in the previous sections are easily adapted to other cases which are of
great interest in real applications. In particular, this section will be devoted to the discussion
of two important extensions: the case of optimal control problems 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 previously studied cases of a tangent bundle and a Lie
algebra.

The notion of principal fiber bundle is present in many locomotion and robotic sys-
tems [16, 23, |. When the configuration manifold is @ = 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 elements in
the Lie algebra will be denoted by £ € g), and the variables describing the internal shape of
the system, that is z € M (in consequence (z,%) € T'M). Observe that the Lagrangians
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of the type [ : TM x g — R mainly appears as reduction of Lagrangians 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 = TM x g we obtain the reduced Lagrangian {. We first de-
velop the discrete optimal control problem for systems in an unconstrained principle bundle
setting in §5.3.1. Nonholonomic constraints are then added to treat the more general case of
locomotion systems in §5.3.2.

5.3.1 Discrete optimal control on principle bundles

The discrete case is modeled by a Lagrangian [; : M x M x G — R which is an approximation
of the action integral in one time step
h(k+1)
oo, W) = [ 1 ((0).2(0),60) dt,

hk
where (z, xp11) € M x M and Wy € G. Again, we make an election for the discrete control
forcesf];t:M><M><G><U—>T*M><g*,whereUC]Rm:
fk_(xku LTE+1, Wka u];) = (fk_(a?kv Tk+1, Wka ’U,];), fk;_(xka Tr+1, Wk7 u];)) )
f]:r(l‘k, Tk+15 Wka u;r) = (f]:r(ajkv Lk+1, ka u;r)v f[j('wk‘a Lh+1, Wka U;)) )
here f,~ € Ty, M X g* and f,j €Ty, Mxg" (more concretely f,; €T, M, f,j €Ty, . M,
fr €0 fif € 0.

Similarly to the developments in §5.1 and §5.2.4 we can formulate the discrete
Lagrange-D’Alembert principle:

N-1

i

0> la(wk, Thypr, W)+ (fr.» 0wk, mi))
k=0 k=0
N-1
+ <f]j7 (6xk+17 ﬁk+1)> =0,
k=0
which can be rewritten as
N-1 N-1 N-1
) Z la(xk, Tpgr, Wi)  + L 0xg + Z [ 6zi4a
k=0 k=0 k=0
N-1 N-1
+ <f];a77k>+ <f]g+77]k’+1> :Oa
k=0 k=0

for all variations {&L‘k}évzo with 0z, € Ty M and dzg = dxy = 0; also {5Wk}f€v:0 with
oWy, € Ty, G, such that 0Wy, = —m Wy, + Winiy1, being {Uk}ivzo a sequence of independent
elements of g such that ng =ny = 0.
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Applying variations in the last expression and rearranging the sum, we finally obtain the
complete set of forced discrete Euler-Lagrange equations:

Dilg(zg, Tps1, W) + Dala(x—1, 06, Wi—1) + fr + fi 1 =0, (5.56)
Ly, Dsla(xr—1, 25, Wi—1) — iy, D3la(wp, tsr, W) + fir + fi7, =0, (5.57)
with kK =1,..., N — 1. Since we are dealing with an optimal control problem, we introduce

a discrete cost function Cy: M x G x M x U x U — R. As in previous cases, our objective
is to extremize the following sum

N-1

- .+
Z Cd(xka Wk‘) Th+1, uk- 7uk; )a
k=0

subjected to equations (5.56) and (5.57). Let us initially restrict our attention to the case of
fully actuated systems.

Definition 5.3.1. (Fully actuated discrete system) We say that the discrete mechanical
control system is fully actuated if the mappings

fi (o, z1, Wi, u),

fl;‘(xo,ml,Wﬂ U= T:OM X g*’ fl;‘(xo,xl,Wl)(u) 3
f]:r(:EOaxlelau)

+ . * * +
fk ‘(xo,qul) U= TmlM X8 fk }($07$17W1)(u)

are both diffeomorphisms.

According to equations (5.56) and (5.57), we can introduce the momenta by means of the
following discrete Legendre transforms:
pr = —Dilg(zg, i, Wi) — fr.
Pt = Dala(wp, zpy1, W) + f

pe = Ry, Dalg(wr, Tpy1, Wy) — £
pkr1 = Ly, D3la(zy, vpr1, We) + f;j,

where, we recall, L and R denote the left and right translations, respectively, in the Lie
group. In the fully actuated case, is possible to find the value of all control forces in terms of

Ty Th41, Wk')pkv Pk+1, My UE+1, that is:

’U,’; = u];<xk’axk+1awk7pk7,u/k)7 (558)
uf = uyf (T, T, Wy D1, Bet)- (5.59)

Replacing (5.58) and (5.59) into Cy, we finally obtain the discrete Lagrangian that completely
describes our system:
Lg:T"Mxg"xGxg'xT"M — R.
The associated discrete cost functional is
N-1

Ja(0:n, po:n s o s Woen—1) = Y L@k, Pres iy Wy Bkt 1 That s Pht1)- (5.60)
k=0
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As usual, we take now variations in (5.60) in order to obtain the discrete Euler-Lagrange
equations for our optimal control problem (with some abuse of notation we denote Qi =
(Tk, Pres ks Wiy pk+1, Tht1, Pk+1) the whole set of coordinates in the new phase space):

DeLa(Qr-1) + D1L4(Qr) =0,

D7La(Qr-1) + D2L4(Q) =0,

DsLa(Qr1) + D3La(Qr) =0,
Liy, \D1La(Qr-1) — Riy,DaLa(Qx) =0,

together with the forced discrete Euler-Lagrange equations (5.56) and (5.57).

Typically, actuation is achieved by controlling only a subset of the shape variables. In
our setting this is can be regarded as underactuation — the mappings in definition 5.3.1
become embeddings. If this is the case, it is necessary to introduce constraints and apply
constrained variational calculus as in §5.1.7 and §5.2.4.

5.3.2 Discrete optimal control of nonholonomic systems

This subsection is devoted to add nonholonomic constraints to the picture. Holonomic con-
straints might be considered as a particular case of the nonholonomic ones (see [110] for
further details). With this extension it would be possible consider examples of optimal con-
trol of robotic vehicles. 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 following
quadruple (see [70, 93]):

i) A regular discrete Lagrangian l;: M x M x G — R.
ii) A discrete constraint embedded submanifold M, of M x M x G.

ii1) A constraint distribution, D., which is a vector subbundle of the vector bundle

Traxg @ LM x g — M, such that dimM, = dimD.. 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 T, M X g given by

®c(x) = T(z,x,e)Mc N (TxM X g) )

where we are identifying T, M x g = 0, x T, M x T.G, with e being the identity element
of the Lie group G.

iv) The discrete control forces f,;t : Mo x U — T*M x g* where U C R™ (again, forces fki
split into f,;t and f];t as in the previous section).

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

N—-1 N—-1
J Z ld(-rkv Th41, Wk’) + <fk_7 (6xk’7 77/6)>
k=0 k=0
N-1
+ <fk+7 (6$k+1>7]k’+1)> =0,
k=0

for all variations {51’k},]j:0, with dzg = dzy = 0; and {5Wk},]€V:0, such that dWj = —n Wi +
Wink+1, being {nk}]kvzo, verifying (0xg,ni) € De(zr) C Ty, M x g such that ng = ny = 0.
Moreover, (g, Tgp+1, W) € M, k=0,...,N — 1 (see [70]).

Take a basis of sections {(X“,7*)} of the vector bundle 7p_ : D, — M, where X € X(M)
and 7* : M — g for a = 1,...,rank(D.). Hence, the equations of motion derived from the
discrete Lagrange-D’Alembert principle for controlled nonholonomic systems are:

0 = (Dylg(xk, Tps1, Wi) + Dolg(zp—1, 2, W—1) + . + Fi 10 X% (zp))

(5.61)
+(Lyy,_ Dsla(zr—1, x5, Wi—1) — Ry, Dala(r, xen, Wie) + fr7 + fi 1, 7% (2)),
0= \I/a(l‘k,l'k_;,_l, Wk), (562)

where ¥ (zg, xip11, Wi) = 0 are the constraints which locally determine M.

In a more geometric way, we can write equations (5.61) and (5.62) as follows
0= (ip.)" (Dlld(=73k7 Tpr1, W)+ Dala(zk—1, 26, Wi—1) + fr + Fi 4
Ly, Dsla(zp—1,706, Wik-1) — Ry, Dsla(wk, Tpy1, Wi) + fr + f];tl)v

where(zg, Tgp11, Wi) € M, and ip_ : D, — T'M X g is the canonical inclusion.

Given a discrete cost function Cy: U x M, x U — R and the optimal control problem
is to minimize the action sum

z
L

- +
Cd(uk » Tk Wk:7 Lh41, Ug )
0

B
Il

subject to equations (5.61) and (5.62) and to some given boundary conditions. We next
distinguish between the fully and under—actuated case using the following definition:

Definition 5.3.2. (Fully-actuated nonholonomic discrete system) We say that the
discrete nonholonomic mechanical control system is fully-actuated if the mappings

Fk_‘(mo,ﬂfl,wl) U — D:a Fk_‘(mo,ml,Wﬂ(U) = (iDC)*(f_(fUOJUl’WhU))a

B gerny 1 U = Do i g gy (W) = (i)™ (£ (o, 21, Wi, w)),

are both diffeomorphisms for all (xg,x1, W1) € M.
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Regarding equation (5.61) and its geometric redefinition just below, let introduce the
following momenta:

e = (ip.)" (—Dlld(wk,xkﬂ, Wi) = fin s Riy, Dsla(xy, 2ig1, Wi) — f,;) ;

Tr1 = (ip,)" <D2ld(xkvxk+1,wk) + [ Ly, Dsla(ag, zes1, Wi) + f,j) :

where both 7, and 74, belong to Df. In the fully actuated case, the value of all control
forces can be completely determined in terms of xy, zgy1, Wi, 7k, Tr11, where the coordinates
(g, Tk+1, Wg) always belong to M. Therefore we can re-express the cost function in terms
of these variables and, in consequence, derive the discrete Lagrangian

Lg:(D:

C) TrDZ X

Me) pro X (D) = R,

pri Me) pry Xy

where pr; : Mg C M x M x G — M are the projections onto the first and second arguments
and 7px : D7 — M the vector bundle projection.

Observe that we can consider this case as a constrained discrete variational problem taking
an extension

L:DixGxDf R

of L4 subjected to the constraints ¥ (zy, xg41, Wg) = 0.

Therefore, denoting Qk = (g, Tk, Wi, Tp11, Tk41) as the whole set of coordinates of the
new phase space D} x G x D}, we deduce that the equations of motion are

D4£:l(@k—1)+D12:i(Qk) = MNTIDyU (2 q, g, Wi_1)
+NE Dy U (g, g1, W),

DsLg(Qr_1) + D2La(Qr) = 0,

L%k_1D3Ez(Qk—1)—RTA/kD35~cl(Qk) = MLy, D3O (w1, mp, Wio1)
—\E Ry, D30 (g, apy1, W),

Uz, v, W) = 0,

where \¥ are the Lagrange multipliers of the new constrained problem. The underactuated
case can be handled by adding new constraints and applying discrete constrained variational
calculus similarly to §5.2.2.

A natural framework that simplifies the previous construction is based on discrete me-
chanics on Lie groupoids [118]. The Lie groupoid structure generalizes the case of @ x @,
the Lie group G and also many intermediate situations. In particular, many of the exam-
ples studied in this chapter can be modeled using Lie groupoid techniques adapted to our
formalism (see [78]).
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5.3.3 Extension to Lie algebroids

All the previous cases can be considered as particular examples of optimal control systems
of mechanical type modeled on a Lie algebroid. The ideas developed in this subsection were
firstly introduced in [78]. Consider the reduced Lagrangian [ : AG — R, where AG is the
Lie algebroid associated to the Lie groupoid G (see §1.5). The external forces are modeled,
in this case, by a mapping f : AG x U — A*G, where U is the control space and A*G is the
dual algebroid of AG, such that 7 = 7% o f|y (recall that 7 : AG — @ and 7" : A*G — Q,
where @ is the base manifold of the vector bundle that defines the algebroid).

Thus, is possible to adapt the derivation of the Lagrange-d’Alembert’s principle to the
case of mechanical systems defined on Lie algebroids. With that purpose, fix two points qq, g1
in the configuration manifold @, then we look for admissible curves £ : I C R — AG (that

d
is, curves such that p(£(t)) = aT(f(t))) which satisfy

T
5/ <ﬁ+A<ﬂﬁW“@%WﬂﬂH=Q (5.63)

where the infinitesimal variations to be considered are 6§ = 7, for all n(t) € I'(7), where
I'(7) is the set of sections of the vector bundle 7, with n(0) = 0 and n(T") = 0. Here, 7° is a
time-dependent vector field on AG along £(t), namely the complete lift, locally given by

c ) oz8 - a
1= P g+ (i —Cg '’y ) oy

where we have chosen coordinates (¢*) on @ and we have fixed a basis of sections {e,} of
7: AG — @Q, inducing local coordinates (¢*,y%) on AG. Recall from §1.5.1 that 057 and pf,
are the local functions that determine the Lie algebroid structure on . From this principle
we derive the equations of motion for solution curve:

d ol B ol v B ol o] —
dt <> paaq — CopYy dy v+f°‘(q you), fa={fea)

oy™
dqi .
ar = poy”

The force f is chosen in such a way it minimizes the cost functional:

T
6w = [ e ue) (5.64)
where now C : AG x U — R.

We now consider the associated discrete problem. Let construct the discrete lagrangian
lg : G — R as an approximation of the continuous action.

(k+1)h

o) ~ [ He(w) at (5.65)
kh

where {gk}]kvzo € GN*1 @G is the Lie groupoid. The discrete external forces are defined as

(k+1)h

(fie (g )y ) + (i (g uil ) misn) » /k (F(&@), u(t)),n(?)) dt,

h
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where again we are allowing two different sequences of discrete controls {uf}i\;o. Moreover,
(fr (grsuy, ), fk (gk,uk ) € A’;(g )G X A B )G and m € Aa(g )G, for all k and g = ny = 0.
Note that o and 8 are the submersions defining the Lie groupoid G = @ (see §1.5.2).

Therefore, we derive a discrete version of the Lagrange-D’Alembert principle for
Lie groupoids:

— N-1
0 lalgr) + Y ((Fr (grouy ), Xi(gw)) + (7 (rsud)s Xara(gr)) =0 (5.66)
k=0 k=0

%
for all variations {59k}£{:—01 verifying the relation dg; = %k+1(gk> — X (gx) with {X;}  an
arbitrary sequence of sections of 7 : AG — @ with Xy, Xy = 0. Recall from §1.5.2 that
and X belong to X(G) (they are left-invariant and right-invariant vector fields respectively).

Therefore, we deduce that

N-1 N-1

0 = (Ala(gr), 0gr) + D {Fr (grs g )y Xlgr)) + (FF (g ), X1 (g))
k=0 k=0
N—-1 N-—1

= S (dla(gr), Xnr1(98) — Xnlor)) + S ((F (90w )s Xlgw)) + (i (90w, X1 (98))-

k=0 0

b
Il

From this last expression we obtain the following discrete equations of motion:

?(Qk)(ld) - ?(Qkﬂ)(ld) + (fra1 (Grr1, Wi r) + i (gruf ), X (gr)) =0, 0<kE<N-1,
(5.67)
for all X € I'(7).
As we did in §5.1.3 (tangent bundles case) and §5.2.3 (Lie algebras case), we take now an
approximation of the cost functional in the following manner

(k+1)h

Caluf , guuf) = /k C(E(t), ult)) dt, (5.68)

h
where g belongs to the groupoid G. This leads to the discrete cost functional:
N-1
3d(90:N—1;u(:)t;N_1) = Z Cd(u:agk,’u;)-
k=0

Next, as we already did in §5.1.4 (tangent bundles case) and §5.2.4 (Lie algebras case),
we perform the fully-actuation by means of the following definition

Definition 5.3.3 (Fully-actuated discrete systems). We say that the discrete control
system s fully-actuated if the mappings

fely, ‘U—>A*( )G> fﬂ ( k) ff(gk,ug),

are both diﬁeamorphz’sms
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Therefore, we can construct the new discrete Lagrangian over the new phase space

PTG = A*G 1+ Xo G X A*G,

which is the prolongation of the Lie groupoid G = Q over 7* : A*G — @ (the definition of all
structure maps and sections can be found in §1.5.2). Therefore, taking into account equations
(3.16) in §3.5 (see [118]), the equations of motion of a discrete Lagrangian £4 : P7 G — R
are -

Z(v,9.V)(&a) = Z (W hv")(La) =0,
where (v,g,v') and (V/,h,1") belong to PTG, (g,h) € G® and Z € T(A(P7'G)). The
previous equations, with some abuse of notation, can be written as

(DaLa] (v./) = DiLal, (/. 0"), Y () + X () (La) — X(W)(£a) =0, (5.69)

where Dgﬁd}g(l/, V') = D3Ly(v,g,V), DlLd}h(u’, V") = D1L4(V, h,V"). These equations hold
for every X € I'(7) and Y € X(A*G) verifying that T8(X) = T7*(Y).

When G is just a Lie group, P™ G = g* x G x g* = g*, which is the space where the discrete
Lagrangian (5.43) is defined. The associated Lie algebroid is A(g* x G x g*) = g* x T'g* — g*.
The sections of this Lie algebroid are of the form a* — (£, Y (a*)), where a* € g*, {g and
Y € X(g*). Therefore, for a discrete Lagrangian L, : g* x G x g* — R, we obtain from (5.69):

Lz’“—ldﬁd‘(vkq,%)(gk_l)_R;kdﬁd‘( )(gk) = 0,

VisVi+1
D2Ld‘gk71(l/k—1,l/k)+D1£d‘gk(1/k,1/k+1) = 0,

where k = 1,...,N — 1, and £d‘g(y, V) = £d|(y, V)(g) = L4(v,g,v"). In the last expression
we recognize the equations (5.45). Take the equivalence

vipr = Ly dla(gr) + fif (g, uf)),

where [g is defined in (5.65). We recover, just by considering the composability condition
(see §1.5.2) of the groupoid g* x G x g* — g*, the forced discrete Euler-Poincaré equations
(5.32):

Ly dlg(gr—1) — Ry dla(ge) + fi 1 (ge—1, ui_1) + fi (gruib) =0,
with k=1,...,N — 1.

Thus, by choosing a concrete instance of Lie groupoid G (namely a Lie group) in the
formalism presented in this subsection, we are able to revisit the case of discrete optimal
control on Lie groups developed in §5.2.4.



Chapter 6

Geometric Nonholonomic
Integrator (GINI)

As was mentioned in the introduction, the geometric perspective has been introduced in the
study of nonholonomic systems in the last decades. This new perspective allows us to use
techniques from differential geometry to handle problems in nonholonomic constraints. This
chapter accounts for new developments in the line of [141, 15, 93], where the Geometric Non-
holonomic Integrator (GNI) and some of its properties were presented. More concretely, we
study the GNI extensions of Euler-symplectic methods (see [01]) and discuss some of their
convergence properties following the methodology developed in [15]. Additionally, we gener-
alize the method proposed for nonholonomic reduced systems, which represent an important
subclass of examples in nonholonomic dynamics. Moreover, we construct extensions of the
GNI in the cases of affine constraints and Lie groupoids.

6.1 Nonholonomic mechanical systems

In §2.4.2 nonholonomic dynamics has been widely treated. As a summary, let us recall some
basics. Our configuration manifold will be denoted by @, with local constraints ¢*, i = 1, ..., n,
while the local coordinates for the tangent bundle will be (¢, ¢’). The Lagrangian function
will be denoted L : TQQ — R. Let consider the nonholonomic distribution D defined by the
set of linear constraints

o (¢",4") = pl(9)d' =0, 1<a<m, (6.1)
where rank (D) = n — m. The annihilator D° is locally given by

D° = span {u®* = pf(q) dg; 1<a< m},

where the 1-forms u® are independent.

As was mentioned in §2.4.2, a way to establish the nonholonomic dynamics is the
Lagrange-d’Alembert principle, namely:

T
5/0 L(q(t),d(8)dt =0

155
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for all variations such that dq (t) € Dywy, 0 <t < T, and if the curve itself satisfies the
constraints. From this principle we arrive to the nonholonomic equations:

4L L .
S WS 2
dt 8(]@ aql )\ /‘I’Z (6 a‘)

pi(q) ' =0, (6.2b)

where \,, a =1,...,m is a set of Lagrange multipliers. The right-hand side of equation (6.2a)
represents the force induced by the constraints, and equations (6.2b) represent the constraints
themselves.

Now we restrict ourselves to the case of nonholonomic mechanical systems where the
Lagrangian is of mechanical type. Now, there is a Riemannian metric § defined on the
configuration space (. Thus, the Lagrangian function will be defined by

1
L(vg) = 59(%7%) -Vig), wvq€TyQ,

where V : Q — R is a potential function. Locally, the metric is determined by the matrix
M = (9ij)1§i,j§n where 9ij = 9(8/8(]’, 8/8(]])

Using some basic tools of Riemannian geometry (see §1.2 for further details), we may
write the equations of motion of the unconstrained system as

Vi c(t) = —grad V(c(t)), (6.3)

where V is the Levi-Civita connection associated to G. Observe that if V' = 0 then the Euler—
Lagrangian equations are the equations of the geodesics for the Levi-Civita connection.

When the system is subjected to nonholonomic constraints, the equations become
Vi c(t) = —grad V(c(t)) + A(t),  ¢(t) € D,

where ) is a section of D+ along ¢. Here Dt stands for the orthogonal complement of
D with respect to the metric §. Obviously, D stands for the distribution determining the
nonholonomic constraints.

In coordinates, by defining the n? functions Ffj (Christoffel symbols for V) by

we may rewrite the nonholonomic equations of motion as

ov

RO ENCONHCO)

G*(t) + Tl (c()d' ()@ (1) = =G (c(1))
pé (e(t)d' (t) = 0

where t — (g!(t),...,q"(t)) is the local representative of ¢ and (G%) is the inverse matrix of
M.
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Since G is a Riemannian metric, the m x m matrix (C%) = (u?G¥ u?) is symmetric and
regular. Define now the vector fields Z%, 1 < a < m on Q by

§(Z4Y) = p*(Y), for all vector fields Y, 1 <a < m;

that is, Z% is the gradient vector field of the 1-form p?® Thus, Dt is spanned by Z¢,
1 < a < m. In local coordinates, we have

U
A oL Y iy
S maqj

We can construct two complementary projectors

P:TQ — D,
Q: TQ — D,

which are orthogonal with respect to the metric §. The projector Q is locally described by
g o
Q=CpZ"@u’ = CabS“M?uZa—qj ® dq".

Using these projectors we may rewrite the equations of motion as follows. A curve c(t) is a
motion for the nonholonomic system if it satisfies the constraints, i.e., ¢(t) € D), and, in
addition, the “projected equation of motion”

P(Vewyé(t)) = —P(grad V(c(t))) (6.4)

is fulfilled.

Summarizing, we have obtained the dynamics of the nonholonomic system (6.4) applying
the projector P to the dynamics of the free system (6.3). Next, we will use P and Q to obtain
a geometric integrator for nonholonomic systems.

6.2 The Geometric Nonholonomic Integrator (GINI)

In [44, 45, 93] a numerical method for the integration of nonholonomic systems is proposed
and developed (GNI henceforth). It is not truly variational; however, it is geometric in
nature. It is shown that GNI preserves the discrete nonholonomic momentum map in the
presence of horizontal symmetries. Moreover, the energy of the system is preserved under
certain symmetry conditions.

Now, we employ the notions concerning discrete mechanics developed in §3. Consider a
discrete Lagrangian Lg: @@ X @@ — R. The proposed discrete nonholonomic equations are

P (D1La(qr, ar+1)) + Py, (D2La(qk-1,qx)) = 0, (6.5a)
Q. (D1La(qk, ge+1)) — g, (D2Lalgr—1,qx)) = 0, (6.5Db)

where the subscript ¢ emphasizes the fact that the projections take place in the fiber over gz.
The first equation is the projection of the discrete Euler—Lagrange equations to the constraint
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distribution D, while the second one can be interpreted as an elastic impact of the system
against D (see [69]). This is what will provide the preservation of energy. Note that we can
combine both equations into

D1La(qr, qev1) + (P* — Q) D2La(qr—1,qx) = 0,

from which we see that the system defines a unique discrete evolution operator if and only
if the matrix (Dj2Lg) is regular, that is, if the discrete Lagrangian is regular. Locally, the
method can be written as

D1La(qr, qrr1) + DaLa(ar—1, 1) = ) 18 (qr) (6.6a)
B OL oL
G (qw) s (qr) (j(%, Qit1) — 7?(%71, %)) =0. (6.6b)
0qp 0qy

Using the discrete Legendre transformations defined in §3.2, define the pre- and post-
momenta, which are covectors at qx, by
Pi_ie =P (@-1,a1) = FLY (qe—1, ) = D2La(qr—1, k)
Prg1 =P (@ @hr1) = FLy (qk, qrt1) = —D1Lalaw, qrr1)-

In these terms, equation (6.6b) can be rewritten as

- . + .
G (an)i (ar) <(pk"“+l)3 ; “”“‘L’f”) =0

which means that the average of post- and pre-momenta satisfies the constraints. In this
sense the proposed numerical method also preserves the nonholonomic constraints.

We may rewrite the discrete nonholonomic equations as

pl;,k—i-l = (iP - Q);k (p;:—l,k)' (6.7)

We interpret this equation as a jump of momenta during the nonholonomic evolution. Com-
pare this with the condition Prks1 = pz_L i imposed by the discrete Euler-Lagrange equations
(that is, for unconstrained systems). In our method, the momenta are related by a reflection
with respect to the image of the projector P*: T*Q — (D1)e.

6.2.1 Left-invariant discrete Lagrangians on Lie groups

Consider a discrete nonholonomic Lagrangian system on a Lie group G, with a discrete
Lagrangian Ly;: G x G — R that is invariant with respect to the left diagonal action of G on
G x G (see [18, 121]) We do not impose yet any invariance conditions on the distribution D.
If we write Wy, = glzl Jr+1, then we can define the reduced discrete Lagrangian I;: G — R as
ld(Wk) = Ld(gk,gk+1). Note that dld(Wk) S Tﬁ/kG

Computing the derivative, we obtain

Pri+1 = —D1La(gk, grt1) = L;glRTA/kdld(Wk),
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where L* and R* are the mappings on T*G induced by left and right multiplication on the
group, respectively (this shall not be confused with the Lagrangian L). We use this to write

Pirsr = D2La(gk: 1) = ngldld(Wk) = L;;er/VglL;kp/;,kJrl = R*Wk’lp/;,lwrl‘

Therefore, the discrete nonholonomic equations (6.7) become

Prgs1 = (P—9Q) <R;Vk11pl;1,k> . (6.8)

The relationships between the pre- and post-momenta are depicted in the figure 6.1:

Gk (’DL)O
Jk—1 = s i
e Pr_1k Pk k+1
DL EA

.4{_ P*_C* “".______'_.pk_.k{—]_ [ ]

A~ N
|} r g I,Vk

Figure 6.1: Evolution of momenta, depicted here as solid arrows. The right translations are a consequence
of the left-invariance of L4, and the reflection at gi is the proposed method.

Note that we do not need here that the metric used to build the projectors is the metric
giving the kinetic energy in the Lagrangian.

6.2.2 Properties

e Preserving energy on Lie groups:

Let us now consider the case where @ is a Lie group G, the nonholonomic distribution
D is not necessarily G-invariant, and L is regular and bi-invariant.

Since we are restricting ourselves to Lagrangians of mechanical type, the potential
energy is necessarily zero. The left-invariance of L implies that it must be of the form

L(vg) = 5{I(g™"5). 970y, (6.9)

where II: g — g* is a symmetric non-singular inertia tensor. The bi-invariance, however,
imposes the equivariance condition Ad;,l ol =IoAd, for all g € G, as is straightforward
to check. We remark that in this section, the metric used to build the projectors will
be the same that defines the Lagrangian. If we take a discretization Ly: G x G — R
(which needs to be left-invariant only), the equations of motion (6.8) hold. Then the
following result can be proven (see [14] for the proof):
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Theorem 6.2.1. Consider a nonholonomic system on a Lie group with a regular,
bi-invariant Lagrangian and with an arbitrary distribution D, and take a discrete La-
grangian that is left-invariant. Then the proposed discrete nonholonomic method (6.5)
1S energy-preserving.

The average momentum

Take a discrete nonholonomic system on G as in the previous section, but add the
condition that D is right-invariant. Since the metric on the group is right-invariant, so
is the projector P. Take a trajectory of the system and define at each g, the average

momentum 1

Pk = B (p;fl,k "’pl;,ml) ' (6.10)

Using (6.7), (6.8) and the fact that (P — Q)* is its own inverse, we have

- 1 . B . o -
Pr = 5 ((iP - Q) (pk;’k_Fl) +pk7k+1> =P (pk:7k‘+1) =P (RWI;jlpk‘—l,k)

_ *( — _ px ~
= RWk—jl? (pk—l,k) = RW;jlpkf1-
Since the norm || - || on each fiber of T*G defined in the proof of Theorem 6.2.1 is
right-invariant, we obtain ||pg|l1 = ||Pr—1]/1, so
H (g, pk) = H(gk—1,Pk-1)-
In addition, by equation (6.7), we have that Q*(py) = 0, so py satisfies the constraints.

Preservation of the nonholonomic momentum map

Let us recall some concepts regarding symmetries of nonholonomic systems. Suppose
that a Lie group G acts on the configuration manifold (). Define, for each ¢ € @Q, the
vector subspace g¢ consisting of those elements of g whose infinitesimal generators (see
definition 1.4.10) at ¢ satisfy the nonholonomic constraints, i.e.,

g7 ={¢cgléle) € Dy}

The (generalized) bundle over @ whose fiber at ¢ is g7 is denoted by g?.

A horizontal symmetry is an element £ € g such that {g(q) € D, for all ¢ € Q. Note
that a horizontal symmetry is related naturally to a constant section of g°.

Now consider a discrete Lagrangian Lgi: @ X Q — R, and define the discrete nonholo-
nomic momentum map ijlh: Q x Q — (gP)* as in [38] by
T (qr-1,qx): g% — R
& (D2La(qr-1,9x), $q(ar)) -

For any smooth section 8 of g we have a function (Jélh)g: Q x @ — R, defined as

(Jé‘h)g(qk,l, ar) = I3 (qr—1, qr) (g(qk)) Taking this into account, the following theo-

rem and corollary can be proven, ensuring nonholonomic momentum preservation (see
[14] for the proof):
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Theorem 6.2.2. Assume that Ly is G-invariant, and let E be a smooth section of
a®. Then, under the proposed nonholonomic integrator, (Jcrl‘h)g evolves according to the
equation

(TN (g ars1) = (TN e(@r-1, ar) = <D2Ld(Qk7 a+1) (Ee+1 — &k)g (Qk+1)>

where £, k11 € g are the result of dropping the base points of £(qi) and &(qr+1) respec-
tively.

Corollary 6.2.3. If Ly is G-invariant and £ is a horizontal symmetry, then the pro-
posed nonholonomic integrator preserves (Jé‘h)g.

6.3 GNI extensions of symplectic-Euler methods

Consider the autonomous dynamical system

i = f(z),
z(0) = =,

where x(t), xg € R"™, & is the time derivative of x and f : R™ — R"™. In Hairer’s terminology
[61] there are two types of Euler integrators: explicit and implicit.

Tp+1 = xp+ hf(zk) Euler explicit,
Tp+1 = xkp+hf(rgy1)  Euler implicit,
where, as usual in numerical integration of ordinary differential equations (see [62]), =) =~

x(t) with tx = hk (h is the time step and k is a positive integer).

Let consider now the tangent T'Q) and cotangent T bundles of the configuration mani-
fold @ = R™ and its local coordinates, (¢*, ¢*) and (¢*,p;), i = 1,...,n, respectively. Moreover,
let consider the mechanical Lagrangian system L(q, ¢) = %qT M §—V(q), where M isanxn
constant regular matrix and V :  — R the potential function. On the other hand, the
function H(q,p) = % pl M~1p+ V(q) is its Hamiltonian counterpart.

It is well-known that that explicit and implicit Euler methods applied to the Hamilton’s
equations (2.9) are not symplectic. Nevertheless, the so-called symplectic-Euler methods
indeed are. In the sequel, we will denote these methods by Euler A and Euler B. This
result corresponds to the following theorem:

Theorem 6.3.1. The so-called symplectic-FEuler methods

i1 = G + DG (Drs 1), Per1 = P — W%t (Dhy Gry1),  Buler A,

Get1 = @+ DG (st @), Prat = Pk — T (Dke1, a),  Buler B,

are symplectic methods of order 1.
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See [61] for the proof and §3.4.2 for more details regarding the order of accuracy. In
addition, Euler A and Euler B methods are adjoint of each other (see §3.4.4). Applied to the
specific mechanical Hamiltonian H(q,p) = %pT M~'p+V(q), Euler A and B methods look
like

Euler A Euler B
Qo1 = qr +hMpy, Qo1 = qr +hM ppiq,

Phyr =Pk —hGo (ak),  Pryr = P — 5 (ahta) -
As variational integrators (see §3.4) they correspond to the following discrete Lagrangians:

qk+1 — 9k

dk+1 — gk
), LY (ks gh1) = hL(qrs1, — ). (6.11)

L3 (qr, k1) = hL(qx, -

Applying the GNI equations (6.6) to the Lagrangians in (6.11) we obtain the following nu-
merical schemes:

e Euler A:
Gt = 205+ @iy = —h*M 7 (Vola) + 17 () M) (6.120)
_ o h _
0 = nla) (W Y 1vq<qk>) . (6.12b)
e Euler B:
@1 — 25+ a1 =~ M (Volaw) + 17 (ar) M) (6.13a)
Qk+1 — Q-1 h
0 = nulan) (’“%’“ My lvq<qk>) , (6.13b)

where A\, = Ai/h and V; = 0V/0q. By means of the momentum relations py = M (g1 —
Qk—1)/2h and py /9 = M(qr+1 — qx)/h, we can rewrite equations (6.12) and (6.13) as:

e Euler A:
_h ok
Prt1/2 =Pk~ 5 (n(qk) +u (Qk))\k) : (6.14a)
Qi1 = Qs + WM " Py, (6.14b)
(.  h
plar) M~ (Pk + QVq(q;c)) =0, (6.14c)
. h . -
Pk+1 = Pk4+1/2 — B (Vq(CJk+1) +p (Qk+1))\k+1) ) (6.14d)

_ h
(g )M ! <pk+1 + 2Vq(Qk+1)> =0. (6.14e)
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e Euler B:
_~ _h (V T )\ 1
Pryrj2 = Pk = 5 (Valaw) + 17 (@) M ) 5 (6.15a)
Qo1 = @i + hM ™ pyi1 o, (6.15b)
1/ - h
™ (= 3a) ) = (6.15¢)
) h .
Prt1 = Prt1/2 — 5 (Vq<Qk+1) +p (Qk+1))\k+1> ; (6.15d)
1 /(- h
p(grin) M (pk:+1 - 2Vq(qk+1)> = 0. (6.15¢)

These numerical schemes provides k£ 4+ 1 values through an intermediate momentum step
k+1/2,ie: ) . )

(@> Pres M) = (@t 1 P12 Ak) = (@1, Phr1s Aket1)-
We recognize in (6.14c) and (6.15¢) a Hamiltonian version for the discretization of the non-

holonomic constraints (6.12b) and (6.13b) (Lagrangian version). These constraints are pro-
vided by the GNI equations (6.5b) or (6.6b).

Remark 6.3.2. Method (6.12) (and the corresponding B version) clearly reminds the exten-
sion of the SHAKE method (see [151]) proposed by R. McLachlan and M. Permuttler [132] as a
reversible method for nonholonomic systems not based on the discrete Lagrange-d’Alembert
principle. Namely

Qi1 — 2q5 + @1 = —hPM? (Vq(%) + MT(Qk)S\k) ,
qk+1 — qk—1
0 p— .
1(qr) < o )

At the same time, SHAKFE method is an extension of the classical Stérmer-Verlet method in
the presence of holonomic constraints. The RATTLE method is algebraically equivalent to
SHAKE (this equivalence is shown in [102]). Its nonholonomic extension, that is:

_h ~
Pry1ja =Pk~ 5 (Vq(Qk) + MT(Qk)Ak> :
Qo1 = @i + hM ' pyi1 o,
(qe) M~ = 0,

- h -
Dk+1 = Pkt1/2 — ) (Vq<Qk+1) + MT(QkH))\kH) )

p(qrs) M~ Pryr = 0,
clearly reminds (6.14).

As shown in [11], the nonholonomic SHAKE extension can be obtained by applying GNI
equations to the discrete Lagrangian
h B+l — i\, 1 Qe+1 — Gk
La(ar: ak+1) = 5 L(ar, +T) + 5 Llaw+1, %), (6.16)

which also provides the Stormer-Verlet method in the variational integrators sense. Moreover,
as shown in [15], the nonholonomic RATTLE method is globally second-order convergent.
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Next we present one of the main results of this chapter

Theorem 6.3.3. The nonholonomic extension of the Euler A (B) method is globally first-
order convergent.

The scheme of the proof is equivalent to that followed in [15] to show that the non-
holonomic RATTLE method is second-order convergent. Therefore, it will be useful in
the sequel to give a Hamiltonian version of nonholonomic equations (6.2) when H(q,p) =
5" M~'p+V(q), namely

¢ = M'p,
po= Vo u'A
ulg) M~'p = 0.
Since the constraints are satisfied along the solutions, we can differentiate them with respect
to time in order to obtain the actual values of the Lagrange multipliers, i.e.

A=C" (pg[M ™ p, M~ p) — pM V)

1

where €(q) = u(q)M ' (q) is a regular matrix and p,[M~1p, M~1p] is the m x 1 ma-

trix %“T? (M *1)” , pjr (M *1)”4 pi. Taking this into account, the Hamiltonian nonholonomic
system becomes
Gg=M"p, (6.17a)
p=—Vg—p"C (ug[M " p, M~ p] — pM V) (6.17D)

with initial condition satisfying p(q)M~1p = 0.

Proof. We present the proof for Euler A method, the corresponding to Euler B is equivalent.

Consider the unconstrained problem

g = M 'p,
p = ¢(ap),
with a smooth enough function ¢ : R?" — R. These equations can be discretized by
Qe+1 = Gk + hDgi1)2, (6.18a)
Pr+1/2 = Pr-1/2 + 1o (k, Drs1)2) (6.18b)

which is a first-order global convergent method, using standard arguments of Taylor expan-
sions. Therefore, taking into account equations (6.17), from (6.18) we deduce the following
first-order method for the nonholonomic system

Qk+1 = Qk + hM_lpk+1/2, (6.19a)

Pr+1/2 = Pr—1/2 — WV (qr) + he' () € (qi) p () MV (ar)
— hpt" (i) €7 (qr) pqlM ™ pregayos M prgr ol (6.19Db)
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The next step is to prove that the nonholonomic Euler A method (6.14) reproduces (6.19).
From equations (6.14) we see that the nonholonomic Euler A method assumes the form

Get1 = Qo+ hM pi),
Periz = Pr-1y2 — WValar) — hu" (qi) Mk,
0 = p(g)M-! (Pk+1/2 ‘;‘pkfl/Q N Z%(%))
or, after some computations
Qo+1 = Qi + WM pyia o, (6.20a)
Prr1y2 = Pr-1/2 — WVa(ar) — 20" (a1)C™ (ar) ilar) M~ pre_y 2. (6.20b)

On the other hand we can expand the nonholonomic constraints around ¢ (0):

1 (g (h))d(h) = 12(q(0)) 4 (0) + hpu(q(0)) G (0) + hpgld (0) ,4(0)] + O (h?) .

Since the constraints are satisfied at ¢ = 0 and ¢t = h, the previous expression becomes

hye (g(0)) G (0) = —hprgl (0), ¢ (0)] + O (h?).

Now, taking standard approximations for first and second derivatives we deduce that

—QM(Qk)Mflpkfl/z = —hﬂq[MflpkH/%Mﬁlpkﬂ/ﬂ
+ hp(ge) M~ Vy(gr) + O(h?). (6.21)

Therefore, substituting (6.21) in (6.20b) we recognize equation (6.19b) up to O(h?) terms.
Thus, we conclude that the nonholonomic Euler A method (6.14) is first-order convergent.

O]

We recall now the definition of adjoint methods given in §3.4.4 since it will be useful in
the following Theorem.

Definition 6.3.4. For a one-step method F : T*Q — T*Q, the adjoint method F* : T*Q —
T*@Q is defined by
(F*ho F7M =1d

T*Q"

Theorem 6.3.5. The nonholonomic extensions of the FEuler A and B methods are each
other’s adjoint.

Proof. We will use a shorthand notation to define both integrators:

Fa (@ Pros Mk) = (Gt 1, Phr 15 Mot 1)-

Equations (6.14) and (6.15) can be rewritten to give a one step method instead of the leap-frog
presented, namely:
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Qi1 = @i+ hM 'y, — h;Mlvq(Qk) - h;Ml,UT(Qk)S\k, (6.22a)

Phy1 = Pr — qu(Qk) - gHT(Qk)S\k - qu(Qk—H) - guT(qk+1)5\k+1, (6.22b)
0 = p(qrr1) M~ py — gN(Qk—i-l)M_qu(ka) - gM(Qk—l—l)M_lNT(Qk)S‘k

- gN(Qk-&-l)M_lHT(Qk—&-I)S\]?.g_h (6.22¢)

where pi, | and 5‘?4—1 are implicitly obtained from (6.22b) and (6.22c). The same occurs for
Fp:

ab = qr + hM 'y — h;M_qu(qk) - h;M‘luT(qk)Xk, (6.23a)

Dot = Dk — qu(Qk) - gNT(Qk)S\k - g‘/;](qk+l) - gNT(QkJrl);\kJrl, (6.23b)
0= —pu(ge) M "pry1 — gM(Qk)M_lu(Qk)j\k - g (gr) M~ Vy(gry1)

— gu(Qk)M”u(qu)S\kBﬂ. (6.23¢)

The point of the proof is to show that Fj{ o th(qk,ﬁk, S\k) = (qx, P, S\k) In order to that,
we are going to use the following notation:

th(qkaﬁlm S\k) = (qk+17ijk+17 5\k+1) - (Q;wﬁ;w 5‘2})7

—h ~ X ~, Y
FB (Q;cap;q’)éq) = (Q;c+17p;€+1’)‘;€+1)7

so that, the proof ends if (g, 77,1, S\;CH) = (q, P> \i)- After setting the time step as —h
and replacing (6.23a) and (6.23b) into (6.22a) is easy to check that g ; = qx. Furthermore,
again fixing —h as time step and taking into account equation (6.15¢), from (6.23c) we arrive
to

h ~

—§M’1u(q§g)>\§c =

1~ h 4 h h ~
~M ' — 5%(%)—]\/[ 1p§€+§%(q§€)+§M YT (gr) M-

Replacing this expression into (6.22c), considering that g, 4+1 = gk and taking into account
(6.14e) we find that

h _ ~ h _ ~
§N(Qk)M 1M(Qk)T)\k - §M(Qk)M 1M(Qk)T)‘;c+1v
which means ~ ~

)‘;c+1 = Ak

since C(gy) is regular. Finally, replacing (6.23b) into (6.22b) we find that p}_ , = pi. O
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Remark 6.3.6. As shown in [124], the composition of Hamiltonian discrete flows, in the
variational integrators sense, generated by the discrete Lagrangians (6.11) reproduces the
RATTLE algorithm in the free case (that is, not constrained). More concretely, the compo-
sition

h/2  h)2
FLA o FLB
provides the algorithm
_ h
Preijz = Pk 5 Valaw),

Qi1 = @+ hM iy )o,

- h

Pk+1 = Prk+1/2 — §Vq(%+1)-

Unfortunately, we have check that this is no longer true in the nonholonomic case, i.e.,
the composition (with time step h/2) of methods (6.14) and (6.15) does not reproduce the
equations presented in remark 6.3.2. However, this composition still generates a second-order
method since the intermediate steps are one-order methods which are each other’s adjoint (as
we have just proved).

6.4 Affine extension of the GNI

We consider in this section the case of affine noholonomic constraints (see §2.4.2 for the
definition of affine constraints) determined by an affine bundle A of T'Q) modeled on a vector
bundle D. We will assume, in the sequel, that there exists a globally defined vector field
Y € X(Q) such that v, € A if and only if vy — Y (q) € D,. Therefore, if D is determined by
constraints u¢(q)¢* = 0, then A is locally determined by the vanishing of the constraints

" (¢',¢") = 1i(q) (¢ —=Y'(q)) =0, 1<a<m. (6.24)

where Y = Y 81811..

In consequence, the initial data defining our nonholonomic affine problem is denoted
by the 4-upla (D,G,Y,V), where D is the distribution, § the Riemannian metric, ¥ the
globally defined vector field and V is a potential function. By means of the metric, from Y,
we can univocally define a 1-form, i.e. §(Y,-) =1II € A'Q. Locally, Il = §;;Y7 dq'.

In terms of momenta the nonholonomic constraints (6.24) can be rewritten as

wi (@) §7 (pj — () = 0. (6.25)

where p; = 9ijcjj.
Consider a discrete Lagrangian Lg : @ x Q@ — R. The proposed extension of the GNI
method for affine nonholonomic equations is given by following equations:

:P:;k (D1Lq (qk, qr+1)) + :sz (D2La (qr—1,qx)) =0, (6.26a)
Q. (D1La (qr, qe+1)) — Q, (DaLa (qr—1,qx)) + 29, 11 =0, (6.26b)
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where Q and P are the projectors defined in §6.1. Locally, the method (6.26) can be written
as:

D1La(qr, qrr1) + DaLa(ar—1, 1) = )y 1 (qw), (6.27a)
59 () (@) ( 222 (s i) — 22 (a1 q0) — 201(q0) ) = 0 (6.27b)
qr ) 1 \ gk 8yj 4k, dk+1 Ozi qk—1,9k i\dk = U. .

Using the discrete Legendre transformations defined in §3.2, equation (6.27b) can be rewritten

as
( kkt1) =1k )

57 ()1 (ae) .

which corresponds to the discretization of the affine constraints (6.25) on the Hamiltonian
side.

6.4.1 A theoretical example: nonholonomic SHAKE and RATTLE exten-
sions for affine systems

Let consider again the mechanical Lagrangian L(q, ) = %qT M G—V(q) and the discretization
presented in (6.16). Applying the affine GNI equations (6.27) we obtain:

Qi1 — 2qk + Qo1 = —h*M ! <Vq(qk) + " (q) &) : (6.28a)

0= o) (B2 8 v (@), (6.280)

which can be considered the nonholonomic extension of the SHAKE algorithm for affine
systems. Denoting pr, = M(qr+1 — qr—1)/2h and pp 1/ = M(qry1 — qx)/h, from (6.28) we
arrive to

. h <
P12 =Pk — 5 (Vq(ka) + #T(Qk)h) ;

Qo1 = Qi + hM ' pyy1 o,

w(qe) M~ (Br, — M(qx)) = 0,

- h -

Dk+1 = Pk+1/2 — ) (Vq<Qk+1) + MT(QkH))\kH) ,
1(qr+1) M (Pry1 — (gry1)) = 0,

which can be considered the nonholonomic extension of the RATTLE algorithm for affine
nonholonomic systems.

6.5 Reduced systems

In this section we are going to consider configuration spaces of the form QQ = M x G, where M
is a n-dimensional differentiable manifold and G is a m-finite-dimensional Lie group (g will
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be its corresponding Lie algebra.) Therefore, there exists a global canonical splitting between
variables describing the position and variables describing the orientation of the mechanical
system. Then, we distinguish the pose coordinates g € G, and the variables describing the
internal shape of the system, that is x € M (in consequence (z,z) € TM). It is clear that
@ = M x G is the total space of a trivial principal G-bundle over M, where the bundle
projection ¢ : Q — M is just the canonical projection on the first factor. We may consider
the corresponding reduced tangent space E = T'QQ/G over M. Identifying the tangent bundle
to G with G x g by using left translation, thus, the reduced tangent space £ = TQ/G is
isomorphic to the product manifold TM x g and the vector bundle projection is 73 o pri,
where pri : TM x g — TM and 75s : TM — M are the canonical projections.

6.5.1 The case of linear constraints

Now suppose that (G, D, V) is an standard mechanical nonholonomic system on 7'Q) such that
all the ingredients are G-invariant. In other words

gm,g((Xmagf)a (Yx,gﬂ)) = gr,e((ané)v (Yman))v VX, Yo €T M, EnEg
(X:B7§) € D(x,e) then (Xangg) € D(z,g)

Viz,g) = V(x,e)= V(m) .

Therefore, we obtain a new triple (G, D, V) on TM xg where G : (TMxg)x(TMxg) — R
is a bundle metric, D is a vector subbundle of TM x g—> Mand V : M — R is the
reduced potential. With all these ingredients it is possible to write the reduced nonholonomic
equations or nonholonomic Lagrange-Poincaré equations (see [16, 37] for all the details,
also for the non-trivial case).

Our objective is to find a discrete version of the GNI for the nonholonomic Lagrange-
Poincaré equations. As in the previous sections, we can split the total space F as E =
D@ DL, now using the fibered metric G, and regard the corresponding projectors P : £ — D,
Q: E — DL, In order to propose the discrete nonholonomic equations, is necessary to set a
discrete Lagrangian Ly : M x M x G — R, and the discrete Legendre transforms. Namely

(see [118]):

FL;: MxMxG — T*Mxg"
Tk, Tht1, k) > (T —D1La(Tk, Trt1, 9k ), Ry, D3La(Tk, Tht1, gr))s
FLI: MxMxG — T'Mxg"
(ks Ta1,98) = (Tgy1, D2La(r, Tht1, 9k), Ly, D3La(Tk, Ty, 9x)) -
Thus, the proposed reduced GNI equations are
P, (FLy (21,241, 98)) — Pry (FLy 2k, Trr1, 1)) = 0, (6.29a)
Q;k (IFLg(xk,ka,gk)) + Q;k (]FL;}_(mk,xk+1,gk>) =0, (6.29b)

where the subscript x; emphasizes the fact that the projections take place in the fiber over
Tk
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To understand why (6.29b) represents a discretization of the nonholonomic constraints,
we will work in local coordinates. Take now local coordinates (x¢) on M and a local basis of
sections {€q,éq} of T(TM x g) adapted to the decomposition D @ DL, that is é4(z) € D,
and é,(x) € D, for all z € M. We have that

$(€as€5) = Gaps  G(€asés) =0, G(Ea,ép) = Gap -

Consider the induced adapted local coordinates (2%, y%,y®) for T'(TM x g). The non-
holonomic constraints are represented by y* = 0 on E. Taking the dual basis {é%,é*} of
['(T*M x g*), we have induced local coordinates (x%, ps, ps) on the hamiltonian side, now the
nonholonomic constraints are represented p, = 0.

On the other hand, the projector Q has the following expression in this basis

Q = éa ® éa, (6.30)
Define the pre- and post-momenta by
Py, = FLj(wg, zpt1,98) € T, M X g7,
Py, = FLy (g, 1, k) € T, M xg*

Finally, looking at equations (6.29b) and (6.30) we realize that

+ —
+
Q:, <pxk - pxk> ~0. (6.31)

If pt = ple*(xx) + plet(xy) and p,, = pye*(wx) + p, e*(xx), then condition (6.31) is
expressed as
Pa +Pa
2
which means that the average of post and pre-momenta satisfies the nonholonomic constraints
written in the Hamiltonian side.

=0,

6.5.2 A theoretical example: RATTLE algorithm for reduced spaces

Let consider M = R". Thus, Q =R" x G and £ =TQ/G = TR" x g. Take a basis {E;} of
the Lie algebra g, and consider the following local basis of T'(TR" x g)

(2.0).08).

Therefore, its dual basis is generated by
{(d=,0),(0, E%)} ~ {da*, E*}.
In this base of sections the metric 9 is written as

G =G;dz' ®da? + Gyda' ® B! + G B @ da? + G B* @ E,
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Assume that, in this local basis of section, the coefficients of the metric are constant, that is,
they do not depend on the base coordinates x. For instance, a typical example would be

L(x, &) = %:i:TM:L’ + %<§,H£>

where M is a constant regular symmetric matrix and the configuration manifold @ = R" x G.
In addition, I : g — g* is a symmetric positive definite inertia operator. More concretely, M

has the following form:
M= J9
( 95j 9st

Consider the following discrete Lagrangian L;: R™ x R™ x G — R defined by

h- [ai, , —at ol - o (g =2 (7 ()
Ld($k,$k+1,gk):29ij< k+1h k> ( k:+1h k) +h9it< k+1h k) ( ; )

he (7o) (T M aw)!
+ 595t h h

S V() + Vi),

where 7 : g — G is a general retraction map (see §5.2.3 for its definition and properties).
Observe that 77'(g;,) € g and 77 (g) = (77 (gx))” Es.

Additionally, we have the vector subbundle D of TR" x g prescribing the nonholonomic
constraints. Assume that D° = span {u¢ (dz?,0) + n2(0, E%)}.
Under these statements, the equation of the GNI method (6.29a) splits into

1~ . . 1-
7 900 (@1 = 223, + g 1) + 5 Gis (T M gr)* = (7 Hge-1)"))
+hV,i (xk) = *)\mk ,u;-l(l'k), (6.32&)

Ly, DsLa(zg—1, %k, gr—1) — Ry, D3La(Tk, Thi1, gr) = Aok 15 (08) £, (6.32b)

where V,; stands for V/dz’, and A, are the Lagrange multipliers which might vary in each
step. From (6.29a) is easy to see that

]FLC; (xk, Tht1, gk) - ]FL;Z"_(.I']C,M L, gkfl) € po(xk)

Taking into account the definition of the right-trivialized tangent retraction map (also given
in §5.2.3) and lemmae presented in Appendix A, equation (6.32b) can be rewritten as

(A7 75, ) dla]

—hék l'kflvxk)(fk‘) N (dT]’:gc+1)*dld‘(mk’mk+l)(§k+1) = A i () E', (6.33)

where ld‘(:ck zk+1)(§k) = Ld|($k zkH)(T(h{k)), being gr = 7(h&). However, thanks to the

retraction map, in most applications the choice for Iy is just ld‘(ac ) (&) = hL‘(:C P (&k)-
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As we already know (6.29b) provides a discretization of the nonholonomic constraints on
the hamiltonian side:

. (L —a 1.
A () (91jW+%9is<<f—l<gk>>$+ ™ (ge-1)) )

1 «
+§Ba’s(1’k) (Lgk DsLa(zr—1, 7k, gr—1) + Ry D3Ld<$k;xk+1agk)) =0, (6.34)

or, equivalently,

X N 1~
A (xg) (9ij<k+12hkl) + 59%(52 + flil))

1 a,t —1 * —1\x* _
+5 B () ((dr ke, ) dia) (Ex1) + (A7) dld|(xk7xk+l)(§k))t —0,

($k,1,$k

where

A (ay) = (G (a) + (51" (),
BY(ay) = (G ui () + (57

being (G~1) the inverse matrix of (§) = < gij gSj >
it st

Our aim in the following is to find an extension to the nonholonomic RATTLE algorithm
presented in remark 6.3.2 for systems defined on TR"™ x g. With that purpose we define

) o @ —my) s
(Pr)i = 9@'% + §9is(§k + & 1)

C (mj 7:L‘j) Lz s *
(pk+1/2)i = gz]% + Egisélﬁ_l S Tka,
5 —1\*
O = (A7, ) dlg| (errp o) (G8);

* T 15 a s
i = Adfpe)® _5/\a,kn5<$k>Ev

where S\mk = Aai/h. We also recall that & = 771(gg)/h. After these redefinitions, equations
(6.32a), (6.33) and (6.34) can be translated into the following algorithm
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prsrse = bk — o (Valwn) + o (i) ) (6.352)

Dparjy = Ad g, By — %xa,k (@), (6.35b)

Thyy = af + WG ((Pk+1/2)j — Gt fif;+1> ; (6.35¢)
A%(xx) pr. + B (21, (Ad:(hgk.) O + (i)k-i-l) =0, (6.35d)
Pht1 = Pht1/2 — g (Vx(xk—l-l) + Aokt Ma(i’kﬂ)) ; (6.35€)

ppy = P10 — %ka n(xx), (6.35f)
A(@pn) P + B (1) (AdZ g, Bt + Bpra) =0, (6.35g)

where 1n%(zx) = n¥(x)) EY; moreover, most of the equations are written in a matrix form.
Departing from initial data (xk,ﬁk,fk,ék,xmk), equations (6.35a) and (6.35b) determine
Pr+1/2 and @y /5. Furthermore, (6.35¢) and (6.35d) determine 41 and k11 once we know
Pr+1/2 and @y 5 (notice, from (6.35b) and (6.35f), that ‘i>k+1 is completely determined in
terms of @y, 5\a,k and xp). The definition of pj4; and <i>k+1 needs a step forward in (6.32a),
(6.33) and the constraint equation (6.34). That step is encoded in the last three equations of
the algorithm. Once we have determined (41, Prt1/2, §k+15 Pht1/2, 5‘a,k)7 we calculate @,
by (6.35f) and the remaining pj1 and A\, x4 using (6.35¢) and (6.35g) (notice that &y o is
completely determined in terms of ék+1, 5\a7k+1). Summarizing, our algorithm follows the
squeme:

(xkaﬁka glﬁ (I)kv )\a,k) — ($k+17pk+1/27 €k+17 (I)k+1/27 Aa,k)a
(Tht1s Prr1/25 k15 Prgry2s Aak) = (ks Protts Shr1s Phrts Aagr1)s

and that’s why we consider it the nonholonomic RATTLE extension for TIR" x g reduced
systems.

Remark 6.5.1. After the redefinition of our variables presented above, equation (6.34) can
be translated into

‘i)k+1 = Adi(hgk)‘i)k - 5\aJc n*(Tk)-

This equation clearly shows that (ikﬂ can be completely determined in terms of ‘i)k, 5\@7143, Tp;
<i>k+2 in terms of <i>k+1,5\a,k+1,:vk+1, etc. One could say that the intermediate k + 1/2 step
given in equations (6.35b) and (6.35f) is arbitrary and completely unnecessary. Nevertheless,
we fix that intermediate step in order to preserve the RATTLE structure.

6.6 Extension to Lie groupoids

Let G = @ be a Lie groupoid and 7,, : AG — @ its associated Lie algebroid (recall both
notions introduced in §1.5). Consider a mechanical system subjected to linear nonholonomic
constraints, that is, a pair (L, D) (see [1 18, 70] for more details), where
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i) L: AG — R is a Lagrangian function of mechanical type
1
L(a) = 3 S(a,a) — V(1,,(a)), wherea € AG.

1) D is the total space of a vector subbundle 7 : D — @ of AG.

Here § : AG xg AG — R is a bundle metric on AG. We also consider the orthogonal
decomposition AG = D @ D+ and the associated projectors P : AG — D and Q : AG — D+.

Consider a discretization Ly : G — R of the Lagrangian L. It is possible to define two
Legendre transformations ]FL;[: G — A*G by

FL; (h)(Ve(a(n))) = —Ve(a(n)) (La o rh o),
FLj (9)(Ve(p(g)) = ve(o) (La © Lg),

(Lq denotes the discrete Lagrangian while here L, denotes the left-translation in the groupoid
by g € G, see §1.5) where veon)) € Agn)G and ve(g(g)) € Ag(y)G. Therefore L, (h) €
AZ( h)G and ]E‘L;(g) € AE(Q)G . Since the Euler-Lagrange equations are given by the matching
of momenta, in the Lie groupoid setting they read

FL;(h) =FL;(g),
where (g, h) is in the set Gs.
The proposed nonholonomic integrator is
Pr(FLy(h) —FL}(g)) =0 (6.36a)
9, (FLy (h) + FLj(g)) =0, (6.36b)

where the subscript ¢ emphasizes the fact that the projections take place in the fiber over g.

Let {X4, X,} be a local basis adapted to D @ D, in the sense that locally D = span { X, }

and D+ = span {X,}. We can rewrite equations (6.36) as
FL, (h) (Xa(a)) = FLj(g) (Xa(q))
FL; (h) (Xa(a) + FLj (9) (Xa(a))

where g € @Q and (g, h) € G2 (that is, are composable). Let us denote

0, (6.37a)
0, (6.37D)

p; =FL7(g) € ANG,
p, =FL;(h) € A}G,

(’ﬁ;ph) (Xala)) =0

If u* € T(A*G) are such that D° = span {u®}, then this last equation becomes

+ j—
pE e
9("’ : h,u)=07

so equation (6.37b) becomes
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where, by a slight abuse of notation, we denote the bundle metric A*G naturally induced by
the bundle metric on AG using the same symbol §. Note that the set of n € A*G such that
G(n, u*) = 0 for all a form the constraint submanifold D = Legg(D). Therefore the average
momentum p = (p; +p,)/2 € D satisfies in this sense the constraint equations.
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Conclusions and future work

The closing chapter of this memory is devoted to summarize the contributions of the work.
An outlook of the future research is also provided.

Chapter 4 has been devoted to the geometric study of the relationship between Hamil-
tonian dynamics and constrained variational calculus. Under regularity conditions we find
that both are equivalent. This result, which is one of the main contributions of this thesis, is
presented in Theorem 4.2.4. Furthermore, we have extended the interest in this connection to
the discrete framework. As a result, we find the relationship between symplectic integrators
and discrete variational calculus in presence of constraints, which is enclosed in Theorem
4.3.4. This relationship enlightens the geometric structure of symplectic integrators in terms
of Lagrangian submanifolds. How to take advantage of the previous result in the context of
geometrical integration of Hamiltonian systems is illustrated with several examples in §4.4.
We have also analyzed in parallel the case of classical nonholonomic mechanics in the dis-
crete (§4.3.3) and continuous cases (§4.2.3). Moreover, a natural algorithm for comparison of
nonholonomic solutions and constrained variational solutions is given, generalizing the one
provided in [35].

In chapter 5 we have built numerical methods for mechanical optimal control problems.
More concretely, we extend the the theory of discrete mechanics to enable solutions for this
kind of problems by means of the discretization of variational principles. Our method is based
in the following key idea: to solve the optimal control problem as a variational integrator of a
specially constructed higher-dimensional system. More concretely, the Lagrangian formalism
where the mentioned variational integrators come from is introduced in §5.1.4 and §5.2.4, for
systems defined on tangent bundles and Lie algebras, respectively. On the other hand, the
specific relationships between the control space and the velocity phase space of the studied
problems, relationships our approach is built upon, are established in the following definitions:

e T'Q): def.5.1.5 and def.5.1.7, fully-actuated case and under-actuated case respectively.

e g: def.5.2.4 and def.5.2.5, fully-actuated case and under-actuated case respectively.

Simulations for the optimal control of an underwater vehicle are shown in fig.5.1 and fig.5.2.
We would like to stress the adaptability of the proposed techniques to reduced problems
and systems subject to nonholonomic constraints. These extensions are discussed in §5.3.
Moreover, one of the outstanding features of the proposed method is the capacity to allow
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discontinuous controls. This capacity is presented in §5.2.10 and depicted in fig.5.3. As a
consequence of this property, we expect that our techniques will be widely applied in future
research concerning optimal control and its applications to engineering, since discontinuous
input controls are very usual in practical problems.

Chapter 6 accounts for new developments regarding the Geometric Nonholonomic Inte-
grator. Namely, we have extended the results in [44, 15, 93] to the case of affine constraints
(§6.4) and reduced systems (§6.5). Both cases are illustrated with a theoretical example: the
nonholonomic extension of the RATTLE algorithm within the GNI setting. Finally, we find
a generalized setting for the GNI integrator in the framework of Lie groupoids (§6.6).

In [14, 15] was shown that the nonholonomic SHAKE method can be obtained by applying
the GNI equations to a specific discretization of the mechanical Lagrangian. Moreover, it is
proved that the associated RATTLE method (which is equivalent to the SHAKE) is globally
second-order convergent. This result establishes a clear parallelism with the unconstrained
case. Following this line, we have applied the GNI to the discretizations that further produce
the symplectic-Euler methods as variational integrators. We have denoted these methods
as Euler A and Euler B. In Theorem 6.3.3 we prove that Euler A and Euler B methods
are globally first-order convergent. Furthermore, we prove in Theorem 6.3.5 that Euler A
and Euler B methods are adjoint to each other. Since symplectic-Euler methods are first-
globally convergent and adjoint to each other, these two results, apart from being some of the
more important contributions of chapter 6, reinforce the parallelism with the unconstrained
mechanics mentioned above.

Finally, in §6.5 we have studied how to extend the GNI method to other cases of interest,
namely reduced systems and systems subjected to affine nonholonomic constraints.

The results presented in this thesis have been published in

e KOBILAROV M, JIMENEZ F AND MARTIN DE DIEGO D, Discrete Variational Op-
timal Control. Preprint, arXiv:1203.0580, (2012), submitted for publication to Journal
of Nonlinear Science. Some results in this paper have been further applied in

— COLOMBO L, JIMENEZ F AND MARTIN DE DIEGO D, Discrete second-order
Euler-Poincaré equations. Applications to optimal control. Journal of Geometric
methods of Modern Physics, 9, (2012), arXiv:1109.4716.

e JIMENEZ F, DE LEON M, AND MARTIN DE DIEGO D, Hamiltonian dynamics
and constrained variational calculus: continuous and discrete settings. Accepted for
publication in Journal of Physics A. arXiv:1108.5570, (2011).

e JIMENEZ F AND MARTIN DE DIEGO D, Continuous and discrete approaches to
vakonomic mechanics. Revista de la Real Academia de las Ciencias Exactas, Fisicas y
Naturales, Serie A. Springer, 106(1), pp. 75-87, (2011), DOL.

e JIMENEZ F AND MARTIN DE DIEGO D, A geometric approach to Discrete mechan-
ics for optimal control theory. Proceedings of the 49th IEEE Conference on Decision
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and Control (CDC), pp. 5426-5431. Atlanta, Georgia, USA, (2010).

In addition, the results contained in this thesis have been presented in the following
international meetings:

e Discrete variational optimal control (F Jiménez). Friedrich-Alexander University of
Niirnberg-Erlangen, Chair of Applied Dynamics, invited talk, Erlangen, Germany, Jan-
uary 2012.

e On discrete mechanics for optimal control theory (F Jiménez). IMAC Symposium on
Dynamical Systems: Trends and Perspectives, Castellén, Spain, September 2011.

e A new approach to discrete optimal control theory (F Jiménez). California Institute of
Technology, invited talk, Pasadena, U.S.A., August 2011.

e New developments in discrete variational calculus and discrete optimal control theory (D
Martin de Diego). Mathematisches Forschungsinstitut Oberwolfach, Germany, August
2011.

e Lagrangian submanifolds and constrained variational calculus (F Jiménez). Workshop
on Rough Paths and Combinatorics in Control Theory, San Diego, U.S.A., July 2011.

e Lagrangian submanifolds and constrained variational calculus (F Jiménez). 5" Inter-
national Summer School on Geometry, Mechanics and Control, Madrid, Spain, June
2011.

e Lagrangian submanifolds and discrete constrained mechanics (D Martin de Diego). XI
Congreso Dr. Antonio Monteiro, Bahia Blanca, Argentina, May 2011.

e A geometric approach to discrete mechanics for optimal control theory (D Martin de
Diego). 49th IEEE Conference on Decision and Control, Atlanta, U.S.A., December
2010.

e Optimal control of mechanical systems on Lie groups (D Martin de Diego). VI Inter-
national symposium HAMSYS-2010, Honoring EA Lacomba in his 65th Anniversary,
invited talk, Mexico city, Mexico, December 2010.

e Optimal control of mechanical systems on Lie groups: continuous and discrete (D
Martin de Diego). Workshop on Geometry of Constraints and Control - New Develop-
ments, Banach Center, Warszawa, Poland, November 2010.

Future work

Once we have explored the insight that the geometry (both continuous and discrete) and
numerical methods can provide on mechanical systems, there remains a lot to be done.
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Higher-order methods. Constrained Lagrangian systems with symmetries

Many higher-order symplectic methods are obtained using composition of methods of lower-
order. In the approach developed in chapter §4, this notion seems to be related with the
notion of composability of canonical relations (which may fail even to be a manifold without
appropriate transversality conditions [164]). This study is a promising line for numerical
simulation of Hamiltonian dynamics and also constrained systems.

Other interesting case that is worth to explore is the extension of the theory developed
in chapter 4 to reduced systems using the geometric framework given by the Lie algebroid
and Lie groupoid formalisms [114]. For instance, in the discrete case, is interesting to derive
the dynamics using also Lagrangian submanifolds of the so-called tangent groupoid [39]. In
this context, the departing point would be a submanifold N of a Lie groupoid G = @, and a
discrete Lagrangian Lg : N — R. Following Theorem 4.1.1, the Lagrangian submanifold X,
of the cotangent groupoid T*G would be introduced. The Hamiltonian side is determined
by a Poisson flow defined on A*G, the dual bundle of the associated Lie algebroid AG to G.
Therefore, we would have the following scheme:

2L, i T*G
utel
NG
La s 3 Tara
R Q

which, in principle, will allow us to extend the theory presented chapter 4 and give a unified
framework to understand symmetries in constrained Lagrangian systems. Furthermore, due
to the relationship between constrained Lagrangian systems and Hamiltonian systems estab-
lished in Theorem 4.2.4, this is the suitable setup to study generalized Hamiltonian dynamics
with symmetries and its relationship with morphisms of Lie algebroids (see [119]). Examples
of systems this theory could be applied to are the following: subriemannian geometry and
optimal control problems.

Advances on discrete variational optimal control

As shown in fig.5.1 and fig.5.2, simulations of an underactuated underwater vehicle illustrate
an application of the method developed in chapter 5. Yet, further numerical studies and
comparisons would be 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 system. Convergence for general nonlinear systems is a
complex issue (not only in what optimal control regards but also concerning nonholonomic
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mechanics, as will be discussed in the next subsection). In this respect, it is interesting to
note that the discrete mechanics and optimal control on Lie groups such as the example
in using the Cayley map results in polynomial 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.

To be more precise, it has been shown in chapter 5 that many interesting optimal control
problems defined on Lie algebras the momenta can be expressed as

p= (dr)TE.

where p € g*, £ € g, h is the time step, %(]I(g) , £) is the kinetic energy of the system
and I : g — g* is the inertia tensor. On one hand, the convergence of the optimal control
problem is related to the invertibility of this expression when h — 0 (which is the desired
situation when looking for accuracy in the simulations of real systems). On the other hand,
the previous expression turns into an algebraic system of equations when fixing the Lie group
and 7 as the Cayley map. Therefore, it is definitely interesting to understand algebraically
the properties of the mentioned system of equations in the limit A — 0.

More generally, the theoretical framework introduced in §5.3 can serve as a basis for
deriving algorithms for control systems such as multi-body locomotion systems or robotic
vehicles with nonholonomic constraints. Furthermore, the developed classes of systems can be
unified through the recently developed groupoid framework [70, 165]. Each of the considered
product spaces (e.g. @ x Q) can be regarded as a single groupoid space with equations 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 optimization schemes such as [15, 91, ,

]. More importantly, this viewpoint can be used to apply standard discrete Lagrangian
regularity conditions (e.g. [124]) to optimal control problems evolving on the groupoid space.
This would provide a deeper insight into the solvability of the resulting optimization schemes.

In §5.3.1 a geometric integrator for optimal control problems in trivial principal bundles
has been built. This particular choice of the velocity phase space has been made because of
its usual presence in practical applications (indeed, if the velocity phase space is eventually
non-trivial it is treated locally). In any case, it is interesting from the geometric point of
view to extend the developed setting to general principal bundles, which means to use tools
associated to discrete connections (see [118]).

The discrete framework presented in §5.3.2 to integrate nonholonomic problems is, so
far, completely theoretical. In the next future it will be applied to specific examples of
nonholonomic problems. We expect that our techniques will be of great use when modelizing
wheeled vehicles (which is an instance of nonholonomic system) with discontinuous (bang-
bang like) input controls.

Regarding the regularity of solutions, in chapter 5 only regular solutions for the optimal
control problem have been considered. It would be of great interest to extend our analysis
to abnormal solutions. Some examples of systems with abnormal solutions and their study
can be found in [0, 7, &].



182 Future work

New perspectives in discrete nonholonomic mechanics

One of the main problems of discrete nonholonomic mechanics is the lack of preservation
of geometric structures (non-preservation of the nonholonomic bracket, non-preservation of
the nonholonomic momentum in general) mimicking the non-preservation of the continuous
nonholonomic system. As has been already mentioned, [11, 15] introduced the GNI integra-
tor, which is an integrator for nonholonomic problems with interesting geometric properties.
In chapter 6 we have applied this method to different kinds of systems, such as affine of
reduced systems. Due to the lack of preservation properties just mentioned, it is difficult to
compare from the geometric perspective the nonholonomic integrators obtained from discrete
nonholonomic mechanics with standard methods. One possibility is to use the comparison
algorithms developed in §4.2.3 and §4.3.3 in order to detect if one particular nonholonomic
integrator is preserving the common solutions of the continuous nonholonomic problem and
its associated constrained variational problem.

GNI method, in some cases, gives rise to explicit integrators. As a consequence, these
integrators show high efficiency at a computational level (see [93]). Thus, it would be in-
teresting to connect the GNI method developed in chapter 6 to the techniques presented in
chapter 5 in order to derive efficient numerical methods to integrate optimal control problems
in the presence of nonholonomic constraints (type of problems which usually suppose high
computational cost).

The lack of attention the numerical community has paid to nonholonomic problems so far,
implies also a lack of knowledge about the convergence behavior of their numerical integrators.
It was shown in [15] that the SHAKE extension to nonholonomic mechanics via GNI method is
globally second-order convergent. In this work has been also proved (Theorem 6.3.3) that the
Euler-symplectic extensions are globally first-order convergent. These proofs are obviously
interesting but non-systematic, that is each case is treated independently. On the other
hand, a clear parallelism between variational integrators and their extensions to nonholonomic
mechanics via GNI has been established in [15] and Theorem 6.3.3 and Theorem 6.3.5 in
§6.3. In regard to variational integrators, a systematic study of their convergence behavior
has been accomplished by means of Backward Error Analysis (see [61]) in [124, 140]; it has
been carefully introduced in §3.4.3. The key tool in this analysis is the exact Lagrangian

h
L2 (qo, 1, ) = / Liq(t). d(1)) dt,

presented in (3.3.2). Thus, it is extremely interesting to figure an exact Lagrangian for
nonholonomic systems (in other words, when our system is defined on a discrete constraint
submanifold) and find the way to, mimicking the process in the case of variational integrators,
systematically understand their error behavior.

Related to this last topic is the systematic study of the error behaviour of the nonholo-
nomic integrators. These integrators, either based on discrete variational calculus (see [33])
or on the GNI approach, present a bounded oscillation of the total energy of the system. A
possible tool to approach the understanding of this behavior would be also Backward Error
Analysis, as happens in the unconstrained case.
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El capitulo final de esta memoria estd dedicado a resumir las contribuciones presentadas en
este trabajo de tesis.

El capitulo 4 se ha dedicado al estudio geométrico de la relacién entre la dindmica Hamilil-
toniana y el cdlculo variacional con ligaduras (calcilo vakénomo). Bajo ciertas condiciones
de regularidad encontramos que ambos son equivalentes. Este resultado, que es una de las
principales contribuciones de esta tesis, ha sido presentado en el Teorema 4.2.4. Ademas,
hemos extendido esta relaciéon al marco discreto. Como resultado encontramos la conexién
entre los integradores simplécticos y el calculo variacional en presencia de ligaduras, resultado
contenido en el Teorema 4.3.4. Esta relacion esclarece la estructura geométrica de los inte-
gradores simplécticos en términos de subvariedades Lagrangianas. El modo de aprovecharse
del resultado anterior en el contexto de la integracién geométrica de sistemas Hamiltonianos
es presentado con varios ejemplos en §4.4. Asimismo, hemos analizado en paralelo el caso
de mecdnica noholénoma en los marcos discreto (§4.3.3) y continuo (§4.2.3). Finalmente,
hemos encontrado un algoritmo para la comparaciéon de soluciones noholénomas y soluciones
vakénomas, generalizando el ya presentado en [35].

En el capitulo 5 hemos construido métodos numéricos para problemas de control éptimo
de tipo mecanico. Mds concretamente, extendemos la teoria de de la mecanica discreta con
el objetivo de habilitar soluciones para este tipo de problemas por medio de la discretizacién
de los principios variacionales. Nuestro método se basa en la siguiente idea: resolver el
problema de control 6ptimo como un integrador variacional construido especialmente para un
sistema de dimensién mayor. El formalismo Lagrangiano del que los mencionados integradores
variacionales proceden se introduce en §5.1.4 y §5.2.4 para sistemas definidos en fibrados
tangentes y dalgebras de Lie respectivamente. Por otro lado, la relacién concreta entre el
espacio de control y el espacio de fase (tipo velocidades) de los problemas bajo estudio,
relacién sobre la que se basa nuestro método, se establece en las siguientes definiciones:

o TQ: def.5.1.5 y def.5.1.7: sistemas completamente actuados e infraactuados respecti-
vamente.

e g: def.5.2.4 y def.5.2.5: sistemas completamente actuados e infraactuados respectiva-
mente.

Simulaciones del control éptimo de un vehiculo subacuético son mostradas en fig.5.1 y fig.5.2.
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Nos gustaria enfatizar la capacidad de adaptacion de las técnicas propuestas a problemas
reducidos o sujetos a ligaduras noholénomas. Estas extensiones se discuten en §5.3. Ademas,
una de las propiedades mas destacadas del método propuesto es su capacidad de admitir
controles discontinuos. Esta capacidad se presenta en §5.2.10 y se ilustra en fig.5.3. Como
consecuencia de esta propiedad, esperamos que nuestras técnicas sean ampliamente utilizadas
en investigacién futura relacionada con control 6ptimo y sus aplicaciones a ingenieria. Esta
expectativa se basa en el hecho de que los controles discontinuous son muy habituales en
problemas précticos.

El capitulo 6 contiene nuevos desarrollos relacionados con el Integrador Noholénomo
Geométrico (GNI). Hemos extendido los resultados presentados en [14, 45, 93] al caso de
ligaduras afines (§6.4) y sistemas reducidos (§6.5). Ambos casos se ilustran con un ejemplo
tedrico: la extension noholénoma del algoritmo RATTLE en el contexto del GNI. Finalmente,

encontramos un marco generalizado para el integrador GNI en el contexto de los grupoides
de Lie (§6.6).

En las referencias [14, 15] se demostré que el método SHAKE noholénomo puede ser
obtenido mediante la aplicacién de las ecuaciones GNI a una discretizacion concreta del La-
grangiano mecénico. Ademads, se prueba que el método RATTLE asociado (que es equivalente
al SHAKE) es globalmente convergente de segundo orden. Este resultado establece un par-
alelismo claro con el caso libre. Siguiendo esta linea, hemos aplicado las ecuaciones GNI a
la discretizacion que produce los métodos Euler-simpléctico como integradores variacionales.
Hemos denotado estos métodos como Euler A y Euler B. En el Teorema 6.3.3 demostramos
que los métodos Euler A y Euler B son globalmente convergentes de orden uno. Ademas,
demostramos en el Teorema 6.3.5 que los métodos Euler A y Euler B son adjuntos el uno
del otro. Puesto que los métodos Euler-simpléctico son también globalmente convergentes
de primer orden y adjuntos el uno del otro, estos dos resultados, aparte de ser dos de las
contribuciones m&s importantes del capitulo 6, refuerzan el paralelismo con el caso libre
mencionado anteriormente.

Finalmente, en §6.5 hemos estudiado como extender el método GNI a otros casos de
interés: sistemas reducidos y sistemas sujetos a ligaduras noholénomas de tipo afin.

Los resultados presentados en esta tesis han sido publicados en

e KOBILAROV M, JIMENEZ F AND MARTIN DE DIEGO D, Discrete Variational
Optimal Control. Preprint, arXiv:1203.0580, (2012), enviado para publicacién a Journal
of Nonlinear Science. Algunos resultados en este articuo han sido utilizados en

— COLOMBO L, JIMENEZ F AND MARTIN DE DIEGO D, Discrete second-order
Euler-Poincaré equations. Applications to optimal control. Journal of Geometric
methods of Modern Physics, 9, (2012), arXiv:1109.4716.

e JIMENEZ F, DE LEON M AND MARTIN DE DIEGO D, Hamiltonian dynamics
and constrained variational calculus: continuous and discrete settings. Aceptado para
publicacién en Journal of Physics A. arXiv:1108.5570, (2011).
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Appendix A:
Lemmae

This Appendix deals with the set of Lemmae and proofs, involving the right-trivialized tan-
gent and inverse right-trivialized tangent of a general retraction map (see definition 5.2.2),
necessary for the derivation of the algorithms obtained in §5.

Lemma 6.6.1. (See [123]) Let g € G, A € g and 0f denote the variation of a function f
with respect to its parameters. Assuming A is constant, the following identity holds

5(Ady \) = —Ad, [\, g dg],

where [-, -] : g x g = R denotes the Lie bracket operating or equivalently (&, n] = aden, for
given n, £ € g.

Lemma 6.6.2. The following identity holds

O¢(Adrg)A) = —[Adr(g) , dre].

Proof. By lemma 6.6.1

Oe(Adreyn) = —Adyg[A, 7(=€)67(8)]
= —[Ad;A, 97(8) 7(=E)]
= [Ad Y drel,

obtained from the tangent Definition 5.2.2 and using the fact that Ady[\, 7] = [AdgA, Adgn).
U

The following lemmae can be found in [22].

Lemma 6.6.3. The following identity holds
dTg n= Adf(f) d7;§ n,
for any &,n € g.
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Proof. Differentiation of 7(§) 7(—¢) = e implies that

OeT(=&)n=—TLr—ey TRy (—¢) (9eT () m),

where T'L , TR are the tangent of the left and right translations in the group respectively.
On the other hand, the chain rule implies that

(=€) n = TR (_¢dr—en.
Combining both expressions we obtain
TLyeydr—en =TR; ¢ dren,
which proves the identity. O
Lemma 6.6.4. The following identity holds
drg 'y =dr{ (Ady_g)n),
for any £,m € g.

Proof. The proof follows directly from Lemma 6.6.3. Let n — drg Ly in that identity to
obtain
n= Ad.,.(g) dT,§ dTE_1 n.

Solving this last equation for dTg L we prove the identity

dTgl n= dT__gl (AdT(,g) 77) .



Appendix B:
Cayley transform for matrix groups

This Appendix is devoted to specify the operators required to implement equations (5.37),
(5.50) and (5.51) for typical rigid body motion groups and general real matrix subgroups.
While we have given more than one general choice for 7 in §5.2.3, for computational efficiency
we recommend the Cayley map since it is simple and does not involve trigonometric functions.
In addition, it is suitable for iterative integration and optimization problems since its deriva-
tives do not have any singularities that might otherwise cause difficulties for gradient-based
methods.

A. SO(3):

The group of rigid body rotations is represented by 3 x 3 matrices with orthonormal
column vectors corresponding to the axes of a right-handed frame attached to the body.
Define the map * : R® — s0(3) by

0 —Wws w2
O=| w3 0 —w |. (6.38)
—Ww9 w1 0

A Lie algebra basis for SO(3) can be constructed as {é1, é2,é3}, é; € s0(3), where {e1, €2, e3}
is the standard basis for R3. Elements ¢ € s0(3) can be identified with the vector w € R?
through & = w*é,, or & = @. Under such identification the Lie bracket coincides with the
standard cross product, i.e., ady p = w X p, for some p € R3. Using this identification we
have
D+ —2 (642 6.39

cay(w)—3+4+“w”2<w+2>, (6.39)
where I3 is the 3 x 3 identity. The linear maps d7e and dTg_ 1 are expressed as the 3 x 3
matrices ) X -
ot deay ! = Iy — % + %. (6.40)
We point out that with the choice 7 = cay the optimization domain is not restricted, i.e.
Dcay = g since the maps (6.40) are not singular for any £ € g. This is not the case for the
exponential map for which Dexp = {£ € g, || £ ||< 27/h} since the exponential map derivative
is singular whenever the norm of its argument is a multiple of 27 [(1], and the origin requires
special handling.

dcay,, =

193



194 Appendix B

B. SE(2):
The coordinates of SE(2) are (6, x,y) with matrix representation g € SFE(2) given by
cosf —sinf =z

g=| sinf cosfd vy
0 0 1

Using the isomorphic map *: R3 — s¢(2) given by:

0 —U1 V2
0= vi 0 vy |,
0 0 0

where v = (v1,v2,v2)T € R3. Thus, {é1,és,é3} can be used as a basis for se(2), where
{e1,e2,e3} is the standard basis of R3. The map cay : se(2) — SE(2) is given by

1 4 — U% —4v1  —2v1v3 + 4vy
cay(v) = 44v7 v 4 — v% 201Uy + 4vg ,

0 0 1

while the map dTg ! becomes the 3 x 3 matrix

_ 1 1
dcay@l =13 — Qadv + — (v1v 03x2),

4
where
0 0 0
ad, = vy 0 —wug
—V2 V1 0
C. SE(3):

We make the identification SE(3) ~ SO(3) x R? using elements R € SO(3) and = € R3

through
< R = ) 1 ( RT —R"z )
9= y 90 = .
O3x3 1 O3x3 1

Elements of the Lie algebra £ € se¢(3) are identified with body-fixed angular and linear
velocities denoted w € R? and v € R3, respectively, through

w v
§:<03><3 0)’

where the map *: R? — s0(3) is defined in (6.38). Using this

cay(§) = < Cayo(a;) dev > |
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where cay : 50(3) — SO(3) is given by (6.39) and dcay : R?* — R? by (6.40)2.
D. General matrix subgroups:

The Lie algebra of a matrix Lie group coincides with the one-parameter subgroup gen-
erators of the group. Assume that we are given a k-dimensional Lie subalgebra denoted
g C gl(n,R). It is isomorphic to the space of generators of a unique connected k-dimensional
matrix subgroup G C GL(n,R). Therefore, a subalgebra g determines the subgroup G in a
one-to-one fashion

g Cgl(n,R) <= G C GL(n,R).

Assume that the Lie algebra basis elements are {Ea}];:p E, € g, i.e., every element £ € g

can be written as £ = £“ E,. Define the following inner product for any &, 7 € g
< &n>=tr (B¢ ),

where B is an n xn matrix such that < E, , Eg >= 0, 3. Correspondingly, a pairing between
any p € g* and € € g can be defined by

<M7 £> = tr(B/“?):

since the dual basis for g* is {[EQ]T}];Zl.

As example, we can consider the Kinetic Energy-Type Metric: after having defined
a metric pairing, a kinetic energy operator I can be expressed as

(L), n) = tr(BLs&" ),

for some symmetric matrix Iy € GL(n,R).

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



... At this time he had no messages for anyone. Nothing. Not a single word.

Saul Bellow, “Herzog”.
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