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ABSTRACT

Constraints are ubiquitous when studying mechanical systems and fall into two
main categories: hybrid (1-sided, unilateral) and nonholonomic/holonomic (2-sided,
bilateral) constraints. A hybrid constraint takes the form A(z) > 0. An example of
a constraint of this nature is requiring a billiard ball to remain within the confines
of a table-top. The notable feature of these constraints is that when the ball reaches
the boundary of the table-top (i.e. when h(z) = 0), an impact occurs; this is a
discontinuous jump in the dynamics. Dynamical systems that have this phenomenon
generally fall under the domain of hybrid dynamical systems. On the other hand,
nonholonomic constraints take the form h(z) = 0. Generally, h will depend on both
the positions and velocities and cannot be integrated to only depend on the positions
(when it can be integrated, the constraint is called holonomic). An example of a
nonholonomic constraint is an ice skate: motion is not allowed perpendicular to the
direction of the skate. It is common that these systems are studied using tools from
differential geometry.

This thesis studies both hybrid and nonholonomic constraints together using the
language of differential (specifically symplectic) geometry. However, due to the exotic
nature of hybrid dynamics, some auxiliary results are found that pertain to the
asymptotic nature of these systems. These include the idea of a hybrid limit-set,
Floquet theory, and a Poincaré-Bendixson theorem for planar systems.

The bulk of this work focuses on finding (smooth) invariant measures for both

xiii



nonholonomic and hybrid systems (as well as systems involving both types of con-
straints). Necessary and sufficient conditions are found which guarantee the existence
of an invariant measure for nonholonomic systems in which the density depends only
on the configuration variables. Extending this idea to hybrid nonholonomic systems
requires that the impact preserves the measure as well. To build towards this, rela-
tively simple conditions to test whether or not a differential form is hybrid-invariant
are derived. In the cases where the density depends on only the configuration va-
riables, the measure is still invariant under the hybrid dynamics independent of the
choice of impacts. The billiard problem with a vertical rolling disk as the billiard ball
is one such system and is therefore recurrent for any choice of compact table-top.
This thesis concludes with optimal control of hybrid systems. First, Hamilton-
Jacobi is extended to the hybrid setting (nonholonomic constraints are not considered
here) and the idea of completely integrable hybrid systems is introduced. It is shown
that the usual billiard problem on a circular table is completely integrable. Finally,
the hybrid Hamilton-Jacobi theory is extended to a hybrid Hamilton-Jacobi-Bellman

theory which allows for the study of optimal control problems.
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CHAPTER I

Introduction

Constraints in mechanical systems fall under two broad categories: hybrid and
nonholonomic. Let h: M — R be a smooth function in which M is the manifold of

all states; we can use this to impose a constraint in two different ways:

L. h(x) 20, or

2. h(z) =0.

In the words of Niemark and Fufaev [83], constraints of the form h > 0 are referred
to as one-sided, nonrestrictive, or nonlimiting; and constraints of the form h = 0
are referred to as two-sided, restrictive, or limiting. In the language of this thesis,
one-sided constraints will be referred to as hybrid while two-sided constraints will
be called nonholonomic. We will not make a distinction between holonomic and

nonholonomic constraints, as the former is a special case of the latter (both can be

treated as nonholonomic without any issues).
1.1 One-sided Constraints and Hybrid Systems
When a one-sided constraint is imposed, h(z) > 0, the impact (when h(z) = 0)

induces a discontinuity in the dynamics. The impact manifests as a discrete transition

and we obtain the following:



e Continuous evolution when A(z) > 0, and
e Discrete evolution when h{z) = 0.

Dynamical systems which exhibit both continuous and discrete evolution are called
hybrid dynamical systems (or hybrid systems for short).

It is important to note that the field of hybrid dynamical systems encompasses
much more than systems with unilateral constraints. Hybrid dynamical systems
are used to describe a wide variety of disciplines so a comprehensive list is nearly
impossible to present. Some examples include: billiards [7, 25, 44, 97], bipedal robots
[30, 54, 82, 96], biological systems [2, 21, 67, 84, 103], hybrid automata [3, 59, 106,
109, 111], and switched systems [35, 36, 51, 60].

Due to the extensive applicability of hybrid systems, there exist many different
and nonequivalent formulations for these systems. Chapter II will outline the for-
mulation used in this thesis; the choice for this version of hybrid systems is due to
the motivating problem of understanding mechanical impacts. The definition of a
hybrid dynamical system in Chapter II will be more general than needed, as it will
be useful in Chapter IV, in which asymptotic properties of hybrid dynamical systems

are studied.

1.2 Nonholonomic Constraints

Contrary to the previous section where h(x) > 0, suppose that the constraint is of
the form h(x) = 0. For a mechanical (Lagrangian) system, the system evolves on a
tangent bundle M =T'Q), in which @ is called the configuration manifold. Choosing
coordinates ¢ € () results in induced coordinates (q,¢) € T'Q). If we have a constraint
depending only on the base variables, i.e. h(q) = 0, then the constraint is called

holonomic. Differentiating this constraint induces a constraint involving velocities



as well: dh,(q) = 0. Therefore, holonomic constraints induce a velocity constraint
given by the kernel of an exact 1-form. If, on the other hand, we have a constraint
given by the kernel of a non-exact 1-form, the constraint is called nonintegrable or
nonholonomic.

Nonholonomic constraints as explained above are inherently linear in the veloci-
ties. This restriction can be generalized to nonlinear constraints, cf. e.g. [37], but
most physical examples will fall under the linear category. As such, the majority of
the results in this work will assume that the constraints are linear in the velocity

(although many results can be extended to the nonlinear case via Chetaev’s rule).

1.3 Structure of the Thesis

There are three parts to this thesis: foundations, asymptotics and measure, and
controls. A layout of the chapters into the corresponding parts is shown in Table 1.1.

As this thesis combines the theory of hybrid systems with geometric mechanics,
there are two preliminary chapters. Chapter II outlines the version of hybrid sy-
stems studied here as well as the solution concept and basic regularity assumpti-
ons. Chapter III introduces the concepts from geometric mechanics that will be used
throughout; in particular, symplectic geometry, Hamiltonian mechanics, symmetries,
nonholonomic constraints, and Hamilton-Jacobi theory.

The second part of this thesis focuses on understanding some asymptotic proper-
ties of hybrid dynamical systems as well as trying to find invariant measures for both
nonholonomic and hybrid systems. Chapter IV contains fundamental concepts on
the stability and asymptotic behavior of hybrid systems. Specifically, this chapter
defines and proves some properties of the hybrid limit set, introduces the augmented

impact differential and uses this to determine the stability of hybrid periodic orbits in



a fashion similar to Floquet theory, and proves a version of the Poincaré-Bendixson
theorem for hybrid systems. Chapter V examines the problem of the existence of
smooth invariant measures for nonholonomic systems and presents necessary and
sufficient conditions for an invariant density to exist that depends only on the base
variables. It is shown that the rolling disk does preserve measure while the Chaplygin
sleigh preserves no measures (with density depending only on the base variables).
Chapter VI combines the principles of Chapter II and Chapter III to study mechani-
cal hybrid systems. In particular, the billiard problem in which the billiard ball is a
vertical rolling disk is presented along with a hybrid analogue of Noether’s thoerem
[85] (or the momentum equation for nonholonomic systems [14]). The final chapter
of this part, Chapter VII, extends results from Chapter V to the systems studied in
Chapter VI. Necessary and sufficient conditions are presented for a differential form
to be invariant under a hybrid flow; elastic hybrid holonomic systems do preserve
the canonical symplectic form, in agreement with [91]. Finally, this chapter shows
that if a nonholonomic system preserves a measure with density only depending on
the base variables (cf. Chapter V), then the corresponding hybrid flow preserves
the same measure, independent of the choice of impact. This results specializes to
Corollary VII.22 which states that the nonholomic billiard problem with the vertical
rolling disk is recurrent for any choice of compact table-top.

The final part of this thesis explores Hamilton-Jacobi theory and its extension to
Hamilton-Jacobi-Bellman theory for the purposes of optimal control of hybrid dy-
namical systems. Chapter VIII develops a preliminary Hamilton-Jacobi theory for
hybrid systems; this is particularly for systems without nonholonomic constraints.
We develop this theory with so-called “hybrid Lagrangian foliations” to avoid issues

with a hybrid bracket. Using this context, we show that the elastic bouncing ball,



as well as, the circular billiard problem are both completely integrable. This chapter
ends with a brief digression into issues with defining a “hybrid Poisson bracket.”
Chapter IX develops some optimal control theory for hybrid systems (which does
include systems subject to both types of constraints, in contrast with the previous
chapter). The principle of optimality, dynamic programming, the Hamilton-Jacobi-
Bellman equation, and Pontryagin’s maximum principle are discussed in the hybrid
framework. This chapter concludes with a numerical example of the bouncing ball;
in particular, when the controls are constrained to be weaker than gravity, opti-
mal controls are able to utilize the impacts to gain height (a phenomenon which is

impossible for the corresponding continuous system).
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fact that Chapter VI only requires §5.1 and not the whole of Chapter V.



CHAPTER II

Hybrid Dynamical Systems

2.1 What is a Hybrid Dynamical System?

A hybrid dynamical system is a dynamical system that experiences both conti-
nuous and discrete transitions. There exist many different, nonequivalent, ways to
formalize this idea. However, as this thesis is concerned with modeling impact me-
chanics as hybrid systems, we will use the following definition for a hybrid system

which depends on four pieces of data. Throughout, smooth will mean C'*.
Definition II.1. A hybrid dynamical system (HDS) is a 4-tuple H = (X, S, f,A)
such that

(H.1) X is a smooth (finite-dimensional) manifold,

(H.2) S c X is a smooth embedded submanifold with co-dimension 1,

(H.3) f: X > TX is a smooth vector field, and

(H4) A:S —> X is a smooth map.
Remark 11.2. Using the symbols (X, S, f, A) for an HDS is common notation in the
field, [54, 81, 96]. As such, in Chapters IT and IV a hybrid system will be referred
to as H = (X,S, f,A). However, to use notation more similar to differential geome-

try/geometric mechanics an HDS will usually be referred to as H = (M, S, X, A) in

the remaining chapters.



The manifold X is called the state-space, S the impact surface, f the continuous
dynamics, and A the impact map, discrete dynamics, or the reset map. The hybrid

dynamics can be informally described as

(2.1)

A hybrid dynamical system obeying only the conditions (H.1)-(H.4) is still capable of
exhibiting troublesome behavior. If SNA(S) # @, then multiple impacts can happen
instantaneously, which is called beating. In order to discourage this phenomenon, we

propose the following additional axiom.

Definition I1.3. A hybrid dynamical system, H = (X, S, f,A), is said to be essen-

tially non-beating if, in addition to (H.1)-(H.4), it also satisfies

(H.5) SnA(S) =@ and A(S)n S c X has co-dimension of at least 2.

Example I1.4 (The bouncing ball). Consider the case of the bouncing ball where
(z,1) € R? = X with impact surface S = {(0,%) : £ < 0}. Assuming that the impacts
are elastic, the impact map is A(x, ) = (x,—&) and A(S) = {(0,2) : & > 0}. We see

that A(S)n.S = {(0,0)} which has co-dimension 2 in R2. For a general mechanical
system with impacts, the set A(S) n S corresponds to “grazing” impacts, cf. e.g.

§7.2 in [17]. The intention of this thesis is not to study this phenomenon and (H.5)

justifies this avoidance by ensuring that it does not happen too often.

Remark I1.5. Throughout this thesis, everything will be assumed smooth unless ot-
herwise stated. Generally speaking, the continuous vector-field need only be Lipschitz
and the impact surface be C! in order to guarantee basic regularity properties (like
existence and uniqueness). Therefore, many of the smoothness assumptions can be

relaxed.



It is important to note that the version of hybrid systems used here is similar to
those studied in [17, 56, 82]. This is contrary to the differential inclusion formulation

described by [52]; a hybrid dynamical system of this type is given by

te F(x), xeC,
x*eG(x7), x" €D,
where F' and G are set-valued maps. A reason for the added level of generality is

Painlevé’s paradox [104]. However, this thesis does not deal in situations where these

paradoxes appear and as such will not use the differential inclusion approach.

2.2 Solution Concept of a Hybrid Dynamical System

Defining a solution to a hybrid system requires more care than for usual continuous
or discrete dynamics. Part of this is due to three troublesome phenomena that can
occur in hybrid dynamical systems: Zeno, beating, and confluence.

Most of the literature on hybrid dynamical systems comes from the controls com-
munity where arcs are defined to be absolutely continuous rather than smooth. The-
refore a solution is only required to be locally absolutely continuous, but in practice

it will be smooth.

2.2.1 Hybrid Time Domains and Hybrid Arcs

This subsection begins the treatment of a rigorous definition for a solution to a
hybrid dynamical system. The fundamental objects required for this definition are
hybrid time domains and hybrid arcs. Throughout, let H = (X, S, f, A) be a hybrid

dynamical system.

Definition I1.6 (Hybrid time domains, [52]). A subset F c R* x N is a compact
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hybrid time domain if
J-1 .
E=U ([tj,tjn],7) -
=0
for some finite sequence of times 0 =ty <t; <...<t;. Aset EcR*xN is a hybrid

time domain if for all (7, J) € E, En([0,T] x {0,...,J}) is a compact hybrid domain.

Hybrid time domains will be the domain for a hybrid trajectory in the same way
that R is the domain for a continuous system and Z is for a discrete system. Solutions

to hybrid dynamical systems are given by hybrid arcs.

Definition II.7 (Hybrid Arc, [52]). A function ¢ : E - X is a hybrid arc if £ is a
hybrid time domain and if for each j € N, the function ¢ — ¢(t, ) is locally absolutely

continuous on the interval 17 = {t: (¢, 7) € E'}.

Before a solution of a hybrid dynamical system is defined, four important types

of arcs will be introduced.

Definition I1.8 (Types of hybrid arcs, [52, 56]). A hybrid arc, ¢ : F - X, is called
e nontrivial if £ contains at least two points,

e complete if F is unbounded, i.e. sup, £+ sup; £ = oo where

sup,F =sup{teR*:3jeNs.t. (t,j) € £},
sup,F=sup{j e N:3t e R" s.t. (,7) € E'},
e Zeno if ¢ is complete and sup, F < oo,
e beating if there exists an interval, 17, with empty interior.
Therefore, roughly speaking, a hybrid arc is Zeno if it experiences an infinite

number of impacts in a finite amount of time and beating if multiple impacts occur

in zero time. We are now able to define a solution to a hybrid dynamical system.
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2.2.2 Solutions to Hybrid Systems

Definition I1.9 (Solution to a hybrid dynamical system). A hybrid arc, p: E - X,

is a solution to the hybrid system (X, S, f, A) if

1. for all j € N such that 17 := {t: (¢,7) € E'} has nonempty interior,
d . | o
S P(tg) = fe(t.g)),  temtl,
2. for all (¢,7) € E such that (¢,7+1) € E,
p(t,j) €S, ot j+1) = Alp(t, ).

A hybrid time domain records both the time and the number of impacts a tra-
jectory experiences. This work will not be interested in recording the number of
impacts and therefore the following definition of a forgetful hybrid arc will be used

throughout the remainder instead.

Definition I1.10. For a hybrid arc, ¢ : E — X, its corresponding forgetful hybrid

arc is a left-continuous map ¢ :Z - X where

1:= [0,suptE] \{t17"'7tJ—1}7 Qb(t) :go(t,j),
where the hybrid arc, ¢, is assumed to not be beating.

The forgetful hybrid arc corresponding to a solution to (X, S, f, A) has the follo-
wing properties:

a0 = F(50),

lilgl+ ot +e)=A lirgl oty + 5)) :

which “match” (2.1).
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2.2.3 Regularity of Solutions

This section is concluded with a discussion on the regularity of solutions to hybrid
dynamical systems. To ensure the impact times are well-posed, we make the following

two assumptions [56]:
(A1) If ¢(t) € S\ S, then there exists £ > 0 such that for all 0 <6 <&, (¢t +6) ¢ S.
(A.2) If p(t) € S, then there exists € > 0 such that for all 0 < d <e, p(t+3) ¢ S.

The first assumption, (A.1), prohibits the trajectory from entering S through S while
the second assumption, (A.2), requires that when a trajectory intersects S, it must
instantaneously exit S. In terms of mechanical systems, (A.1) prohibits grazing while
(A.2) states that impacts must move away from the wall . It can be seen that the
condition (H.5) is weaker than (A.2) which is slightly weaker than requiring ¢ to
intersect S transversely. As will be seen in Theorem I1.15, the conditions (A.1) and
(H.5) imply (A.2).

The final regularity assumption we will examine in this section deals with con-
tinuous dependence of initial conditions. Due to the fact that the impacts are not
continuous, true continuous dependence is impossible but quasi-continuous depen-
dence is still achievable. Under the assumptions (A.1) and (A.2), there exists a unique
forgetful hybrid arc corresponding to each initial condition xy € A: this association

creates the hybrid flow.

Definition IT.11. Assuming existence and uniqueness of hybrid solutions, the hybrid
flow of a hybrid dynamical system, #, is a map ¢ : R* x X - X, where ¢*(-; ) :
R* - X is a forgetful hybrid arc with ¢?(0;z) = xo. Moreover, let Z,, = R* \

{t1,t5,...} where t;, are the impact times for p*(-; xg).

The hybrid flow allows for the statement of the third troublesome phenomenon of
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hybrid dynamical systems: confluence.

Definition I1.12. A hybrid dynamical system H = (X, S, f, A) has confluence if for

some t > 0, the hybrid flow ¢} : X - X fails to be injective.

Confluence results in time-irreversibility of the dynamics. Which, although undesi-
rable, does not pose as many issues as either beating or Zeno solutions.

Due to the nature of hybrid systems, solutions will not be continuous in time (nor
on choice of initial conditions). Rather than strict continuity, many hybrid systems
will be quasi-continuous. To present this definition, we choose a distance metric, d,

for X.

Assumption I1.13 (Quasi-continuous dependence property [41, 56]). Consider the
hybrid dynamical system H = (X,S, f,A) and let p*(t;x¢) be the hybrid flow and
let d: X x X - R be a distance function. Then, for every xoe X\ S and ¢ >0 and

t €Z,,, there exists § > 0 such that if d(xo,y) <0, then d(e™(t;z0), ™ (t;y)) <e.

Smoothness properties will be more important than continuous properties in this

work. Therefore, we can strengthen Assumption I1.13 to a quasi-smooth dependence

property.

Assumption I1.14 (Quasi-smooth dependence property). Consider the hybrid sy-
stem H=(X,S, f,A) and let o*(t;xq) be the hybrid flow. Then for every xoe X\ S
and t € I,,, there exists an open neighborhood xy € U such that Un S = @ and the

map oM (t;-) : U - X is smooth.

Theorem I1.15. Suppose a hybrid system H = (X, S, f,A) satisfies (H.1)-(H.5) and
(A.1). If for all x € S, we have T, X =T,S & f(x)R, then H also satisfies (A.2) and

Assumption I1.14.
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Proof. We need to show that #H satisfies (A.2) and Assumption I1.14. Condition

(A.2) follows from (H.5) from the following reason: Suppose ¢(tx) € S, then
ot = lirél+ Oty +e) ¢S.

If p* ¢ S, then we are done because X \ S is an open set. If ¢* € S\ S, then (A.1)
provides such an ¢.

It remains to show the quasi-smooth dependence property. Choose a t € Z,,. If
there are no impacts in the interval [0, ¢] then the quasi-smooth dependence property
is trivially satisfied. Without loss of generality, assume that there exists a single
impact occurring at t; € (0,t). To show smoothness, we will compute the differential
of p™(t;-).

Choose an open set xg € U such that UnS =@ and let 7: U — R be the time until

impact, e.g. 7(xg) =t;. Then for x € U, we can write the hybrid flow as

et (t;x) = o (t-7(x), Alp(r(x); 7)),

i.e. it can be written in terms of the continuous flow ¢, the impact map A, and the
return-time 7. The continuous flow (see e.g. §2.3 in [92]) and the impact map (by
(H.4)) are smooth. Therefore, the result follows if 7 is smooth. This is true by the

following theorem, which is an application of the implicit function theorem. n

Theorem I1.16 ([29]). Let o € X \ S be such that there exists a time, Ty > 0,
where o7, (xo) € S. Additionally, assume that the flow intersects the impact surface
transversely at pr,(xo). Then there exists an € >0 and a smooth function 7: B.nS —

R* such that for all y € B-(x0), pry)(y) € 5.

Proof. Let h : X - R be such that zero is a regular value and S = h=1(0) (at least

locally) and define the function F': (0,+00) xS — X by F(t,z) = h(p(x)). It follows
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from Theorem 1 in Section 2.5 in [92] that (¢,z) — ¢i(z) is C*(R x X'). Combining
this with the fact that h is a smooth function, we get that their composition is. Since
F e C~(R*x S), we can use the implicit function theorem. At our point z € X, we
know that the orbit enters the set S at some minimal future time, Ty. This gives

F(Th,z0) = 0. Differentiating F' with respect to time yields:

oF oh
T Ty, 29) = 22 - .
ot ( Oamo) 8y y=or, (10)¢5 f(SOTo(xO)) #0

The first factor is nonzero because zero is a regular value and the second is nonzero
because we are away from a fixed point (if f =0, it would not be transverse). Their
inner product is nonzero because of the transversality condition. This lets us use the
implicit function theorem (cf., e.g., Theorem 9.28 in [98] or Theorem B.2 in [107]),
to show that there exists a neighborhood of B.(xzq) of zy and a smooth function 7

with all the desired properties. O

Notice that in the proof of Theorem I1.15, (H.5) and (A.1) implies (A.2) while

the quasi-smooth dependence property follows from impacts being transverse.

Definition I1.17. A hybrid system, H = (X, S, f,A), is called smooth if it satisfies

the hypothesis of Theorem II.15.

2.3 General Hybrid Dynamical Systems

In what has been presented above, hybrid dynamical systems evolve according to
a single manifold and a single impact. However, there exist cases where multiple
different impacts may occur, e.g. multi-legged walking. This leads to the notion of a
general hybrid dynamical system where there exist multiple different manifolds each
containing continuous dynamics with impacts that move between these manifolds.

This more general framework leads naturally to the theory of directed graphs where
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each node is an individual state-space and each edge is an impact. This notion of a
hybrid system is used in, e.g. [4, 74, 102]. General hybrid dynamical systems will
appear in this thesis only in §4.3 where sufficient conditions are laid out to guarantee
periodic asymptotic behavior as in [28]. The following exposition for general hybrid

dynamical systems is similar to that as presented in [28].

2.3.1 Directed Graphs

Before the concept of a general hybrid system is introduced, hybrid systems will
first be viewed through a different lens. An HDS consists of a single state-space and
a single impact that maps back to the original state-space. This allows the HDS to
be thought of as a directed graph (digraph) of order one with a single loop [23], see

Fig 2.1.

Figure 2.1: Graphical representation of a (simple) hybrid system. This can be viewed as a directed
graph with one vertex and one edge.

With this view of a hybrid system, it seems natural to extend the definition of a
HDS to an arbitrary digraph. Before making this definition, a few important aspects

of graph theory are reviewed.

Definition II.18. A directed graph, or digraph, ¥ = (4, &) consists of two compo-
nents: a finite, nonempty set called the vertex set as well as a multi-set (a modified
version of a set where multiple instances of an element are allowed) of ordered pairs

of (not necessarily distinct) vertices called the (directed) edge set. The vertex set
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if denoted by V(Z2) = 4 and the directed edge set is denoted by E(Z) = &. The

order of a digraph is the cardinality of the vertex set.

This definition of digraphs allows for multiple edges to connect two vertices, u
and v. This differs from the definition in [23] where this is not permitted. Because
a directed edge may not be uniquely determined by an ordered pair of vertices, an
element of & will be denoted by (u,v) if only one edge connects u to v. If e € &
connects the vertex u to v, we will call u to be the source of e and v the target of e.
This will be denoted by u = dom(e) and v = cod(e).

There are two remaining objects to define for digraphs: degree and cycles.

Definition I1.19. Let ue 4. If e € & has dom(e) = u, e is said to be sourced from
u. Likewise, if cod(e) = u, e is said to be targeted to u. The outdegree, od(u), of u
is the number of edges sourced from u. Additionally, the indegree, id(u), of u is the

number of edged targeted to u. The degree, deg(u), of u is defined by

deg(u) == od(u) +id(u).

Definition I1.20. A digraph of order n is a cycle if the vertices can be labeled as

i=1,...,n and the n directed edges can be written as (i,7+ 1) (taken modulo n).

2.3.2 General Hybrid Systems

Definition II.1 will now be generalized to incorporate the directed graph structure

as explained above, which now depends on six pieces of data.
Definition I1.21. The six-tuple, GH = (A, &, X, S, f,A), is a general hybrid dyn-
amical system (GHDS) if

(G.1) The pair, (4, &) is a directed graph per Definition II.18.
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(G.2) X is a collection of manifolds for each vertex. That is, for each i € A", X; is a

smooth manifold and X is the following disjoint union

X = |_| Xz
€N

(G.3) S is a collection of impact surfaces corresponding to the edges &. Each impact
surface, Se € Xjom(e) is @ nonempty embedded codimension 1 submanifold.
(G.4) A'is a collection of impact maps. For each edge e € &, A, : Sc = Xa(e) and is

smooth.
(G.5) f is a collection of smooth vector fields on X. That is, for each i € A, f; : X; —
TX; is a smooth vector field.

Additionally, a general hybrid dynamical system, GH, is said to be essentially non-

beating if, in addition to (G.1)-(G.5), it also satisfies

(G.6) Ac(Se) N S(cod(e),) € Xeod(e) has codimension at least 2. Here,

Sod(e)y = U Se

e'e
dom(e’)=cod(e)

This section concludes with the definition of a solution to a GHDS (this will use
the notion of a forgetful hybrid arc rather than a hybrid arc, but it can be defined
for either).

Definition I1.22. An arc, x : [0,T) - X is a solution to (A, &, X, S, f,A) if x is
piecewise differentiable and

L. if for all ¢ € (a,b), x(c) ¢ S, for any e € &, then x is differentiable on (a,b),

x(a,b) := {x(t) :t € (a,b)} is contained in a single X;, and x(t) = f;(x(t)) for all
te(a,b), and

2. if limy, .- x(t) € S, for some e € &, then

tlirq z(t) = A, (thm x(t)) :
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Likewise, the notion of a hybrid flow per Definition I1.11 can be extended to this
case along with the regularity assumptions (A.1), (A.2) and Assumption 11.13/II.14.

A smooth GHDS is analogously defined as well.



CHAPTER III

Geometric Mechanics and Nonholonomic Mechanics

This chapter summarizes some basic concepts from geometric mechanics. We
will assume some basic knowledge of differential topology / geometry [93, 107, 108],
in particular the language of differential forms. This chapter starts with some basic
concepts from symplectic and Poisson geometry [1, 11, 34, 77]. Next, (unconstrained)
Lagrangian and Hamiltonian mechanics are introduced as well as the influence of
symmetries [1, 6]. Finally, basics of nonholonomic systems are reviewed [16, 14, 83]
with an emphasis on the Hamiltonian formalism [73, 79].

For notation, let () be a (finite-dimensional) smooth manifold, 7'Q) and T*Q are its
tangent and cotangent bundles respectively. X((Q)) is the set of all smooth vector fields
over @, QF(Q) is the set of differential k-forms, and C=(Q) is the set of R-valued
smooth functions on Q. Moreover, let iy be interior multiplication, [X,Y’] be the
vector field bracket, and L x be the Lie derivative. If M — () is a vector bundle over @),
['(M) is the set of sections Q - M, e.g. I'(T'Q) = X(Q) and ['(T*Q) = Q1(Q). Also,
Einstein summation will be used throughout: repeated indices implies summation so

aibi = Zz CllbZ

20
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3.1 Symplectic and Poisson Geometry

Most of the content here can be found in [1, 11, 34, 77]. Symplectic and Poisson
structures are central to the study of Hamiltonian mechanical systems so this section

begins with their definitions and some basic properties.

3.1.1 Symplectic Manifolds

Let M be a smooth (finite-dimensional) real manifold. Endowing M with a sym-

plectic structure means distinguishing a certain 2-form.

Definition ITI.1. A symplectic form, w, is a closed and non-degenerate 2-form. If a

manifold, M, admits a symplectic form then the pair (M,w) is a symplectic manifold.

The symplectic form allows for an important identification X (M) — QY (M):
W X(M) - QY M),

where w'(X) = w(X,-). Because w is non-degenerate, w" is invertible and its inverse
is called w!. In addition to the invertible association X — !, the nondegeneracy of

the symplectic form induces a canonical volume form.

Proposition II1.2 (3.1.5 in [1]). Let w € Q*(M) be a symplectic form. Then the

form wm € Q* (M) is a volume form.

Although not every manifold possesses a symplectic form, the theorem below

shows that an important class of manifolds do have a natural symplectic form.

Theorem III.3 (3.2.10 in [1]). Let Q be a smooth manifold and M := T*Q be its
cotangent bundle. Furthermore let mg : M — @) be its bundle projection map and
drg : TM — TQ be its tangent map. Let ag € M (where q € Q) and w,, € T, M.
Define the linear map 0, : T, M — R by wq, = oy (dﬂ'Q -waq). Then the function

0o : ctg = Oy, is a 1-form and wg := ~dby is a symplectic form.
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This theorem shows that every cotangent bundle has a natural symplectic struc-
ture. Additionally, the 1-form 6, is called the tautological or Liouville 1-form.

The symplectic form provides three types of special submanifolds, one of which
will be important in Chapter VIII. We consider first symplectic vector spaces and

then generalize to manifolds.

Definition III.4. Let (V,w) be a symplectic vector space (so w : V xV - R is
non-degenerate and skew) and let U c V' be a subspace. The orthogonal complement
of U is given by
Ut:={veV:w(u,v)=0,VueU}.

The subspace, U, is called

e Isotropic if U c U+,

e Coisotropic if Ut c U, and

e Lagrangian if U = U+, i.e. isotropic and coisotropic.
Definition ITI.5. A submanifold S ¢ M of a symplectic manifold (M,w) is

e Isotropic if for all x € S, T,,S ¢ T, M is an isotropic subspace,

e Coisotropic if for all x € S, T,,S c T, M is a coisotropic subspace, and

e Lagrangian if for all x € S, T,,S c T, M is a Lagrangian subspace.
3.1.2 Poisson Manifolds

Poisson manifolds are a slightly more general version of symplectic manifolds as

they do not possess the non-degeneracy assumption.

Definition ITI.6. Let P be a manifold and C*°(P) be the set of real-valued smooth

functions on P. Consider a bracket operation

{-}:C=(P)xC=(P) > C=(P).
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The pair, (P,{-,-}), is called a Poisson manifold if for any collection of numbers

a;, B; € R and functions f%, ¢/, f,g,h € C=(P) we have
(PB.1) {asf', 617} = a7}, (R-bilinearity)
(PB.2) {f,9} =—{g, [}, (skew-symmetry)
(PB.3) {{f,g9},h}+{{h, f},9} +{{g,h}, [} =0, (Jacobi’s identity)
(PB.A4) {fg,h} = f{g,h}+g{f,h}. (Leibniz’s rule)
Proposition 111.7. Symplectic manifolds are naturally Poisson.

Proof. 1t is straight-forward to check that {f, g} = w (wt(df),wt(dg)) is a Poisson

bracket. O

Additionally, if the condition (PB.3) (Jacobi’s identity) is relaxed, then the bracket
is called almost Poisson. In this situation, the failure of Jacobi’s identity is called

the Jacobiator:

(3.1) Jac(f,g,h) = {{f, g}, b} + {{n, [}, 9} + {{g, 1}, }.

Due to the fact that all symplectic manifolds are automatically Poisson, is the con-
verse true? This is true modulo degeneracy: w must be nondegenerate but {-,-} is

allowed to be degenerate, i.e. the set of Casimir functions may be nontrivial:
Z(P)=A{feC=(P):VgeC™(P), {f g} =0}.

We end this section with an explanation (when the bracket is nondegenerate) that

(PB.3) is equivalent to w being closed.

Theorem III.8 (Theorem 4.3 in [34]). Let av € Q2(M) be a nondegenerate 2-form.
Then the induced almost-Poisson bracket given by {f, g} := a(at(df),at(dg)) has the

following Jacobiator:

Jac(f,g,h) =da (au(df), al(dg), au(dh)) .
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In particular, Jacobi’s identity is satisfied if and only if da = 0.

Proof. For this proof, we will use the notation X := af(df). The first thing we will

compute is a ([ Xy, X,], X}). Due to the Lie derivative being a derivation, we have
i[Xf7xg]a = EXfnga—ngL’Xfoz
= Edeg - ng (’indC)z + dinCY)
:d(Eng) _nginda-
This leads to

(3'2) «Q ([va XQ]’ Xh) = _{{fag}’ h} - da(Xf7Xg7Xh)'

To finish the proof, we use the following identity for the differential of a 2-form:

5.3 do( Xy, Xy, Xn) = Lx {Xg, Xn} = Lx,{Xp, Xn} + Lx, { Xy, Xy}
3.3
—a([Xp, X, Xn) + o ([ Xy, Xn], Xg) — a ([ Xy, Xn], Xy) -

Applying (3.2) to (3.3) and collecting terms yields the result. O

3.2 Unconstrained Geometric Mechanics

We now introduce two main formulations of mechanics: Lagrangian and Hamil-
tonian. Lagrangian mechanics are described by variational principles and evolve on
TQ (where @ is a smooth manifold) while Hamiltonian mechanics are described by
symplectic principles and evolve on T (which always carries a symplectic/Poisson
structure, Theorem I11.3). We begin with an overview of the Lagrangian side and
then the Hamiltonian. We note that the majority of this thesis will be concerned

with the Hamiltonian side.

3.2.1 Lagrangian Mechanics

Lagrangian systems evolve on the tangent bundle of a smooth manifold. For our

purposes here, we only consider natural Lagrangian systems (see §19-B of [6]).
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Recall that a coordinate choice ¢ € @ induces bundle coordinates (q,q) € TQ; so
¢ will be a coordinate in T,Q). Moreover, for a curve c¢: (-¢,¢) - @ where ¢(0) = g,
we can differentiate the curve to induce a point in the tangent space ¢(0) € T,Q).

Throughout this work, ¢ can refer to either notion.

Definition ITI.9. A Lagrangian function L : T(Q) - R on a Riemannian manifold

(Q, g) is natural if it is the difference between kinetic and potential energies, i.e.

R SR
L(g,4) = 594(¢.4) - V(a).
The Lagrangian generates dynamics on 7'() by Hamilton’s principle.

Definition ITI.10. Hamilton’s principle singles out curves ¢(t) by the condition

that

(3.4 5 [ Dla(e), (o)) de =0,

where the variation is over smooth curves in ) with fixed end points.

A classical result in the calculus of variations states that (3.4) can be restated as

a system of ordinary differential equations.

Proposition II1.11. Hamilton’s principle is equivalent to the condition that the

curve q(t) satisfies the Euler-Lagrange equations

d oL 0L _
dtd¢  O¢

(3.5)

In the context where V' =0, L is only the kinetic energy and (3.5) is the geodesic

equation.
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3.2.2 Hamiltonian Mechanics

Given a natural Lagrangian function, L : T'Q) — R, there is an identification

between T'Q) and T*(). This is given by the fiber derivative

FL:TQ - T*Q

d

FL(v)(w) = 7 L

L{q,v+tw) = g,(v,w)

The fiber derivative (which is a diffeomorphism when L is hyperregular; natural La-
grangians are hyperregular, cf. §3.6 in [1] for more details) offers a way to transform
the function L : T'(Q) - R into a function H : T*() — R. This process is called the

Legendre transform:

H(q,p) = (p,q) - L(q,q), p=FL(q).
While L generates dynamics on T'() variationally, H generates dynamics on 7%
symplectically.

Definition IT1.12. Let (M,w) be a symplectic manifold and H : M - R a smooth
function. A vector field Xy on M is called a Hamiltonian vector field with energy

H it
(3.6) ix,w = dH.

The triple (M,w, H) is called a Hamiltonian system.
Remark 111.13. An equivalent version of (3.6) using Poisson brackets is Xy = {-, H}
where Xy is viewed as a derivation on C'*(M).

An interesting property of Hamiltonian systems is that they are always volume

preserving.
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Proposition II1.14. The Hamiltonian dynamics preserve the symplectic form w,

and additionally preserve the induced volume form w™.

Proof. This follows from Cartan’s magic formula:

Lx,w=dix,w+ix,dw.

The first term disappears as dix,w = ddH while the second vanishes as w is closed.

[]

As will be shown later in Chapter V, determining whether or not constrained
Hamiltonian systems preserve measure is a much more involved question.

Finally, these two formulations, (3.5) and (3.6), are equivalent under FL.

Theorem III.15 (See Theorem 3.6.2 in [1]). Let L be a natural Lagrangian on Q
and H be its Legendre transform. Then the integral curves of (3.5) are mapped to
the integral curves of (3.6) under FL. Furthermore, both systems have the same base

integral curves.

3.2.3 Symmetries in Hamiltonian Systems

Hamiltonian systems where the energy, H, is invariant under some symmetry
offer a helpful way to find integrals, i.e. constants of motion. In what follows, we
recap some fundamentals of symmetries in Hamiltonian mechanics, all of which can
be found in Chapter 4 of [1], Appendix 5 of [6], and Chapter 4 of [11]. A similar
approach can be used for symmetries in Poisson systems, but that will not be pursued

here.

Symmetries

Throughout, we will assume that G is a Lie group.
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Definition IT1.16. A Lie group, G, acts symplectically on (M,w) if ®: Gx M - M

is a group action, each ®, = ®(g,-) : M - M is a diffeomorphism, and ®}w = w.

Definition I11.17. Let G act on M by diffeomorphisms (not necessarily symplecti-
cally). Then for £ € g = Lie(G), its infinitesimal generator &y € X(M) is given

by

(3.7) () O (exp(t), ).

" dtho
When the group acts symplectically, the vector field has the property that i¢,,w is
closed. If i¢,,w is exact, the infinitesimal generator has a corresponding Hamiltonian

which is the action’s momentum map.

Definition IT1.18. Let (M,w) be a connected symplectic manifold and let ® : G x

M — M be a symplectic group action. We say that the map
(3.8) J:M—g*,

is a momentum map for the action if for all £ € g we have

A

dJ({) = ing,

where J(€)(z) = (J(x),€). The 4-tuple, (M,w,®,J), is called a Hamiltonian G-

space.

In general, momentum maps need not exist for a given group action (which is
because a symplectic vector field only requires that i¢,,w is closed and not exact).
However, in the special case where M = T*() and the action is lifted from an action

on (), momentum maps exist and can be explicitly computed.

Definition ITI.19. Let ® : GxM — M be a symplectic group action with momentum

map J : M — g*. Then J is said to be Ad*-equivariant if J(®,(z)) = Ad}..J(x) for
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all g € G and x € M. Equivalently, the following diagram commutes.

ML)M

b b

1

g* %— g*
Theorem II1.20 (4.2.10 in [1]). Let ® : G x M — M be a symplectic group action.

Assume that w = -df and ®30 =0 for all g€ G. Then J: M — g* defined by

(J(x),f) = (7;51\/[6) (x)a
is an Ad”-equivariant momentum mapping for the action.

Corollary III1.21. Let @ : G x Q — Q) be a smooth action and V : G x T*Q) - T*(Q)

be the lifted action. Then WV is symplectic with Ad*-equivariant momentum map

(3.9) J(€) = P(&),

where &g is the infinitesimal generator of ® on Q and for a vector field X € X(Q),

P(X):T*Q — R is its momentum:

P(X)(x,p) = (p, X (x)).

When the Hamiltonian is invariant under the symmetry, H o ®, = H, the mo-
mentum map is a constant of the motion; this result is known as Noether’s theorem
[85] which states that each symmetry has a corresponding conservation law. We will
state the version dealing with Hamiltonian systems, cf. §3.9 in [16]; for an alternate

version dealing with Lagrangian systems, see §20 in [50].

Theorem I11.22 (3.9.2 in [16]). If H is a G-invariant Hamiltonian, then J is con-

served along the trajectories of the Hamiltonian vector field Xpg.
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Proof. Differentiating the invariance condition H(®,(z)) = H(x) with respect to

g € G gives

0=dH (¢u) = {H,J(€)} = ~dJ (&) (Xn),
and so J (&) is conserved along the trajectories of Xy for every & € g. O
Reduction

If a Hamiltonian is invariant under the action of a symmetry, H = Ho®,, then the
momentum map is preserved under the flow. This allows us to replace the manifold,
M, with JY () ¢ M and effectively reduce the dynamics to a lower-dimensional
manifold. However when the momentum is Ad*-equivariant, the dynamics can be
reduced further by quotienting out the isotopy subgroup, G, := { geG:Ad = ,u}.
This works, in part, because J(z) = J(®,4(z)) = p for all g € G,,. As it turns out, this

new manifold J=1(u)/G, is still a symplectic manifold as the theorem below shows.

Theorem I11.23 (4.3.1in [1]). Let (M,w) be a symplectic manifold and ® : Gx M —
M be a symplectic group action with Ad*-equivariant momentum map J : M — g*.
Assume that p € g* is a reqular value of J and that the isotropy group G,, acts freely
and properly on J~*(u). Then M, := J1(p)/G, has a unique symplectic form w,
with the property

* [
T Wy = LW,

where m, : J7H(p) = M, is the canonical projection and v, = J-1(u) - M 1is the

mclusion.

The above theorem shows how to reduce the manifold while the theorem below

shows how to reduce the Hamiltonian.

Theorem II1.24 (4.3.5 in [1]). Under the assumptions of Theorem II1.23, let H :

M — R be a Hamiltonian such that H o ®, = H for all g € G. Then the flow of
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Xy leaves J=Y(p) invariant and commutes with the action of G, on J='(u) which
induces a flow on M,. This flow is Hamiltonian on M, and its Hamiltonian, H,, is

called the reduced Hamiltonian.

3.3 Nonholonomic Mechanics

Suppose that a Lagrangian system L : T'(Q)Q - R is subject to certain constraints,
i.e. a figure skater who cannot slide perpendicular to the direction of her skate. Con-
straints involving the velocities of the system are known as nonholonomic constraints
(holonomic constraints involve only the positions). Everything below that holds true
for nonholonomic constraints also works for holonomic constraints. For the most

part, we will assume that the constraints are linear in the velocities.

3.3.1 Constraint Distributions

Nonholonomic constraints are normally described as specifying a submanifold D c
T() that describes the restricted motion. When the constraints are linear in the

velocities (which will be assumed throughout), the submanifold D is a distribution.

Definition II1.25. A smooth distribution on a manifold M is the assignment to each
x € M a subspace D, c T, M, ie. DcTM is a vector sub-bundle. A distribution D
is involutive if for any two vector fields X, Y on M with values in D, [X,Y] also has

values in D. A distribution D is regular if dim(D,) is the same for every x € M.

Theorem II1.26 (Frobenius’ Theorem). D is involutive if and only if there is a

foliation on M whose tangent bundle equals D.

If D is involutive, it is said to be integrable and the constraints are called holo-
nomic. When D is not involutive, it is nonintegrable and the constraints are nonho-

lonomic.
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Finally, constraint distributions are usually described by a family of 1-forms n<.

D=()kery®, n*eQ(Q).

a=1
In this situation, the distribution is integrable if the 1-forms 7 can be chosen such
that they are all closed: dn® = 0. Integrability can also be viewed through the lens

of Definition III.5 by examining what type of submanifold D° c T*() is where

D’ ={(q,p) € T*Q:p(D,) = 0}
is the annihilator of D.

Proposition II1.27. A constraint distribution D c T'Q) is integrable if and only if

its annihilator D° = Ann(D) c T*Q) is coisotropic.

Proof. Let {X;} be alocal frame for D. Then the annihilator is locally described by

the vanishing of momenta:
D = {(z,p) e T*Q : P(X;) =0, Vi}.

Therefore for D to be coisotropic, we need { P(X?), P(X7)} to vanish on D as well.
Indeed (cf. 4.2.12 in [1]), {P(X?), P(X7)} = =P ([ X X/]). Therefore, the bracket

vanishes on DO if and only if [X?, XJ] is a section of D, i.e. it is integrable. O

3.3.2 Hamiltonian Nonholonomic Systems

It is important to note that nonholonomic systems are not described by variational
principles (on the Lagrangian side) nor are they symplectic (on the Hamiltonian
side). Rather than obeying Hamilton’s principle, nonholonomic systems follow the
Lagrange-d’Alembert principle. In the Hamiltonian setting, this manifests as (see

(73, 79] and §5.8 in [16]):

(3.10) ixpw =dH + Aomn”,
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where mg : T*(Q) - @ is the cotangent projection and the A, are multipliers to enforce
the constraints.

Let g be the Riemannian metric underlying the natural Hamiltonian, H (a Hamil-
tonian is natural if it comes from a natural Lagrangian). For each constraining 1-form
n®, let W e X(Q) such that g(We,-) = n® (equivalently, We = FL-1n®). This associ-
ation is given by the musical isomorphisms, b : X(Q) - Q1(Q) and { : Q1(Q) - X(Q).

The constraint distribution D c T'Q) on the cotangent side becomes
(3.11) D* ={(z,p) e T"Q : P(W*)(x,p) = 0}

Therefore the multipliers A, are chosen such that X7 is tangent to D* c T*Q.

3.3.3 Symmetries in Nonholonomic Systems

We end this chapter with a section on how §3.2.3 relates to nonholonomic systems,
cf. §5.4-5.7 of [16] as well as [14, 22] for a similar treatment. The following is for
Lagrangian systems but can be carried over to Hamiltonian systems without too

many issues.

Definition III.28. Let L : TQ — R be a hyperregular Lagrangian (so FL is a

diffeomorphism) and D c T'Q) be the constraint distribution defined by

D:={(q,4) eTQ:1(¢) =0,Va}.

(L.1) We say that the Lagrangian is invariant under the group action if Lo ®, = L

for all g € G.

(L.2) We say that the Lagrangian is infinitesimally invariant if for any Lie algebra
element £ € g, we have dL(£p) = 0. Here, {p is the infinitesimal generator of the

lifted action to P =TQ).
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(S.1) We say that the distribution, D, is invariant if the subspace D, c T,Q is
mapped by the tangent of the group action to the subspace D, c T,Q, i.e. if
T4®y-Dyc Dy,

(S.2) A Lie algebra element ¢ is said to act horizontally if {;(q) € D, for all ¢ € Q).

Proposition II1.29. Assume that D is an invariant distribution in the sense of

(S.1). Then the following are true:
(3.12) L) (D) c (DY),
(3.13) [[(8q).T(D)] (D),

where DO c T*Q is the annihilator of D c TQ and T’ denotes the sections of a vector

bundle.

Proof. First, if n e I'(D?), then (S.1) states that ®;n e I'(D°) as well. Differentiating
this shows that L¢,n € D°. To show (3.13), we use Cartan’s magic formula for the

Lie derivative. Let X e I'(D) and n e I'(D°):
(Legn) (X) = igdn(X) + digyn(X)
= Le, (1(X)) = Lx (n(€e)) =1 ([§0: X1) + Lx (n(8e))

= -1 ([¢e, X])

Due to the fact that we know L¢,n € I'(D?), it must be the case that [{g, X]eD. [

Remark 111.30. In the case of holonomic constraints, (S.2) implies (S.1). This can be
seen in two ways. The first is noticing that the symmetries being horizontal means

that I'(gg) c I'(D) which gives (3.13) by Frobenius’s theorem:
[[(g0), [(D)] e [I'(D),[(D)] c I'(D).

The second way of seeing this is from (3.12). Suppose that a holonomic constraint

is given by f =0. Then a symmetry is horizontal if df ({p) = 0. Computing the Lie



35

derivative gives
Le,df = dig,df +ig,ddf =0€ DO,
Moreover, if the constraint has the form gdf so it has the same kernel but is no longer
exact, then
Le,gdf = glesdf + (Le,g) df € D°.

3.3.4 The Momentum Equation

It would be desirable to have a version of Noether’s theorem for nonholonomic
systems. This will generally not be exactly possible but a slightly weaker result,
called the momentum equation, can still be achieved. First, we outline a few useful

definitions.

Definition ITI.31. The intersection of the tangent space of the group orbit and the

constraint distribution (in 75Q, not T*Q) is denoted by §,. i.e.

$,=D,nT,(G-q), S=|]8,, G-q={P,(q):9€G}.
qeQ

Definition IT1.32. For each ¢ € (), define the vector subspace g¢ c g to be all Lie

algebra elements whose infinitesimal generators evaluated at ¢ lie in S:

g’ ={¢eg:8a(q) € S}
The corresponding bundle over () whose fibers are g¢ is denoted by g?.

With the bundle g?, we can now modify (3.9) to a nonholonomic momentum map.

Definition II1.33. The nonholonomic momentum map, JP, is the bundle map ta-
king D* to the bundle (gP)* whose fiber over the point ¢ € Q is the dual of the vector

space g? that is defined by

(3.14) JP(pg) (&) = (pg: €0 (a)).
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This can be thought of as a restricted version of the unconstrained momentum
map, J. Due to the fact that symmetries may not be horizontal, J? may not be
preserved. Even though momentum is not conserved (so Noether’s theorem does not

hold), its dynamics can still be understood (see 5.5.4 and 5.5.5 in [16]).

Theorem II1.34 (The Momentum Equation). Assume that the Hamiltonian is in-
variant under the group action so H o ® = H (which is equivalent to (L.2) via the
Legendre transform) and that £% is a section of gP. Then a solution to (3.10) must

satisfy the momentum equation,

e

Therefore, the failure for the momentum to be conserved is a direct consequence
of £9 varying to remain in gP, i.e. failure of the symmetry to be horizontal. This

leads to a direct corollary.

Corollary I11.35. If £ is a horizontal symmetry, condition (S.2), then the following

conservation law holds:

d . -
—(JP (1)) = 0.

2 (o (en0))

Remark 111.36. In proving the above theorem and corollary, the assumption (S.1) is

not required. However, when (S.1) is assumed, the momentum map is G-equivariant.

See Remark 5 on page 263 of [16].
3.4 Hamilton-Jacobi Theory
Hamilton-Jacobi theory provides a powerful way to integrate Hamilton’s equati-

ons. This is a well-studied field of classical mechanics and below we present some

preliminaries in the spirit of [1, 77] and focus on the geometry of solutions. The ideas
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presented here will be used to define a hybrid Hamilton-Jacobi theory which is the
topic of Chapter VIII.

Everything in this section and Chapter VIII will deal with only unconstrained
mechanics. While there is a Hamilton-Jacobi theory for nonholonomic systems [38,

63, 86], we will not pursue it here and relegate that to future research.

3.4.1 The Hamilton-Jacobi Equation

We introduce the Hamilton-Jacobi partial differential equation from a geometric
viewpoint [1].
Theorem II1.37 (Hamilton-Jacobi, cf. 5.2.18 in [1]). Let P =T*Q and Xy € X(P)

be a Hamiltonian vector-field. Let S : Q x R - R be a smooth function. Then the

following are equivalent:

(HJ.1) For every curve c: I — Q satisfying
(3.16) ¢(t) =dmg - Xu(dSi(c(t))),

the curve t — dSy(c(t)) is an integral curve of Xpg.

(HJ.2) The function S satisfies the Hamilton-Jacobi equation:

0
(317) Ho dSt + ast =0.

Here, mg : T*Q - Q is the usual cotangent projection and Si(x) = S(x,t).
If W:Q — R is a smooth function that solves H o dW = E for some constant F,

then the function

S(x,t) =W(x)-E-t,

solves (3.17). Solutions of this type will be considered stationary. As we will see in

the next subsection, stationary solutions correspond to invariant Lagrangian subma-

nifolds.
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3.4.2 Lagrangian Submanifolds and Integrability

Solutions to the partial differential equation (3.17) can be interpreted as Lagran-
gian submanifolds of (7*Q,w) where w is the canonical symplectic form, cf. §5.3 in
[1] or §9.4 in [77].

A Lagrangian submanifold, recall Definition II1.5, £ ¢ T*(Q has the property that
if . : £ < T*Q is the inclusion, then (*w = 0 and dim £ = n (i.e. isotropic and maximal
dimension). A broad class of these submanifolds have an elegant description based

on graphs of differential forms.

Proposition IT1.38 (5.3.15 in [1]). Let a € QY(Q) and I', c T*Q be its graph. Then

Iy is Lagrangian if and only if o is closed.

Proof. Recall that the standard symplectic form on T*@) is exact, w = —df), where 0

has the property a* = a. Then

do=ao*df = -a*w,

and « is closed if and only a*w =0, i.e. isotropic. The fact that dimI',, = n finishes

the proof. n

If a Lagrangian submanifold projects diffeomorphically to @ (as the zero-section),
we obtain a one-to-one correspondence between closed 1-forms and Lagrangian sub-

manifolds.

Definition IT1.39. Let £ c T*Q be a Lagrangian submanifold. £ is called closed if
£ =T, and exact if « is exact. Moreover, given that £ =1, on some neighborhood,
a can be integrated and the function S : () - R such that dS = « is called the

generating function for £.
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These generating functions have a close relationship with the Hamilton-Jacobi

partial differential equation which utilizes the following proposition.

Proposition I11.40 (5.3.32 in [1]). Let (M,w) be a symplectic manifold and £ c M
be a Lagrangian submanifold. Let H € C*(M) and ¢, be the flow of the Hamiltonian

vector-field Xp.
1. If H is constant on £, then £ is invariant under ;.

2. ¢i(L) remains a Lagrangian submanifold.

Suppose that £y has generating function Sy. Then (locally and for a short time),
the manifold £, = ¢;(£o) has a generating function S;. This results in the following

observation (which follows from (HJ.1) and (HJ.2)):
The function S(x,t) = Si(x) described above solves the Hamilton-Jacobi equation.

Therefore, solutions to the Hamilton-Jacobi equation (3.17) are characterized by the
orbits of Lagrangian submanifolds while stationary solutions correspond to invariant
Lagrangian submanifolds. This leads us into the final definition of this chapter:

completely integrable systems.

Definition I11.41. Let (M,w, H) be a Hamiltonian system and f; = H, fo,..., [,
be constants of motion. The constants are in involution if {f;, f;} = 0 for all ¢, ;.
The constants are independent if the set of critical points of F' = f; x ... x f,, has
measure zero in M. Finally, the system is completely integrable if there exists a set

of n constants both in involution and independent such that dim M = 2n.

In the language of Lagrangian submanifolds, a Hamiltonian system given by
(M,w, H) is completely integrable if there exists a Lagrangian foliation {£,} such

that each leaf has constant energy.
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Definition III.42. A foliation .# = {Z,} of dimension p on an m-dimensional
manifold M is a decomposition of M into disjoint connected subsets {.Z,} called the
leaves of the foliation such that each point of M has a neighborhood U and a system
of coordinates (z,y) : U - RP x R™=P such that for each leaf %, the components of

U n %, are described by

y1 = constant, ..., y,,_, = constant.

Recall that finding a Lagrangian submanifold with constant energy provides a
stationary solution to the Hamilton-Jacobi equation. As we will see in Chapter VIII,
it will be natural to define hybrid systems as being completely integrable in terms of

a Lagrangian foliation.



CHAPTER IV

Stability and Asymptotic Behavior of Hybrid Systems

This chapter begins the second part and deals with some basics structure of so-
lutions to HDSs. First, the notion of a hybrid w-limit set is introduced and is shown
to “usually” be invariant under the flow. Next, stability theory for hybrid systems
is developed and investigated via a Poincaré map and Floquet theory. Finally, a
version of the Poincaré-Bendixson theorem is proved for a general class of planar
hybrid systems.

Throughout this chapter, the following notation will be used: # = (X, S5, f,A)
is a smooth hybrid dynamical system (recall Definition I1.17) with hybrid flow ¢ :
R* x X - X (or ¢l : X - X to emphasize the dependence on initial conditions).
Additionally, ¢ : R* x X - X is the flow for just the continuous dynamics, & = f(x).

As this chapter deals mostly with periodic orbits, fixed points will generally be
ignored. For a vector field f : X - TX, fix(f) will be the fixed points of the

continuous dynamics & = f(z), that is

fix(f)={zxeX: f(x)=0}.

4.1 Limit Sets

For a HDS, the w-limit set is defined in an analogous fashion to the continuous

case.

41
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Definition IV.1 (Continuous w-limit set). The (forward) orbit and the w-limit set

for the (complete) flow ¢, (x) are given by

o (x) = {pe(x) : te R},
w(z) = {y eX:3t, > o0 st lim ¢ (2)= y}.
Definition IV.2 (Hybrid w-limit set). The (forward) orbit and the w-limit set for

the (complete and non-Zeno) hybrid flow ¢} (z) are given by

of(x) = {oft(a) 1 e R}

wy(z) = {y € X :3t, > ocost. lim ot () = y}.
Throughout this text, their continuous counterparts will be denoted by o} and w..
Remark IV.3. Dropping the condition (H.4) on the HDS (which says that A: S - X

is smooth) can result in systems where wy (x) is not invariant under the flow. That

is, if p € wy (x), then o3, (p) ¢ wy(x). The following example shows this situation.

Example IV.4. Consider the following HDS: X = [0, 1] xR c R? and the continuous
flow is determined by & = 1 and y = —y2. Let the impact surface be S = {(1,y) : y e R}

and the impact map be given by

(0,9), y>0
A(ly) =

(O’ Y- 1)7 y< 0.
The wy-limit set of the initial condition (0,1) is the interval [0,1] x {0} which is
clearly not invariant under the flow of the system because the impact moves the flow

away from wy (0,1).

Two properties of the wy-limit set are shown: sufficient conditions for wy(z) to

be nonempty and compact, and that wy(z) is “usually” invariant under the flow.
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Proposition IV.5 ([29]). The wy-limit set of a trajectory o} () is a closed set.
Additionally, if R is a compact and forward invariant set, then wy(x) is nonempty

and compact for x € R.

Proof. The proof follows the same arguments as for the continuous case (cf. [92]
pp. 193). First, let us prove that wy(x) is closed. Let {p,}.en be a sequence in
wy (), such that p, - p when n - co. We want to show that p € wy(x). Since
Pn € wy(x), there exists a sequence of times, {t,&n)}, such that @an)(x) — p, when
£ :

— o0o. Without loss of generality, consider t,(cml) > t,g"). Then, for all n > 2 there

exists K,, > K,,_; such that for all k£ > K,

1
< —.
n

k

Choose a sequence of times t,, = t&?g Then, by the triangle inequality, as t,, > o we

obtain that ¢} (x) converges to p, that is,
N N 1
o1 () = p| < |l () = pal + Ipn =Pl < — + |pn = pl > 0 When n — oo.

For the second part, we have that wy(z) c R, so it is compact since it is a closed
subset of a compact set. To show that it is nonempty, we point out that the sequence
{pH () }nen is in a compact set so by the Bolzano-Weierstrass Theorem, there exists

a convergent subsequence. O

Remark IV.6. Note that wy(x) is closed while o}, (x) is not.

Before we prove that wy () is an invariant set, we first define two objects.

Definition IV.7. Let H = (X, S, f,A) be a hybrid system and let d be a distance

on X. The hybrid distance, dy is defined as the pseudometric on the quotient space
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with equivalence classes
{z}, r ¢ SUA(S)
[] = V1A (), x € A(S)

A-1(A(z)), zeS.

That is,
d'}{(ﬂf,y) = inf Z d(ziawi)>
i=1

where [z] = [p1], [y] = [¢n], and [¢;] = [pi+1]. Additionally, for aset Y c X, let O, (Y)

be the partial orbit:
OY) = {p¥(z):7€[0,t],zeY}.

Remark IV.8. The hybrid distance will satisfy the identity of indiscernibles away

from S, i.e. if z,y ¢ S then dy(x,y) =0 implies = = y.

Under fairly weak conditions we can show invariance of the limit set, similar
results are in [29, 56].
Proposition IV.9 (*). If there exists an open set U c S such that

1. wy(zx)nScU, and

2. f is transverse to U,
then wy(x) is invariant under the flow, i.e. if x € X, for all y € wy(x), 03, (y) c
wy ().

Proof. Let y € wy(x) and {t,,}°°, be a sequence of times such that

lim goz'fl(a:) = .

n—o00

*We thank Dr. Matthew Kvalheim for insightful conversations with this proposition and proof.
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Suppose that y ¢ S. Then for all € > 0, and ¢ > 0 (small enough that the trajecto-
ries remain within U on impacts) there exists ¢ > 0 such that if dy(y,z) < 0 then
dy (0} (y), It (2)) < e. This is true because we can choose § small enough that
Bs(y) n'S = @ and Oy(Bs(y)) n.S ¢ U. Then continuity follows from the implicit

function theorem, cf. Theorem I1.16. We have

() = o (lim ol () = lim Gl (2) e w(z).

To finish the proof, we need to show that this works for not only small times and for
y € S. Arbitrary times follows from repeating the above argument. If y € S, choose

7 =p_-(y) and choose t > ¢. u
Corollary IV.10. The wy-limit set is invariant for smooth hybrid systems.

Remark TV.11. Strange things can happen when the flow is no longer transverse
to the impact surface. However for every case considered here, the flow will be

transverse.

Example IV.12 (A non-invariant wy-limit set). Consider the hybrid system where
X =R? S={xy=1}, A(x1,22) = (x1,22 — 3) and the continuous dynamics (in polar
form)

0=1, 7=1-r

Then wy(0.5,0) = {(x1,22) : 22 + 23 = 1}. However, this is not invariant under the
flow as it ignores the impact. The point of contention is (0, 1) which is precisely

where the vector field fails to be transverse to S.

4.2 Hybrid Poincaré Map and Floquet Theory

The bulk of the literature on stability for hybrid systems revolves around con-

structing and studying hybrid Lyapunov functions, e.g. [20, 24, 39, 48, 52, 57, 58,
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62, 56, 105] to name a few. Rather than studying stability through this avenue, we
will instead focus our attention on the stability of periodic orbits via Floquet theory
[46]. By linearizing about the periodic orbit, we obtain a linear system with perio-
dic coefficients whose stability guarantees stability for the original system. We will
first discuss the Poincaré map (or first-return map) for a hybrid system and then
show how Floquet theory makes it possible to numerically approximate the stability
of this map. This theory is then applied to an example of a simple robotic walker
experiencing foot-slip.

4.2.1 The Hybrid Poincaré Map

Given a periodic orbit for a HDS, we would like to determine its stability. We will
study this by examining its Poincaré map [18, 26, 53, 82, 100].

Let v:[0,7] - X be a periodic orbit for a HDS which (for simplicity) crosses S
once per period and without loss of generality assume that v(7") € S (and therefore
v(0) = A(y(T))). To construct a Poincaré map, we need to take a section that
is transverse to the flow so it seems natural to take S as the section [82]. The
problem is that for a given x € S, it is not immediate that this map should be
differentiable. However, so long as the flow intersects S transversely, it will be
differentiable by Theorem II.16. Recall that 7: B,, - R is the time required to reach
S, ie. ory(y) € S. Throughout, we will be dealing with a single impact surface;
for the case where the flow can intersect multiple impact surfaces simultaneously, see

19].

Definition IV.13. The map P: B.(x9) nS — S given by y = ¢-(ay)) (A(y)) is the

Poincaré map or the first-return map.

The point xq lies on a periodic trajectory if and only if P(xq) = xy. This offers
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a way to translate the hybrid problem to a discrete one; ~y is stable under ¢ only
if 2o is stable under P (Theorem 13.1 [56]). It is therefore desirable to be able to
differentiate P. We will proceed informally for intuitive purposes.

Let & be a (small) perturbation of v by z,. Then, we will use the following

approximations to study the dynamics of x,,.

z=f(y(t) +2,(1))

SO L@

x="y(t)

= (v(@) + A(t)zy,

A(#0) = Alzo +2,) » Alwo) + Au(2) -,

where A, (29) : TS = Tauy)A(S) is its differential. The linearization of the impact
requires that z, € T,,,S. To adjust for z, € T, X, we augment A, by including the

map f(z¢) ~ f(A(z0)). Call this augmented linear map AZ.

Definition IV.14. Let H = (X, S, f,A) be a hybrid system and = € S. Then the

map Aﬁf 1 To X — Ta()X is called the augmented differential where
Al cu=A,u, uweT,ScT,X,
Al f(x) = f(A(x)).

The linear map A is well-defined as long as f intersects S transversely. Equiva-

lently suppose S = h=1(0), then A/ is well-defined as long as £;h = dh(f) # 0.

4.2.2 Floquet Theory

Consider that we have the following linear HDS:

t=A(t)-xz, t modT+0
(4.1)

z*=Al 2=, t modT=0.
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What can we say about the stability of the origin in terms of the matrices A(t) and
AL? For if the origin of this system is stable, then the periodic orbit of the original
hybrid system will also be stable. The following theorem shows that the derivative

of the Poincaré map is, indeed, given by the data in (4.1).

Remark TV.15. As is the case in both continuous and discrete dynamics, in order for
eigenvalue analysis of the derivative of the Poincaré map to be helpful, it must be

hyperbolic (no eigenvalues on the unit circle).

Theorem IV.16 ([26]). Let X c R" and v :[0,T] - X be a periodic solution that
impacts S exactly once. That is, v(T) € S and v(0) = A(y(T)). Call zo =~(0) and
xzy=~(T). Assume, further, that the orbit is transverse to both S and A(S). Define

the (nonorthogonal) projections
T T, X =T, 5@ f(x;)R~T,,S

T X =T A(S) @ f(20)R - T, , A(S),

where & s the direct sum. Then, the derivative of the Poincaré map is given by
(4.2) P'(xf) = A (zp)-7-O(T)|  =n-Al-o(T)|

TyoS TuoS
where ®(t) is the principal fundamental matriz solution (see Chapter 6 of [31]) to

D= A(t)®.

Remark 1V.17. Notice that perturbations in the flow direction result in an eigenvalue
of 1 for the stroboscopic map of equation (4.1), AL ®(T) (a stroboscopic map is
a special case of the Poincaré map in which the return times are constant, cf., e.g.
§13.3 of [65]). As a result, when calculating the (derivative of the) Poincaré map,
it is normal to disregard the flow direction. That is the purpose of 7, or m, in

equation (4.2). Also, note that the requirement for the flow to intersect S and A(S)
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transversely is a requirement for 7 and 7 to be defined. Therefore, H being smooth

is required to differentiate the Poincaré map.

Remark IV.18. The two right-sides of (4.1) are equivalent because the diagram below

commutes.

f
T, M —=— T, M
1,5 —— T,,S

We now proceed with the proof for Theorem IV.16.

Proof. Let ¢;(xo) be the (continuous) flow. This means that

d

Su(ao) = £ (@1(a0)).

Due to everything being smooth, we can use the Leibniz integration rule. Let B,, be

an open neighborhood of zy and 7 : B,, = S the the time required to get to S. By

Theorem I1.16, 7 is smooth. We have that 7(z) = T and recall that ¢;(z¢) = ().
0

a%(as)(flf) B
(4.3) 0

) foT a%f(sot(xo)) dt + f(ws)-7'(x0)

_[rof 9 e
JA 10

dt+ f(xg)-7'(x0)

T=x0

Looking at the first part, we see that

- [M A L)
./0 ox

Tr=T0

0
%%(37)

Therefore,

o) = 0(r), b= AM)D, B(0) =1

So, equation (4.3) becomes

e (1) = (T) 4 f () 7 (o).
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Let v € T, A(S). If (®(T) + f(xy) - 7'(20)) v € Tp;; S, we are done. Call 7/(xo)v = «,
then

((T) + f(zg) - 7'(w0)) v = ®(T)v + ouf ().

Let h: X — R such that A71(0) = S (which is locally possible by (H.2)). Then, we

have that h(pr(z0)) = 0. Differentiating with the chain rule yields

Oh

%Z A(O(T) + f(zy) 7' (x0)) v =0.

:ggf

Which tells us that

oh

((ID(T)+f(xf).7—/(x0))veker(% ):Tl,fS.

O

In order to understand the stability of a hybrid system, Af is the correct object
to study rather than A,. This appears again in Chapter VII where hybrid-invariant
differential forms are studied.

Generally the Poincaré map cannot be solved analytically and must be numerically
calculated. However, in the special case where X = R?, the function P’ can be solved
analytically. We first recall a helpful result about continuous flows. For what follows,

X cR™ and V- f is the usual divergence.

Lemma IV.19 ([92], p. 86). Let vi(xq) be the flow of & = f(x) with initial condition

xo. Then,

det [%mx) ] ~esp( [ 7 St ds).

To understand the stability of our orbit, we want to look at the hybrid Poincaré
return map, P : B.(z) NS - S. As in Theorem I1.16, let 7: A(B.(zo) nS) > R be

the time required to return to the impact surface. Then, if we denote y := A(z), we
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can write P as

P(z) = or(p(y) = fOT(y) fps(y)) ds.

Theorem IV.20 ([29]). Assume that X c R? and we have a hybrid periodic orbit
that intersects S once. Let x € S and y = A(x) be the points of intersection on the
orbit. Additionally, let 0 be the angle f(x) makes with the tangent of S at x and «
be the angle of f(y) with A(S). Assume that 6 and « are not integer multiples of
7. If we denote the continuous flow that connects y to x by v(t) and suppose that it

takes time T to complete the loop, the derivative of the Poincaré map is

(4.4) Pl(z) = A'(z) - W Wsina ([ VoI )

[ £ ()| sin®

A(S)

Figure 4.1: The orbit of the periodic orbit for the system given by Theorem IV.20.

Proof. To differentiate P, let us first look at the continuous part (that is, starting at
Yo = A(xzg)). Let n(y) be the unit normal vector to A(S) at y and let p be the unit

tangent vector. The assumption « # n -7 leads to (f(vo),n{yo)) # 0

0 ™) 0 dy 0 ot
a—psOT(y)(y) y:yo_[o a—yf(sos(y))y:y0 ds-a—p at(sOT(@,/o)(yo)) %

= F'(yo) -0y + G(yo) - 6t
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Now call the flow ¢;(y) =: y(t), the time T = 7(y), and recall that the final point is
-ty (y) = . Then, G(y) = f(x) and oy is the unit vector p rooted at y,. We need

to figure out what dt and F(y) are. By Lemma IV.19, we know the determinant of

F(y).
(4.5) det (F) = e [ v s )

To find F (in the direction of dy), we note that we know the derivative in the direction
of the flow: F(y)- f(y) = f(z). Knowing the determinant and this direction, we can
attempt to find F'(y) in the direction of dy. We first differentiate h along S, which
is zero because S is a level set of h.

0

0= S (ert (1) J

" O

h(z)| - (F(y)-oy+ f(z)-ot)

Z=%0 Y=Y0

Y=Yo

This tells us that F(y) -dy + f(x) - ot lies on the tangent to S at x. Let V(u,v) be

f(z)
TLO Sz

F(y)dy f(x)ot

Figure 4.2: The vector éx = F'(y)dy + f(x)dt, where the horizontal line is the tangent to S at the
point x.

the area of the parallelogram spanned by the two vectors u and v. Additionally, let

A =det(F(y)). Then, we have

V(f(y),0y) = £ ()] oy] sin e

V(F(y)- f(y), F(y)-oy) = Alf ()] - [6y] sin
~f(x)
=V (f(x),F(y)-oy+ f(x)-ot)

= £ ()] - o] sin .
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Collecting terms, we see that

loxl _ £ ()] siner |
loyl 1/ ()] sin®

Combining this with equation (4.5), we arrive at equation (4.4). O

Remark TV.21. If the impact surface, S, is a level-set of a function h: X - R (which

can always be done locally), then (4.4) can be written as

Pa) = &) 758 e ([ - f0t0) ).

Corollary IV.22 ([29]). Suppose now that we have a hybrid periodic orbit that

intersects S n times. Let x1,...,x, € S and y; = A(x;). Additionally, let ; be the
flow that connects y; to xiq, i.e. v(0) = y; and v(T;) = x41. Also, let a; be the
angle f(y;) makes with A(S) and 6; be the angle f(x;) makes with S. Then, the

derivative of the Poincaré map is given by

" () = - " ||f(yz)” Sinai ox T; . |
(P () = T A sy e o( [ v s ).

This gives a precise test for determining the stability of planar hybrid orbits. We

would like to extend this to higher dimensions, but we can only calculate det P’(xq)

and not its individual eigenvalues.

Theorem IV.23 ([29]). Assume that X =R"™ and that () is a periodic orbit inter-
secting S once with x € S and y = A(x) and period length T. Let o and 0 be described

as in Theorem IV.20. If v is stable, then

(4.6) det (A'(2)) ”jﬁg;” szl‘;‘ exp(/(;TV.f(y(t))dt) <1

Proof. Equation (4.6) is equal to det P’(z). Thus, if the determinant is greater than

1, it must have an eigenvalue greater than 1 and the system is unstable. O]

Corollary IV.24. If the expression in (4.6) has value less than 1 and the orbit,

v(t), is unstable, the point xq under P must be a saddle-type instability.
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4.2.3 Example: Walking with Foot-slip

We will demonstrate the above theory by examining a model of a simple passive

walker experiencing foot-slip [26]. In this model, the mass of the foot is denoted by

Figure 4.3: The dowel-pin represents the center of mass for the pendulum.

my and the hip by my,. The length is given by ¢. The angles of the leg are restricted
to 0 € [-d,0] (when 6 hits the boundary, —d, a new step is taken and @ is reset to ).
The (Cartesian) coordinates of the center of mass will be given by (x.,y.) and the
coordinates of the foot are (z,ys). Note that we impose the constraint yy = 0. We
will also assume that the frictional force exerted on the foot is proportional to its
velocity, that is, Fy = =bz ;. This is “viscous” friction rather than Coulomb friction.
Interestingly, there is some evidence that viscous friction may be more appropriate
for legged locomotion than previously thought [112].
We will now provide a few parameter relationships:

€2mfmh

m
m=mp+ My, 1= s ffZK—h,
m

m
Te=xp—Lfsing, y.=ys+Llycosl,

where [ is the moment of inertia about the center of mass and ¢; is the distance from

the foot to the center of mass. Notice that the constraint implies that y. = £; cos 6.

Due to the hybrid nature of this model, we will split the derivation of the equations

of motion into two parts: the continuous part and the discrete part.
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Remark 1V.25. The way we have set up our model,  is constrained to be in the
interval [—0,0]. If 6 crosses the negative boundary, we say a new step occurs and 6
is reset to d. If O crosses the positive boundary, specifically if § = 7/2, we say that
a crash has occurred. In this case, the model stops walking and we report a failure.
This also implies that falling forwards is not permitted; the only way to crash is by

falling backwards.

The Continuous Part

The Lagrangian for a (planar) rigid body is

1 ., 1
L= 167+ m (a7 +97) = V(0. v, ).

The potential energy depends on the elevation of the center of mass.
V =mg[l;cos(a—0) - (x.+{ssinf)sina].

This system is constrained by y. = £ycosf. The forces exerted from the friction on
the foot are given by

Fy, = ~biy = ~b(i. + 0 cos0)

F,. =0

Fy=-biy(l;cosf) =-bl;cosb (9’cc + @90086) :
Solving the (constrained) Euler-Lagrange equations yields the system of

mi.—mgsina = —b (x'c +€f9(2039)
my.—A=0
Ié—ffsine()wmgcosa) = —bﬁfcose(:tc+€f96089).

Using the constraint above, we get the value for the Lagrange multiplier.

A=-m (ffésinﬁ—éfQQCOSQ).
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The final, reduced, equations of motion are

mi.—mgsina =-b (:'BC + Efécosé’)
16 - mlssin 6 [gcosa - Kfésinﬁ + éféz COS@] =—blscost (x’c +€f90050) .
Rearranging so the accelerations are all on the left side yields

M, = mgsina—b($c+£f90089)
(I +ml; sin’ 9) 6= (ymsind [g cosa + £ ;6 0059]
—blycost (fc + @90080) .
This system has the regularity condition of m (] + mﬁfe sin? 9) # 0 which is always
satisfied. Since the equations of motion are invariant with respect to x., we will
not deal with tracking it. We will relabel (i.,6) = (v,w) to create three first-order
equations

0=w

Uy
g= ————————— in 6 2cos) -l 0 14 0
(4_7) w [+m€§Sin29[msm (gcosa+w coSs ) fCOS (v+ fw COS )]

: : 1
U=gsina——b(v+{lwcosh).
m
The Impact Part

Before we can derive an impact map, we first need to determine what S is. In this
example, we assume that the leg takes symmetric steps of angle 4, i.e. 6 € [0,-0].
When 6 = -4, the angle is reset to § (corresponding to a new step taking place and
the swing legs switching). Therefore, we will take the impact set, S, to be {0 = =d}.

To determine A, we will assume a rigid hip, i.e. the horizontal velocity of the foot

is continuous at impacts. i.e.,

(4.8) i} =i,
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To determine the reset map for 9, we use conservation of momentum about the foot

(see [100] for the case where there is no foot slip)

(4.9) 0% = cos(20)0".

The equation (4.9) is in terms of the coordinates used while equation (4.8), however,

is not. To get a relationship for @., we note that @y = &, + Efé cos .
T+ ffé_ cosO” =1l + £f9+ cos 0"
Rearranging this (and relabeling as in (4.7)) gives a final impact map of

(4.10) A(0,w,v) = (0 + 20, cos(20)w, v+ lfcosd [1 —cos(20)]w)

Nondimensionalization

We offer the following rescaling to nondimensionalize the system (4.7), (4.10):
woé(7) = w(t), von(7) = v(t), and to7 = t where

m mg myg
to=—, Vo=——, Wo =
!

b b

For the remainder of this example, f will correspond to differentiating against ¢ and

f" will mean differentiation against 7. The equations of motion become
0 =¢e&

(4.11) ¢=C [sin@(cosa +e&%cosf) - cosO(n + £ cos 0)]
n' =sina—-n-E&cosh

where

= K
1+ psin?6’

The parameters, (u,e), are given by

B mé? B my, B m2g

H= I mf’ g_bQKf'
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Making the appropriate changes to the impact map, we have

A(0,€,m) = (0 +20,cos(26)&,m + cosd [1 - cos(20)]€)

and the impact surface, S, is unchanged because we do not rescale . Our model for
foot slip now depends on 4 parameters: €, u, a, and §: € contains the information
relating gravity and frictional forces, u is the mass ratio, a is how steep the floor is,

and 0 is the width of each step.

Dynamics on the Poincaré Section

We present two numerical calculations: First, we calculate the region in parameter
space, (u,e,a,0), where a periodic orbit exists and we then calculate its largest
eigenvalue via Theorem IV.16. The second calculation involves determining which
wnitial conditions for fixed parameters result in a periodic orbit, i.e. the region of
attraction for a periodic orbit. For a discussion on the numerical methods used, see
Appendix A. The results for the eigenvalue calculations are shown in Figure 4.4 and
the stable initial conditions are shown in Figure 4.5.

Figure 4.4 contains two interesting features. The first is that larger steps (that is,
larger §) result in faster exponential stability of periodic orbits. The strange aspect
of this is the boundary of the stability region cannot be computed by calculating
when the modulus of the maximum eigenvalue crosses one. The second interesting
feature is that for small £ (that is, a large coefficient of friction, so a small amount
of slip), small steps result in crashes. It is an ongoing goal to understand why this
happens.

Figure 4.5 contains two interesting features as well. The first is the emergence
of tongues where the first tongue lies on the boundary between the blue and red

regions. The emergence of tongues on stability diagrams is a common occurrence in
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a=37/16, p =1 a=37/16, p =1

3/4 3/4

w 12 T

|Eigenvalue|
g
|Eigenvalue|

1/4 1/4

0 716 w8 37/16 4 0 716 w8 3n/16 w4

) 1)

Figure 4.4: The colored regions in the above figures show where a periodic orbit is found while the
white is where a crash occurs. The left image shows € small which is high friction while the right
has large ¢ which corresponds to low friction.

periodically forced systems, similar to [95]. The second is that it seems that the dy-
namics map tongues to tongues. This seems to imply that if we can (approximately)
calculate the boundary between the red and blue regions, we can (approximately)

determine the location of every tongue. The next section attempts this task.

Approximating the First Tongue

We would like to find the boundary of the red region in Figure 4.5. We will
approximate this in the following way. Let x* be the fixed point of (4.11) that

corresponds to the pendulum being vertical. That is,

7* =[a,0,sina]”.

Assuming that the stable manifold, W (z*), for this fixed point divides the state-
space such that on one side the pendulum crashes and the other corresponds to where

a step can be completed, calculating W*(z*)nA(S) would offer all we need to know.



60

'5()

Figure 4.5: The blue region corresponds to initial conditions that lie within the basin of attraction
for the periodic orbit. The red region contains initial conditions that lead to a crash. The black
asterisks indicate the forward orbit under the Poincaré map. The green line is a linear guess for
the boundary of the red region.

Using the notation & = f(z), we calculate J¢(z*), the Jacobian of the flow, to be

Ji(x*)=|C -a2C -aC|,

0 -a -1
:%, a = cos .
1+ psin®a

Its monic characteristic polynomial is
PN =X+ (a>C+1)N\>-CeA-Ce =0

This polynomial has three roots, A\; 2 3. Descartes’ rule of signs tell us that there can
be at most one root with positive real part. There is, in fact, always a positive real
root. This is because p(0) = =Ce < 0 and limy_ o p(A\) = +o0.

Let W#(x*) be the stable manifold for the fixed-point xz* and Wu(z*) be its

unstable manifold. By the previous discussion, dim(W#*(z*)) = 2 and dim(W*(x*)) =
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1. By the stable manifold theorem (§2.7 of [92]), W#(x*) » E® + x* where E* is the
stable subspace of J¢(x*).

We will assume that W (x*) is the plane spanned by the stable subspaces of
J¢(z*) (which we know is always 2-dimensional). The equation for £+ x* is (where

vy and vy are two independent stable eigenvectors)
(v xvg,x—2*) =0
Making this into (E*+ z*) n A(S) results in
(v1 x Vg, [0 — v, &, Mo —sina]T) = 0
Which can be rearranged to

& = @(sina—no) + ﬂ(04—6)
Mo N9

where n = v; x vy (and as long as ny # 0). This relationship gives the green line in

Figure 4.5.

4.3 A Poincaré-Bendixson Theorem

While the previous section dealt with the question of stability of periodic or-
bits, this section outlines sufficient conditions such that periodic motion is the only
asymptotic behavior. We accomplish this by proving a version of the famous Poi-
ncaré-Bendixson Theorem [10] for hybrid systems. The classic version of the Poin-
caré-Bendixson Theorem states that if a planar trajectory is bounded and its limit
set does not contain any fixed points, then the limit set is a periodic orbit (cf. §3.7
in [92]).

There have been attempts to prove an analogous version for hybrid systems, par-

ticularly [76, 102]. However, the results in [76] are restricted to the situation of
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constant vector fields while in [102], the authors consider a particular class of sys-
tems with very strict assumptions that are difficult to check.

In this section, we present a different version of a hybrid Poincaré-Bendixson
Theorem as developed in [28, 29]. The version proved in [29] is for (simple) hybrid
dynamical systems while [28] extends the result to general hybrid dynamical systems.
Because the simple version is a special case of the general case, we present only the

result from [28].

Theorem IV.26 ([28]). Let (A,8,X,S,A, f) be an essentially non-beating general
hybrid dynamical system. In addition, suppose the following:
(Q.1) For everyie A, n; =2, that is X; c R2.
(Q.2) Each map A, is injective.
(Q.3) There exists a compact, forward invariant set F'c X. That is, F' = u;F; where
F;, c X; and each F; is compact.

(Q.4) Let the outdegree of vertex n be od(n). Then, each F, can be written as a

disjoint union of od(n) many compact sets,

F.= || F-
ees
dom(e)=n

(Q.5) The set F¢n Sy is only nonempty if e = ¢’ and F¢n S, is diffeomorphic to an
interval.

(Q.6) The vector fields, f,, are transverse to F¢nS, and A (F¢'nS.) (when cod(e’) =

Assume F; and fix(f;) are disjoint for all i € A". Then wy(x) is (the closure of) a

periodic orbit, for all v € F.
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Remark TV.27. The images of the impact surfaces, A, (F¢n S, ), are not guaranteed
to be smooth manifolds (cusps can appear). In this case, transversality does not

make sense and the condition (Q.6) automatically fails.
Before we prove this theorem, we first show how conditions (Q.4) and (Q.5) are

required to combat the added complexity of GHDSs over HDSs.

Example IV.28. Consider the directed graph with three nodes as illustrated in

Figure 4.6. We choose all three state-spaces to be identical, X; = [0,1]? and we

Figure 4.6: The graph of a HDS where chaos can still occur.

define the impact surfaces as follows:

Sa3) = {(L,y) :y e (1/2,1]},
Sy ={(1,y):ye[0,1/2]},
5(3,1) ={(1,y) :y€[0,1]},
Sen = {(Ly):ye[0,1]}.
Their corresponding impact maps are:

Aas(ly) =(0,2(1-y)),

Az (1,y) =(0,2y),

Ay (l,y) =(0,y),

A(Q,l)(la y) = (Oa y)
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Finally, we define the three vector fields to simply be uniform motion to the right,

i.e. for all three state-spaces, we let
t=1, y=0.

Notice that if we denote the first return map of (0,y) € X; by P, then P(0,y) =
(0,7(y)) where T'(y) is the tent map and is chaotic [32]. Chaos occurs here precisely
because there is mixing between the nodes.
Notice that this example violates (Q.4) and (Q.5) for the following reason: Take

F; = &; and by (Q.4) we must decompose F} = F1(1’2) U F1(1,3) such that each F1(1’2)
and F! 1(1’3) are compact. This requires the decomposition to be

FU 210,11 % [0,1/2 + ],

F{M =10,1] x [1/2- 8,11,

for some positive numbers «, 5. However, this violates (Q.5) because
F8 A Sag = {1y x[1/2-5,1/2+a]  @.

We can now proceed to the proof of Theorem IV.26, see Appendix B for some

technical lemmas.

Proof of Theorem IV.26. The proof will proceed in three steps.

Step 1: Suppose (A,&) is a cycle. Then, the flow of our GHDS will look like the

following;:
1 A n
F AN S(1,2) —a2, Fs...F, AN Sn,1)
A1)

This allows us to collapse the dynamics to a first-return map P : U — S(; oy for

some open set U c S(;2y. Then, define the set

S(oiz) = {I’ € 5(172) 1Vt >0, AT >t s.t. @#(JZ) € 8(172)}.



Step 2:

Step 3:
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This allows us to iterate the map P. So we have a discrete dynamical system

P59y = S

This leads to two possibilities for x € S 9): either z ¢ 5’2’12) or r € 53,2)'

If = ¢ 5'8’2), then there exists a time, t*, large enough, that for all ¢ > t*,

ol

() =k . oM (z) for some k and thus, wy(z) = w.(¢(x)). This set being
a periodic orbit follows from the classical version of the Poincaré-Bendixson

Theorem (see Theorem 1 in Chapter 3.7 of [92]). Now, assume that z € 5% ,) # @.

The set S

(Tg) = [a,b] by Lemma B.3 from the appendix and the map, P, is C*

by Lemma B.4. Using Lemma B.1, this shows that wy () is a periodic orbit.

Suppose all vertices have outdegree less than or equal to 1. This allows us to
define dynamics on our vertices. Let ¢ € A4". Define n: A4 — A4 as
i, if od(i) =0
n(i) =
g, i (i,5) €&
Then this collapses to Step 1 because finite dynamics always leads to a periodic

orbit, see Lemma B.2.

The general case. This allows us to split up the vertices with outdegree greater
than one to multiple vertices with outdegree all being one. For an example of

splitting up a vertex with outdegree 2, see Figure 4.7.

]

We end this section with a brief discussion on how to check the conditions for

Theorem IV.26 in practice. The conditions (Q.1), (Q.2) and (Q.6) are straight-

forward to verify. The difficult part is finding a compact, forward invariant set that

also satisfies (Q.4) and (Q.5). The purpose for the second half of (Q.5) is just to
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Figure 4.7: An example of a node with outdegree 2. The set X; gets partitioned into two sets via
the dashed line. Each of these now has outdegree 1.

disqualify Kronecker flows whereas (Q.4) with the first half of (Q.5) is necessary to
extract out an invariant cycle. This is generally quite difficult, but the example in

§4.3.1 provides a case where this is possible.

4.3.1 Example: The rimless wheel

The (uniform) rimless wheel is a commonly studied object in hybrid systems, [100].
We next present a variation of this, the case of the nonuniform rimless wheel, as a
demonstration of Theorem IV.26. We derive a cascade of inequalities that guarantee
the existence of a periodic orbit. Later we demonstrate two numerical examples of

randomized wheels that satisfy these inequalities.

Model setup

Here, we explicitly state what (A4",&, X, S, A, f) is for the nonuniform rimless
wheel. The application of Theorem IV.26 is demonstrated in the next subsection.
The underlying directed graph, (A4, &), is simply a cycle with length equal to the
number of spokes of the wheel. That is, 4" = {1,...,n} and & = {(i,i+1) : ¢ =
1,...,n} where n is the number of spokes and it is understood that all indices are
taken modulo n. The remaining data, (X, S, A, f), depends on the geometry of the

wheel.
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Consider the rimless wheel with different spoke lengths and different inter-spoke
angles. For ¢ = 1,...,n, let §; and ¢; be half the angle between spokes 7 and i + 1
and the spoke length of spoke ¢ respectively. We will assume that the grade of the
slope being walked down has a constant angle of o, see Figure 4.8. In what follows,
x1 will be the angle of the wheel from vertical (with respect to the spoke in contact
with the ground) and x5 = 47 is the angular velocity. Each vector field, f;, is that of

an inverted pendulum of length ¢;,

. xz
T = fz(x) = )
¢ sin(xq)
where (; = g/{; and g is the acceleration due to gravity. The impact surface, S(; ;+1),

is given by configurations where both legs ¢« and ¢+ 1 are in contact with the ground.
That is,

Sty = {(x1,22) r 2 =7[2 =& =20, — ).
Their corresponding impact maps, A ;1) : S(ii+1) = Xis1, are given by resetting the
angle and projecting the angular velocity (see [100] for a discussion for the uniform

rimless wheel case).

T)2-&—a
A(i,z‘+1)(9€) = )
Ti,i+1 COS (251) To

where 741, &, and s; are defined as (recall that all indices are taken modulo n)

Tii+1 = fi/&ﬂ,

Si = \/€z2 + €22+1 - 2€i€i+1 COS(251'),

& =sin™! (Sin(25i) (é)) .

)

The final pieces of information needed are the state-spaces, X;. These sets consist of

angles where spoke 7 is the only spoke making contact with the ground,

(412) Xz = {(fL‘l,ZEQ) 37T/2—€i_1 —a<r < 7T/2_§i —251' —OZ}.
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Formally, we need each &; to be open so we only need &; to contain each closed set
specified in (4.12).
Remark TV.29. Even though the wheel continues to rotate as it descends the ramp,

the angle z; will never go beyond +m. This is because each impact resets the angle

to measure the current spoke.

Figure 4.8: Drawing of when both legs ¢; and ¢;,1 are on the ground.

Existence of a periodic limit cycle

With the data, (A, &, X, S, A, f), specified, we now examine the existence of pe-
riodic orbits. To use Theorem IV.26, we need to make sure (Q.1)-(Q.6) are satisfied.
Conditions (Q.1) and (Q.2) are clearly met. For the meantime, let us assume that
(Q.3) holds and that each F; does not contain the origin. In fact, as we will show
later, each F; will be a rectangle which guarantees (Q.5) since each S(i,i+1) 18 a line.
(Q.4) holds because the outdegrees of all the nodes are 1 (the directed graph for this
system is a cycle). Finally, (Q,6) holds because the only place where transversality
fails is at the origin - i.e. no motion is occurring. The only condition that needs
to be checked is (Q.3): we need a compact, forward invariant set such that each

component is rectangular and does not contain the identity. This will be done in the
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same fashion as for the simple case, [29]. We will look at the potential energy gained
over a cycle and compare it to the kinetic lost at all the impacts. For consistency,
we will compare all energies at the beginning of a step, that is right after impacts
occur. We will also set the reference point for the gravitational potential energy to
be zero at the moment before impact occurs.

In order to show the existence of F', we will show that the energy of the system is
bounded from above and below (when a system of inequalities are satisfied). First of
all, the energy of the system is bounded from above because the amount of energy
gained over each step is constant while the energy lost is linear, see equations (4.14)
and (4.15). To obtain a lower bound, we do the following: Let K; measure the
kinetic energy lost between impacts. That is, let £~ be the energy in the system
before impacting leg i+1. Then, K;(E~) = E* is the energy of the system immediately
after impact occurs. Let us define two more quantities, P; and R;. P; is the (constant)
amount of potential energy accrued over the step between legs ¢ and 7+ 1. R; is the
minimum required energy at the beginning of a step to successfully make it to the
next step. The requirement for a periodic orbit to exist is the satisfaction of the
cascade of inequalities (4.13) (first, relabel so R; is the largest of all of the R;’s).

Define n;(E) := K;(FE + P;).
m (k) > R,

M2 0 771(R1) > R,
(4.13)

Mo... 0771(R1) > Ry = Ry

For explicit formulas to compute 7;, we have the following:

R; = mg/; (1 —cos(g —a—fi_l)),
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(4.14) P, =mgl; (cos(g —a—fi_l) —COS(g - & —26; - oz)) ,

(4.15) Ki(FE) = cos®(25;) - E.
Numerical results

For the remainder, we will take m = g = 1. Additionally, because we are modeling

a wheel, we will add two more assumptions to the parameters. The first is

(4.16) i 5 =,

so the spokes line up to make a whole wheel. We also add the following spoke length
requirements to ensure that no spokes are skipped while the wheel is rolling.

gi_]_glq_l sin(25i_1 + 251)
Ei—l SiH(Q(SZ‘_l) + £i+1 sm(25z) ’

(4.17) ;>

Below we present two examples, one with 5 spokes and the other with 10. All
parameters were randomly chosen, but do satisfy the inequalities (4.13) and the
additional constraints: (4.16) and (4.17). Additionally, for the plots, Figures 4.9 and

4.10, instead of resetting @ after each impact, we track it around the whole cycle.

Example IV.30. Let n =5. A set of admissible parameters are shown in Table 4.1.

The steady-state trajectory (over two revolutions) is given in Figure 4.9.

0 4 si &i
0.6516 1.7184 2.1981 0.8540
0.7124 1.8985 2.3220 0.9423
0.6410 1.6416 1.9313 0.9524
0.5639 1.5872 1.7153 0.9899
0.5728 1.6217 1.8121 0.9531

QU W N .

Table 4.1: A random set of admissible parameters for the 5-spoked nonuniform rimless wheel with
a = 0.5062.

Example IV.31. Let n = 10. A set of admissible parameters are shown in Table

4.2. The steady-state trajectory (over one revolution) is given in Figure 4.10.
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0 4 S &i
0.3204 1.7662 1.0572 1.5234
0.2411 1.4658 0.7531 1.1261
0.1766 1.6226 0.5617 1.5354
0.3762 1.5025 1.1505 1.1029
0.3389 1.6158 1.1810 1.0311
0.3622 1.8655 1.2563 1.3920
0.2944 1.6204 1.0635 1.0088
0.3648 1.9142 1.2942 1.4033
0.3352 1.6427 1.1785 1.0472
0.3316 1.8764 1.1906 1.3268

O © 0O U= W e,

—

Table 4.2: A random set of admissible parameters for the 10-spoked nonuniform rimless wheel with
a=0.1752.

-0.8

Figure 4.9: Both figures are for a 5 spoke wheel. Left: The plot of 6 against time. Right: The plot
of # against time.

7 L L L L ) 08

Figure 4.10: Both figures are for a 10 spoke wheel. Left: The plot of 6 against time. Right: The
plot of 8 against time.



CHAPTER V

Invariant Measures in Nonholonomic Systems

An invariant measure is a powerful tool to understand the asymptotic nature of a
dynamical system. In the case of nonholonomic systems, a smooth invariant measure
offers two key insights. The first is the usual case in dynamical systems where an
invariant measure allows for the use of the Birkhoff Ergodic Theorem (cf. e.g. 4.1.2
in [70]) as well as for recurrence. The other is unique to nonholonomic systems;
even though nonholonomic systems are not Hamiltonian, “nonholonomic systems
which do preserve volume are in a quantifiable sense closer to Hamiltonian systems
than their volume changing counterparts,” [45]. Therefore, being able to find an
invariant measure for a nonholonomic system allows for ergodic-like understanding
of its asymptotic behavior as well as provide a way to “Hamiltonize” a nonholonomic
system.

There has already been work done in finding invariant measures in systems where
symmetries are present: Chaplygin systems are studied in, e.g. [64, 72, 80, 83,
Euler-Poincaré-Suslov systems are studied in, e.g. [16, 66], and systems with internal
degrees of freedom are studied in, e.g. [15, 16, 113]. This chapter, rather, uses an all-
together different approach where no symmetries will be used. Additionally, in §5.7,

we provide necessary and sufficient conditions for when an invariant measure exists

72
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whose density depends only on the base variables, i.e. f=mpg for some ge C=(Q).

5.1 Global Nonholonomic Vector Fields

Given a constraint distribution, D* c T*(), we can determine the nonholonomic
vector field X e X(D*). Commonly local, noncanonical, coordinates are chosen for
D~, §5.8 in [16] and [101]. However, we will instead work with the entire manifold

T*Q and define a global vector field X%** € X(T*Q) such that X"

D+ = XIPI. ThiS

section outlines an intrinsic way to determine such a vector field.

Definition V.1. For a given constraint submanifold D* ¢ T*Q (D* need not be
a distribution), a realization of D* is an ordered collection of functions € := {g; :

T*@Q — R} such that zero is a regular value of G = ¢g; x ... x g,, and

D* ={)g;'(0).

If the functions g; are given by momenta, i.e. g; = P(X?) (cf. Corollary II1.21), then

the realization is called natural.

Remark V.2. Under the case where the Lagrangian is natural (which provides a
Riemannian metric on @) and the constraint submanifold is a distribution, we can

choose the realization to be natural:
€ = {P(Wl), o, P(W™)

where Wi =FL1ni = (ni)h.
By replacing D* with a realization %, we can extend the nonholonomic vector
field to a vector field on T*(Q) that preserves the constraining functions g;. Recall

that the form of the nonholonomic vector field is ¢ XpW = dH +Aamn®. We construct

the global nonholonomic vector field, Z%, by requiring that:
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(NH.1) izew = dH + Aamgyn™ for smooth functions A, : T*Q — R, and
(NH.2) Lz¢g; =0 for all g; € €.

Under reasonable compatibility assumptions on & (cf. §3.4.1 in [80]), such a vector

field exists and is unique. However, given two different realizations, ¥ and %, of the

. . . ,:\(( _ ':‘(ﬁ’ ':‘(ﬁ _ ,:,(’ 4
same constraints D*, it is not generally true that =%, = =27, , however =% |p+ = 27, |p-.

When both the Hamiltonian and realization are natural, the global field can be

explicitly computed via the constraint mass matrix.

Remark V.3. The constraint manifold is given by the joint zero level-sets of the g;
while the realization provides additional irrelevant information off of the constraint

manifold. This is why =% # =% but they agree once restricted.

Definition V.4. For a natural realization ¢ = {P(W1),..., P(W™)} and natural
Hamiltonian (so (@, g) is Riemannian), the constraint mass matriz, (me?), is given

by orthogonally pairing the constraints, i.e.

me? = g (W, W) = (7).

Additionally, its inverse will be denoted by (mas) = (me8)~".

Lemma V.5. The constraint mass matriz is symmetric and positive-definite so long

as all the constraints are linearly independent.

Proof. This follows from the fact that (m®?) is a Gram matrix for a nondegenerate

inner product. O
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We can now write down a formula for Z%. Using (NH.1) and (NH.2), we get that
Loe POWP) =i, (Z5)
= _iEEw(XP(Wﬁ))
= _dH(XP(Wﬁ)) - )\aﬂéna(XP(Wﬁ))
={P(W?),H} = Aan*(W") =0
— {P(WF),H} =m*\,.
Due to the constraint mass matrix being nondegenerate, the multipliers have a unique

solution and the global nonholonomic vector field is given by

(5.1) izgw = dH —mag {H, P(W*)} 15n°

Remark V.6. The global nonholonomic vector field given by (5.1) can be extended
to the case of nonlinear constraints via Chetaev’s rule, which will give equivalent
results to those in [37] where the “almost-tangent” structure of the tangent bundle
is utilized. For Lagrangian systems, Chetaev’s rule states that if we have a nonlinear

constraint f(q,q) =0, then the constraint force takes the following form:

= e e A W L
dt \ 0q 54,

d (E)L) oL of
dq 4
and §: T(TQ) - T(TQ) is its almost-tangent structure. However as we are instead

on the cotangent bundle, the object we will use will be the related to the almost-

tangent structure through the fiber derivative,
C:T(T*Q) > T(T*Q)
o (aidxi + @jdpj) = g;; 3 da’.
For a constraint realization € = {g',...,¢™}, the nonholonomic vector field is given
by

iz¢w = dH —mag {H, g} C*dg’,
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where the multipliers are given by m*? = C*dg? (X« ).
Definition V.7. The 1-form given by
vip = dH —mag {H, P(W®) } n5yn”,
is called the nonholonomic 1-form with respect to the realization % .

Proposition V.8. Given two different natural realizations, € and €', the global

nonholonomic vector fields given by (5.1) agree on D*.

Proof. Suppose that there is only a single constraint and ¢ = {P(W)} and ¢’ =

{fP(W)} for some smooth f. By Leibniz’s rule,

1

W{fP(W),H}fﬂan

i;cg'w =dH +
=H

1 *
:dH+W[f{P(W),H}+P(W){f,H}]f7rQn

_ 1 A P(W) \
=+ (P(W), H} myn + T {f, H}mn.

Therefore, we have

: : PW)
W — = —— L L Y
Z:E W 2_5w fg(”r’”r) {f7 }ﬂ-Q’rlu

which vanishes on D*. A similar argument works for multiple constraints. O

Throughout the rest of this chapter, we will assume that € is a natural realization.

This, in turn, requires that the constraints are linear in the velocities / momenta.

5.2 Symmetries in Nonholonomic Systems

Before we introduce the nonholonomic volume form to check for measure preser-
vation, we take an aside to demonstrate how the global form (5.1) provides a clean
proof of the momentum equation, Theorem I11.34. We first show a version of the
momentum equation where the Lie algebra element is constant and not assumed to

be in gP.
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Proposition V.9. Let G act on Q by diffeomorphisms and lift its action to a sym-
plectic action on M =T*Q). Then, if H:T*Q — R is a Hamiltonian invariant under

the G-action, for all & € g we have

Because the Hamiltonian is G-invariant, infinitesimally this states that dH (&) =0

and therefore the above simplifies to

(&) =mag {H, P(W?)} (myn*) (1)
To finish the proof, we see that 7550 (§ar) = n* (§g)- The result follows from applying
equation (3.9) or (3.14). O
We can now proceed with the proof of Theorem II1.34.

Proof of Theorem II1.34. The product rule gives us

d

SJEND) = {H, POWA) I (r%),€70) + P ([%sq“)]Q) .

In order to prove the theorem, we will show that {.J(n®),£®) vanishes. This follows

directly from the following calculation:

mon® (€ur) = 1% (&) = (W, &o).

Now, g(W“(q(t)),fgg(t)) =0 by definition of gP. O
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5.3 Nonholonomic Volume Form

The symplectic manifold 7*() has a canonical volume form w”. However, the non-
holonomic flow takes place on a submanifold D* ¢ T*() which is 2n —m dimensional.
Therefore, w™ is not a volume form on D*. Here, we construct a volume form on D*
which is unique up to the choice of realization. The derivation of this will be similar
to the construction of the volume form on an energy surface in §3.4 of [1]. For the

realization € = {P(W1),..., P(Wm™)}, define the m-form
og =dP(W') A...AdP(W™).

Definition V.10. If we denote the inclusion map by ¢ : D* - T*(), then a nonholo-

nomic volume, g, is given by
g =17, Opne=w".

Proposition V.11. Given an ordered collection of constraints, €, the induced vo-

lume form py is unique.

Proof. Suppose that ¢ and ¢’ are two forms satisfying oy A e =w™. Then

e-¢'=a, ogna=0.
Now let ¢ : D* < T™*(@) be the inclusion. Then from the above, we see that

Un=0n"+ .

The result will follow so long as t*a = 0. Suppose that t*a # 0 and choose vec-
tors v, ... 02" e T,D* c T,7*Q such that a(v?,...,v?"™) % 0. Complete this
collection of vectors to a basis of T,7%Q: vl,... v¥m p2n-m+l . p2% guch that

og(v¥n-m+l o ?n) £ 0. Then we have

og A (vl, . ,112”) = (-1)Cr=mIma(pl, 0P o (0P 0P) 20,
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which is a contradiction. O

Remark V.12. Notice that for an ordered collection of constraints the volume form
is unique. However, changing the order of the constraints changes the sign of the
induced volume form and rescaling constraints rescales the volume form. In this

sense, ¢ uniquely determines ug, but D* only determines py up to a multiple.

While examining the failure of Liouville’s theorem (Proposition I11.14) for non-
holonomic systems, we will see when (i is preserved under the flow of X1. More
generally, we will consider the existence of a smooth density f e C*(D*) when fug

is preserved.

5.4 Divergence of a Nonholonomic System

Let w = dq* Adp; be the standard symplectic form on 7*(@. This in turn induces a
volume form w™. It is a known result that Hamiltonian flows preserve this measure,

however, nonholonomic flows generally do not.

5.4.1 Divergence Preliminaries

To understand volume preservation, we will use the notion of the divergence of a

vector field, see §2.5 of [1] or §5.1 in [70].

Definition V.13. Let M be an orientable manifold with volume form € and X a
vector field on M. Then the unique function div(X) e C~(M) such that Lx =
divo(X)€ is called the divergence of X. The vector field X is called incompressible

if dive(X) = 0.

This definition of divergence generalizes the familiar one from multivariate calcu-
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lus in which M =R” and Q =dz' A... Adz™. Indeed,

1

LxQ=dixQ= dl (-D)7IXdat A AdeTE AdTT A L A da™
=1

S

n aXil_

Studying the divergence is a useful test to check volume preservation via the

following proposition.

Proposition V.14 (2.5.25 in [1]). Let M be a manifold with volume Q and vector

field X. Then X s incompressible iff every flow box of X is volume preserving.

Liouville’s theorem in this language states that for an unconstrained Hamiltonian
system, div,»(Xg) = 0. That is, Hamiltonian systems preserve the volume induced
by the symplectic form. This is, in general, not the case for nonholonomic systems.
The remainder of this section deals with computing div,, (X7) while the case of
finding an a density f such that divy,, (X7) =0 is postponed until §5.6.

Before we begin computing divergences, we first present a helpful lemma.

Lemma V.15. If € is a (natural) realization of a constraint D* c T*Q), then

(5.2) divyn

—

E0)|p. = divu, (X7) .

Proof. Leibniz’s rule for the Lie derivative provides
Lzew" = Lzg (0¢ A€)
= (EEgO'cg) ANE+ 0Ty A (Lgﬁs) .
However, EEE o¢ = 0 because the constraints are preserved under the flow. Applying
this, we see that
L’ngn =0y A (L'Egs) ,

which gives

(divwn (Eg)) Op NE=0g A (EEEE) .



81

Due to the fact that the Lie derivative commutes with restriction, the result follows.

O

5.4.2 One Constraint

Before we compute the divergence of arbitrary nonholonomic systems, we first
consider the simplified case where there is only a single constraint present, i.e. € =
{P(W)}. Here, we make the normalization n(WW') = 1 to simplify equation (5.1). The

divergence of X7 is given by
Lxppiz = div, (Xg7)pe.

In order to compute this, we will invoke Cartan’s magic formula as well as Lemma
V.15 (restricting to D* will occur at the end):
Lo (W) =izedw” + digew”
—H —H —H
=n-d (z':cgw A w”‘l)
—H

_ . n—1 . n—1

—n-d(zagw) AW =n - (zagw) A dw

. ; n-1

=n (dzzgw) AW
The problem of computing the divergence collapses to calculating dz‘EEw (which
captures how “non-symplectic” the flow is). Let N be difference between the non-

holonomic and Hamiltonian vector fields:

N-= {H,PW)}%%.

Then, from Hamilton’s equations, we obtain

izew = dH +iyw.
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Returning to the divergence calculation, diz¢w = diyw where iyw = —n; {H, P(W)} dg".
Applying the exterior derivative yields:

on;
gk

diyw = |- {H,P(W)}—m—aak {H,P(W)}|dg" A dg’
q
0 .
—n,—{H. P dpy A dg'
mape{ , P(W)}dp, A dg

Notice that when we wedge diyw with w™ !, the entire first line vanishes and only

the diagonal on the second survives. Combining everything, we see that

(53) vy (XE) = (HLPOV)).

5.4.3 Multiple constraints

The exact same procedure can be carried out when there are an arbitrary number

of constraints. The divergence is then simply

: D a 0 B
(5.4) div,, (XB) =n-mags i {H,P(WA)}.
5.4.4 “Curvature”

This section concludes with an intrinsic way to interpret (5.3) and (5.4). Recall

the cotangent projection g : T*() - () and the fact that

The divergence formula (5.3) becomes:

o diva, (XB) = n-won (Xmpony)

= —n-75n ([ Xu, Xpw)]) -

This can also be carried over to the multiple constraint case.

(5.6) div,, (XB) = —n-mag - 75n° ([ X, Xparsy]) -
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The formulas (5.5) and (5.6) have a structure similar to the curvature of an Ehres-
mann connection. This is because these formulas have the structure of a projection
composed with a vector field bracket. The main difference is that while the curvature
of an Ehresmann connection is vertical-valued, these formulas are real-valued. We
proceed with computing the divergence of two examples: the Chaplygin sleigh and
the vertical rolling disk.

Remark V.16. In the same way that the nonholonomic 1-form can be extended to
the case of nonlinear constraints via Chetaev’s rule, see Remark V.6, the divergence

described above by (5.6) can also be extended to the case of nonlinear constraints.

The divergence is given by

divy,, (X]) = —n-mas-C*dg® ([Xu, X,0]) -

5.5 Examples

In this section, we pause from theory and compute the divergence for two com-
monly studied nonholonomic systems: the Chaplygin sleigh and the vertical rolling

disk.
5.5.1 Chaplygin Sleigh
The Chaplygin sleigh is a nonholonomic system on the configuration space @) =

SE, = SO, xR2, the special Euclidean group in two dimensions, and has the following

Lagrangian,

L=< (ma*+mg? + (I + ma?)6* - 2maifsin  + 2magyf cos ) ,

N | —

where (x,y) € R? is the contact point of the knife edge, 6 € SO, is its orientation, m
is the mass of the sleigh, I is the moment of inertia about the center of mass and a

is the distance from the center of mass to the contact point; see Figure 5.1.
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Figure 5.1: The Chaplygin sleigh is a rigid body attached to a sliding knife edge, §1.7 in [16].

The requirement that the knife edge can only slide in the direction it is pointing

(no orthogonal sliding is allowed) is given by the constraint
ycosf —xsind = 0.

Which corresponds to the 1-form 7 = (cos0)dy — (sinf)dx. As the problem is stated
as Lagrangian, in order to use the results from above we must convert to the Ha-
miltonian side and transform the velocities to momenta, i.e. determine the musical

isomorphism . (Where g(n!,-) =7 which is the fiber derivative.)

m 1 [1 1 1
z Da Pt (Clpe sin(0) - §a2py sin(20) + a2p, sin 9)
- 1 1 1
gl =M" Py|T | Py~ 7 (apg cos(0) + §a2pm sin(26) — a®p, cos? 9)
] 1
-9- | Po | 7 (po — apy, cos(0) + ap, sinb)

In terms of the momenta, the constraint (now on the cotangent bundle) is

ma? + 1

Im

(5.7) P(W) (py cosb —p,sinf) — %pg,

and the Hamiltonian is

1
(pi +p§) to7 [pg +a? (p, cos — p, sin 6)* - 2apgp, cos 0 + 2apgp, sin 9] .

1
H=—
2m

Applying equation (5.3), we see that

3Im 0
5.8 di XPy=———[-sinf
( ) 1VM<€ ( H) ]- + ma2 ( S apx apy
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The Poisson bracket of the Hamiltonian with the constraint is
1
(5.9) {H,P(W)} = T (s cos B + p,sinf) (pg — ap, cos O + ap, sinb) .

Combining equations (5.8) and (5.9), we get the following expression for the diver-

gence.

3a

. Dy _
(510) le,u<g (XH) = —m

(ps cos @ +p,sinf)

The well-known phenomenon of the dissipative nature of the Chaplygin sleigh, [83,
99], is encapsulated by the fact that div,. (X7) # 0 unless a = 0.

Another way to interpret the divergence is via the sleigh’s velocity,
. _ 1 .
v=2=2cosf+ysinh = — (p, cosd +p,sinfh).
m

Substituting this into the formula for the divergence, we get

3mav

leu%(XE) = _[+ma2‘

This shows that the vector field is contracting when the sleigh is moving forwards

and expanding when it is moving backwards.

5.5.2 Rolling Penny

The next example we examine is that of the vertical rolling disk (penny). This
is a system evolving on the configuration space Q = SE; x St with coordinates
((x,y,60),¢); see Figure 5.2. The Lagrangian for this system is taken to be the
kinetic energy,

1 1_. 1
L= §m(x'2+y2) +§I92+§ng2.

Here, m is the mass of the penny, [ is the moment of inertia of the disk about the

axis perpendicular to the plane of the disk, and J is the moment of inertia about an



86

S

Figure 5.2: Configuration of the rolling penny, §1.4 in [16].
axis in the plane of the disk. If R is the radius of the penny, the conditions that the
penny rolls without slipping is given by the two constraints
n'(4) =& - R cosp = 0,
72(¢) =y - Rfsing = 0.
Transferring to the Hamiltonian side, we get the following expressions for the Ha-

miltonian and for the constraints:

1 1 1
H=— (242 pi+
o (P24 Py) + 5780+ 55l
11
P(W?') = —p, -~ ~Rpgcos,
m I

1 1 )
P(W?) = Dy~ prg sin .

The constraint mass matrix is

1 1 1
— +-R%cos?p =RZ%cospsing
(m7)=|p ! 1 '
—R2cosgsing — + —R2sin’¢
I m I
The Poisson brackets of the constraints are
{H,P(W")} = Rp¢pe sin ¢,

]J
{H,P(W? }— Rp¢p9 CoS .

After a lengthy but straightforward computation with (5.4), we get that

(5.11) div,, (X7) =0

Therefore, unlike the Chaplygin sleigh, the rolling penny does preserve measure.
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5.6 Invariant Measures and the Cohomology Equation

In general, the divergence of a nonholonomic system does not vanish as (5.10)
demonstrated. However, does there exist a different volume form that is invari-
ant under the flow? i.e. does there exist a smooth f > 0 (a density) such that
divy,. (XP) =07 Finding such an f requires the solution of a certain type of partial
differential equation (PDE) which is known as the smooth dynamical cohomology

equation.
5.6.1 The Cohomology Equation
What conditions need to be met for f such that fpue is an invariant volume form?

Using the formula for the divergence as well as the fact that the Lie derivative is a

derivation yields:

. . 1
divy,., (Xg) =div,, (XE) + ?EXg(f)
Therefore the density, f, yields an invariant measure if and only if
1 .
(5.12) FExg(f) = ~divi (X7).

Notice that the left hand side of (5.12) can be integrated to

1

Foxp() =d(nf) (XF).

Calling g = In f, we have the following proposition.

Proposition V.17. For a nonholonomic vector field, XE, there exists a smooth

wmwvariant volume, fug, if there exists an exact 1-form a = dg such that

(5.13) o (X2) = ~div,, (XB).

Then the density is (up to a multiplicative constant) f = e9.
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Therefore the existence of invariant volumes boils down to finding global solutions
to the PDE (5.13). The remainder of this section deals with uniqueness of solutions
and a necessary condition for solutions to exist.

Remark V.18. PDEs of the form dg(X) = f for a given smooth function f and
vector field X are called cohomology equations [47, 75]. Thus the equation (5.13) is
a cohomology equation.

5.6.2 Existence and Uniqueness

Uniqueness

Assuming that there exists a function g € C*°(D*) that solves (5.13), do there exist
other solutions? Suppose that g; and g, both solve (5.13). Then their difference must
be a first integral of the system: Exg (g1—g2) = 0. Solutions of (5.13) are then unique
up to constants of motion. i.e. if g solves (5.13), then every invariant density has

the form (again, up to a multiplicative constant)
f =exp (g + constant of motion) .
Therefore invariant measures can be thought of as an affine space with dimension

being equal to the number of first integrals of the nonholonomic system.

Existence

For the purposes of this section, we examine an arbitrary cohomology equation
dg(X) = f. Using the method of characteristics, if there exists a solution, it must

take the form in the proposition below.

Proposition V.19. Consider the first-order linear PDE dg(X) = f where X €
X(M), feC=(M) and denote the flow of * = X(x) by p,. Then g is a solution if

and only if for all x € M and t € R

(5.14) 9 (o) -o() = [ 7 (ea(a)) ds.
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Proof. First suppose that (5.14) holds. Then

4gu(X) = Lxg(2) = litp 7 [0 ((2)) = 9 (2)]

t

tim = [ f () ds

=0 t Jo
= f(z)
Now assume that dg(X) = f. Fix 2 € M and define the function A : R - R by

A(t) = g (¢i(x)). Then A(t) = f (¢u(x)). Integrating this yields:

A=A = [ f (eul)) ds.
This is precisely (5.14). O

In fact, if there is a periodic orbit, ¢;(x) = x for some t and z, we must have
g(pi(z))—g(x) =0. Using (5.14) this can be written as a necessary condition for the

existence of a solution.

Corollary V.20. Consider the PDE dg(X) = f on M. Then a necessary condition
for a global solution is f integrated along periodic orbits must be zero. i.e. if there

exists x € M and t € R such that p;(x) = x, then

[ 1@y ds-o

In the context of our original problem, in order for an invariant volume to exist, the
divergence need not be zero but it must average to zero along periodic orbits. That
is, the expanding and contracting parts must “cancel out.” Corollary V.20 offers a
convenient test to show invariant measures are impossible, but does a converse exist?

It turns out that with a certain other assumption the answer is yes, [55].

Theorem V.21 ([55]). Let M be a compact manifold and X a smooth vector field

on M whose associated flow is Anosov and transitive. Let f be a smooth function



90

on M whose integral over every periodic orbit of X is zero. Then there exists a C'*

function u such that du(X) = f.

Therefore, if we can show that the flow is Anosov and check that the integrals
along periodic orbits vanish then an invariant measure must exist. However, this
is generally quite difficult to check and will not be pursued here. Instead, the next
section examines the case where invariant measures depend only on the configuration

variables or variables.

5.7 Special case: Measures Depending on Configuration

In general, solving the cohomology equation (5.13) is quite difficult. It turns out,
however, that it is relatively easy to determine necessary and sufficient conditions
on the solvability when the density is assumed to depend only on the configuration

variables.

Definition V.22. A density f : T*Q — R is said to depend on configuration if
[ =mpg for some g:Q — R.
Under this assumption, (5.6) can be presented in a surprisingly nice way. In this

case, the divergence can be described by an equivalence class of 1-forms. The density

form, defined below, is a representative element from this class.

Definition V.23. Let € be a (natural) realization of D* c T*(@). Then, define the

density form to be the following 1-form

Vg = Mas - Liyen’.

Studying the 1-form, ¥4, provides necessary and sufficient conditions for the exis-
tence of densities depending only on configuration. Recall that D° = Ann(D) c T*Q

is the annihilator of D c T'Q).
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Theorem V.24. There exists an invariant density depending on configuration if and

only if there exists p e T'(D) such that V¢ + p is exact.

Proof. To show this, we will prove that —n - 7;04(X7) = div,, (X7). Recall that
the differential of a 1-form is given by da(X,Y) = Xa(Y) -Ya(X) - a([X,Y]) and

that m5n° (Xp)

p~ = 0. Returning to (5.6), we have

divu%(XE) = =N Mag - THN (I:XH,XP(Wﬁ)])

(XHWQU (Xpawsy) XP(Wﬁ)W_ dron™ (X, XP(Wﬁ)))
= —n-mag - (Xegm® - 75dn® (X, Xpre)))

(dm*P(q) - dn® (¢, W?))

= —n-mag - (disn®™ +iwsdn®) ()

=—n-mag - Lywsn*(q).
This computation shows that div,, (X5 ) = —n-0¢(q), but ¢ cannot be arbitrary as it
must lie within D. Therefore, we can add on an element of D° to ¥4 without changing
its value on ¢: div,., (XEF) =-n-(J¢ +p)(¢) for any p e D°. Hence, a solution exists

depending on configuration if ¥4 + p can be integrated, i.e. it is exact. O]

The above shows that exactness of ¥4 determines the existence of a density de-
pending on configuration. How does this depend on the choice of € to realize the

constraints? It turns out the answer is independent of the choice of realization.

Theorem V.25. Let € and €' both be realizations of the constraint D*. If 94 + p
is exact, then there exists p’' such that 94 + p' is too. Moreover, if 94 + p = df and

Vg + p' = df’, then ef - iy = ef' - g, modulo a constant of motion.

Proof. Suppose, as was in the proof of Proposition V.8, that there is a single con-
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straint such that € = {P(W)} and ¢’ = {h- P(W)}. Computing U gives:

1
Ver = %Ehw (i)
1

= (R Lywn+hm-dh+h-dh(W)n)

1 1
=—Lwn+ —dh+ dh(W)n
m h hm

=Vs+d[Inh]+a-n.

This shows that ¥4 and ¥« differ by something exact and something living in D°.
The component in DY can be disregarded as it is absorbed into p’. Integrating gives
f"= f+Inh and it remains to prove that hug = py. Recalling Definition V.10, we

have oy = dP(W) and o4 = P(W)dh + hdP(W), so

dP(W)ne=(P(W)dh+hdP(W))ne' =w", pug =1, pg =1

Using the fact that P(7) = 0 under the pullback of ¢, this component can be ignored

and we have g = hpg. m

Remark V.26. It is only possible for ef - g and ef’ - g to be off by a constant of
motion if there exists an exact form in I'(D?). This only happens if the constraints

are not completely nonintegrable.

A reason why studying ¢ is insightful is that it immediately demonstrates why
holonomic systems systems are measure-preserving. This can be shown with the help

of a useful lemma.
Lemma V.27 (*). mys-dm®? = d[Ilndet (m®?)].

Proof. Tt suffices to check along a curve in the manifold. Let v: 1 — @ be a curve

and let A(t) = (m®?) o y(t) be the mass matrix along the curve. Note that A(t) is

*We thank Dr. Alexander Barvinok for help with this proof.
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positive-definite and changes smoothly with ¢. We have

d detA(t m detA
Y Indet A(t
gy et A1) = <o tA(t Z detA

where A;(t) is obtained from A(t) by differentiating the i-th row and leaving all
other rows intact, i.e.

( an(t) alm(t) \

a-1y1(t) - a@-1ym(t)
Ait) =] al,(t) - ()

m

a+11(t) - ageym(t)

\ an(t) o am(t)
Expanding det A;(t) along the i-th row:

det A4;(¢) :Z

) a; () det Ay (t),

where A;;(t) is the (m —1) x (m — 1) matrix obtained from A;(t) and hence from
A(t) by crossing out the i-th row and j-th column

Next, observe that (-1)*=tdet A;;/det A(t) is the (j,7)-th entry of the inverse

matrix A™1(t) = (b;;)(t), and since A(t) is symmetric, is also the (i, j)-th entry of
(bi;)(t). Summarizing,

5 Indet A(t Z ()i (8)

]

Proposition V.28. If the constraints are holonomic, then there exists a p € I'(D?)

such that 94 + p is exact. In particular, if € is chosen such that all n® are closed

e 18 exact.
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Proof. When the constraints are holonomic, the 1-forms n® can be chosen such that
they are closed. Then the density form is
Vg = mag (diysn® + iysdn™)
= Mgp - dm?
=d [ln det (maﬁ)] ,
which is exact by Lemma V.27. [

Example V.29 (The Chaplygin Sleigh). We wish to compute ¥4 for the Chaplygin

sleigh and show that no measures depending on configuration exist. For this example,

ma? + 1 g . 0 a 0 _
== cos@a—y - sm@a—x “Tae0 "7 (cosO)dy — (sinf)dzx.
This gives us
Vg = LE n
U
ma _
=] [(sin®)dy + (cosO)dz] .

We want to show that for any 7 € I'(D?), ¥4 + 77 is not exact. Because there is only
one constraint, it suffices to show that there does not exist a smooth k£ such that

J¢ + k- n is exact, i.e. it requires the following to be zero:

d (Vg +k-n) = [(cos0)df A dy — (sin0)df A dx]

ma? + 1

+ (%c089+g—zsin0) dx A dy

+ (%cos@—ksin@) do A dy

- (%sin&+kcos€) df A dzx.

Separating the above, we need the following three to vanish:

0= %COSQ-F%SH]@,

C Oz dy

ok ma
0 QCOSG ksm9+m 5 COSQ,

ok .
0= %sm¢9+k;0059+ -
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The second two lines of (5.15) are overdetermined for k in the f-direction and are
inconsistent (unless a = 0 and we obtain the trivial solution k = 0). Therefore, there

does not exist a smooth %k such that ¥4 + k-7 is closed.

Remark V.30. The necessary condition d (¥4 + p) = 0 creates a system of (g) partial
differential equations with m unknowns. It is a straight-forward check to determine
whether or not this system is inconsistent; if it is inconsistent, then automatically no
invariant measures can exist. If this system turns out to be consistent, then actually

solving it reduces to solving another cohomology equation.

5.8 Invariant Measures Coming from a Momentum Map

As can be seen in Example V.29, the Chaplygin sleigh does not have an invariant
measure depending only on its base variables. Therefore, if any invariant measure
were to exist, it would have to depend on the fiber variables as well. We present
one way to search for solutions using the momentum map (3.8). In general for a
Lie group G, this method produces a space of possible solutions of dim G < co while
the space of all possible solutions is infinite. However, as we will see in §5.8.1, this

technique will find an invariant measure for the Chaplygin sleigh.

Definition V.31. Let GG be a Lie group which has a symplectic action on P :=T*@Q).
The nonholonomic system is said to have an invariant G-measure if there exists a

€ € g such that J(€) solves the cohomology equation (5.13), ¢f. Definition ITI.18.

As nice as it would be if a G-measure existed, it seems unlikely due to the fact
that the space of smooth functions that might solve dg(X) = f is infinite-dimensional
while the dimension of momentum maps is dimG < oo. As such, we will widen our
search by introducing integrating factors in the following sense: Suppose « € Q(D*)

solves a(XF) = div,, (XP?) and define the vector field X, via ix,w = . Then «



96

being exact is equivalent to X, being Hamiltonian and a being closed is equivalent
to X, being symplectic. We will therefore relax our search and only require X, to
be symplectic (i.e. closed solutions to (5.13)). Rewriting (5.13), we have to find a

symplectic vector field X such that
(5.16) v (X) = divy, (X7),

where vj; = dH - mas{H, P(W?)}7r&n™ is the nonholonomic 1-form. For a given
infinitesimal generator on M =T*Q), &y, we wish to determine an integrating factor

such that hé&,, remains symplectic.

Lemma V.32. Let h e C*(M), then the vector field h&ys is symplectic if and only

if there exists a smooth function k : R — R such that h = ko J(€).

Proof. In order for h&y, to be symplectic, we need hig,,w to be closed. A straight-

forward computation yields:
A (higye0) = d (h-dJ(€))
= dh AdJ(E).
Therefore, héy, is symplectic if and only if dh is linearly dependent on dJ (&), ie.

dh = K (J())dJ (). =

By replacing &y, with h&y, with the help of Lemma V.32, we have drastically

expanded the scope of our search.

Definition V.33. A nonholonomic system has a twisted G-measure if there is a

smooth function k& : R - R such that & (j(ﬁ)) & solves (5.16).

As it turns out, there is a reasonable test to see if a twisted G-measure exists and

the resulting symplectic vector field, k o J (£)&nr, is Hamiltonian.
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Theorem V.34. There exists a twisted G-measure for (5.16) if and only if

{In(vii(&an)), J(©)} = {In(div,, (XE)), J(©)},

for some € € g. Moreover, the resulting symplectic vector field, k (j(f)) Enr 1s Hamal-

tonian with Hamiltonian (the a is a constant of integration)

J(€)(p.9)
(5.17) G(p.q) = f k(s) ds.

Proof. To simplify calculations, we will call f := div,,(X}). Let us suppose that

k(J)(€))vE (€ar) = f. Differentiating gives

K (J(€) v (En)d I (&) + k (J(€)) d[vi(&an)] = df.
This provides us with the two following equations:

k(J(€))d[vh(€an)] (Ear) = df (€nr)
k() vy () = [

Dividing these equations gives

d[In (v (&a))] (€ar) = d[In(f)](€nr) -

The first result follows. To show the second result, suppose the symplectic vector

field has a Hamiltonian of the form h(j (£)). Differentiating this gives

W(J)dI(€) =k (J(€)) dI(€).
Therefore k is an antiderivative of h. O]
5.8.1 The Chaplygin Sleigh Revisited

We conclude our work with proving the following theorem.

Theorem V.35. The Chaplygin sleigh has a twisted S'-measure.
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Proof. Recall the Chaplygin sleigh where the Hamiltonian is
H-= =S (p2 + pz) +
2m Y

1
+ 27 [pg +a* (p,cosf - p, sin 9)2 - 2apgpy cos b + 2apyp, sin 9] ,
with constraint

_T+ma

2 a
P(W) = P (pycosf —p,sinf) — 7Po.

Also recall that the divergence of this system is

__3sa
I +ma?

div,., (XE) = (pscos@ +p,sinf) .

We will next introduce the S! action that will generate the invariant measure.

Let S' act on SE; in the following way: for ¢ € S = R/27Z, and (x,y,0) € SE,

x —a-cos(f+t)+a-cosl+x
tlyl=| a-sin(@+t)—a-sinf+y
0 0+t

The infinitesimal generator for this action is

&g = a-sinQ% —a-cosQa—y + %
The momentum map for the lifted action to T*SE, is
(5.18) J(u) = u[ps - ap, cos O + ap, sin ] ,

where u € Lie(S!) = R. The action chosen here seems unnatural until it is realized
that J(u) = u-FL(0), i.e. this is the action giving rotation about the contact point.

A computation provides:

1
VE(“M) =dH (up) + (W) {P(W),H} WE)U(UM)
5 1 . :
=W— p——— (ps cos @ + p,sinb) (pg — ap, cos O + ap, sinf) n(u-&g)

- a2u+ i (ps cos O + pysin ) (pg — ap, cos 0 + ap, sind)
ma
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Checking the condition of Theorem V.34, we see that

Py cos b — p,sind

% 7 —_
{ln(VH(UM)) ) J(“)} s u Pz cos 0 + p,sind

= {In(f). J(u)}.

]

It remains a computation to find the invariant measure for the Chaplygin sleigh.

A

Theorem V.36. J(u)™3 is an invariant (singular) density for the Chaplygin sleigh.

Proof. We know that there exists a smooth function £ : R — R such that ko
J(u)v%(up) = f. By inspection and using (5.17), we get that —31n(j(u)) is a

solution to (5.13). Therefore, its exponential is the invariant density. O

Remark V.37. Notice that the measure is singular on the set py—ap, cos0+ap, sinf =
0. This corresponds to motion in a straight line with zero rotation - which is the set
where the trajectories asymptotically approach. This is why asymptotic stability is

still compatible with an invariant measure.



CHAPTER VI

Mechanical Hybrid Systems

This chapter begins to attempt to fuse the ideas of Chapters II and III, i.e. to
analyze mechanical impacts using the theory of geometric mechanics. A mecha-
nical hybrid system will have the form H = (M, S, X,A) where M = TQ or T*Q
(depending on Lagrangian/Hamiltonian), S c¢ M is the location of impact, X is a
Lagrangian /Hamiltonian /nonholonomic vector field, and A is a mechanical impact
map. Understanding the vector field was the object of study in Chapters III and V
while this chapter deals with understanding A. In order to construct this map, we

make the following assumption (cf. §3.5 in [17]):

Assumption VI.1. A mechanical impact is the identity on the base and satisfies
variational/Lagrange-d’Alembert principles on the fibers. In particular, the impact
map will have the form A = (1d,0), e.g. for Hamiltonian systems we have mgo A = g

where mg : T*Q — () is the cotangent projection.

6.1 Mechanical Impact Maps

With a the continuous dynamics understood from either (3.5), (3.6), or (5.1), we
can develop the impact map. Our discussion considers first the case of unconstrained
systems before examining nonholonomic systems. We first outline the definition of a

hybrid mechanical system [5].

100
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Definition VI.2. A hybrid Lagrangian system is a triple (Q, L, S) where L : TQ) - R
is a Lagrangian and S c @) is a smooth, embedded submanifold of codimension 1.
Similarly, a hybrid Hamiltonian system is a triple (@, H,S) where H : T*@) - R is the
Legendre transform of L. A hybrid mechanical system is either a hybrid Lagrangian

or hybrid Hamiltonian system.

Remark VI1.3. Equivalently, a hybrid Lagrangian system can be given via a realiza-
tion, h, of S where h: @Q — R such that S = h=1(0). It will be evident later on that
the impact dynamics are derived using a realization but invariant under the choice

of such a realization.

Hybrid mechanical systems, either Lagrangian or Hamiltonian, induce a hybrid
dynamical system H = (M, S, X, A) as described below. We abuse notation for S ¢ @
in the definition for a hybrid mechanical system and S c T'Q) for a hybrid dynamical
system; this notation will be straightened out in Remark VI.4.

e Lagrangian: M =TQ, S={(q,q) € TQ :h(q) =0, dh(q) <0}, and X is given by

the Euler-Lagrange equations (3.5),
e Hamiltonian: X =T7*Q, S = {(¢q,p) e T*Q: h(q) =0, P(Vh) <0}, and X = Xy

is the Hamiltonian vector field (3.6).
The map A is currently undefined and will be the focus of §6.1.1 and §6.1.2; the
impact map will be fully determined by the data (Q,L,S). The reason for the
inequality dh(q) < 0 (and analogously for P(Vh) < 0) for the Lagrangian impact
surface is to say that an impact only occurs when the trajectory is moving outwards,

i.e. S is the set of outward pointing vectors along the set h=1(0).

Remark V1.4. To assist with consistent notation, the following will be used for the

remainder of this thesis:
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o S={qeQ:h(q) =0} cQ,

e S={(q,4) €TQ:h(q) =0, dh(g) <0} c TQ, and

e S*={(q,p)eT*Q:h(q) =0, P(Vh) <0} c T*Q.

This work is interested in understanding mechanical impacts while under the

influence of nonholonomic constraints. For this reason we also define hybrid nonho-

lonomic systems.

Definition VI.5. A nonholonomic hybrid Lagrangian system is a tuple (@, L, S, D)
such that (@, L,S) forms a hybrid Lagrangian system and D c T'Q) is a regular
distribution. Additionally, a nonholonomic hybrid Hamiltonian system is a tuple

(Q, H,S,D*) where H is the Legendre transform on L and D* = FL(D).

Remark VI.6. For notation purposes, we will use the following symbols for nonholo-

nomic impact surfaces:
e Sp ::SHD, and
o 55 :=5*nD*.
Problems can emerge if dh € D where S = h~1(0). If this happens h is preser-

ved under the flow and impacts never (or constantly) occur, i.e. S5 no longer has

codimension 1 because
Sp={(q,p) €eT*Q:h(q) =0, P(Vh)>0,peD"},

and p € D* implies that P(Vh) = 0 which is contradictory. Therefore, for nonholono-

mic hybrid systems we will make the following assumption.

Assumption V1.7 (Nontrivial impact condition). Suppose that S c Q is given by

S = h=1(0). Then dhls ¢ D's.
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xy

x*(t1)

Zo

Figure 6.1: The black curve is the continuous, piece-wise differentiable trajectory with an impact
at t; while the red curve shows a virtual displacement.

Nonholonomic hybrid mechanical systems induce hybrid dynamical systems in the

same way as their unconstrained counterparts.

6.1.1 Holonomic Impacts

We begin with the observation that the Fuler-Lagrange equations are variational.
With this, we assume that the impact map is variational as well. This is realized by

the Weierstrass-Erdmann corner conditions, cf. e.g. §3.5 of [17] or §4.4 of [71]:

FL*-FL™ =¢-dh,
(6.1)
L*—(FL*,¢*) =L —(FL™,q),
where S ={qe @ :h(q) =0} and the multiplier ¢ is chosen such that both equations

are satisfied. These conditions have a cleaner interpretation on the Hamiltonian side:

pt=p +e-dh,
(6.2)

H*=H",
i.e. energy is conserved and the change in momentum is perpendicular to the impact
surface. This is precisely specular reflection. In the case where L is natural (the

difference of kinetic and potential energy), the corner conditions can be explicitly

solved. Recall that Vh = dht, or equivalently dh = g(Vh,").
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Theorem VL.8. Given a natural Lagrangian L{q,q) = $9,(4,q) - V(q), the impact

map is given by A:(q7,47) ~ (¢7,0(q~,4)) where

(6.3) 5(g.4) :4—29(‘”‘(4) vh.

Vh,Vh)
Proof. For a Lagrangian having the form L(q,q) = %gq(q', q)-V (q), the corresponding

Hamiltonian is

H(g.0) = 5,(0.0) + V(0). 3(0.0') = 9(6,).
Using the fact that ¢* = ¢~ along with energy conservation, we get
g, p") =g, p7).
Coupling this with the first half of (6.2), we get
g(p*.p*) =g(p” +e-dh,p” +e-dh)
=g(p~,p7) +e*- g(dh, M~'dh) + 2 - g(p~', dh).

This results in a quadratic equation in € with a trivial solution € = 0 as well as

(p~,dh)

J
=9 . 2L
=T G(dh,dn)

In terms of the momenta, the impact map is
(6.4) pr=p -2 L0200
g

Flipping (6.4) back to the Lagrangian side with the musical isomorphism, p = ¢* and

dh = Vh!, we see

L (i)
togog. ) gy
o Ty (Wh, vh)

This matches (6.3). O

Remark V1.9. The mechanical impact map, (6.3), is precisely a Householder matrix.
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Plastic Holonomic Impacts

Notice that (6.3) matches the impact equation in [5] with the exception of the

coefficient of restitution 0 < e <1, that is

v dh(q-)
(6.5) it=q —(1+e)th.

Remark VI.10. In equation (6.5), e = 1 is precisely the variational case (elastic).
When e = 0, the impact is the orthogonal projection (with respect to g) T'Q) — ker dh
(plastic).
6.1.2 Nonholonomic Impacts

The study of nonholonomic impacts falls into two distinct categories: elastic and

plastic. Elastic impacts arise from the Lagrange-d’Alembert principle while plastic

impacts come from an orthogonal projection.

Elastic Impacts
Consider the variational impact equations (the corner conditions):

(FL*-FL7)dq =0,

(H*-H7)dt=0.
If the impact time is free, 0t # 0, then we have conservation of energy which is
the second corner condition. However, unlike before, the spatial variations d¢ must

satisfy two sets of constraints: the nonholonomic constraints n* (dg) = 0, and the

impact constraint dh (d¢q) = 0. This leads to a modified version of (6.1),
FL* -FL =\, -n* +¢-dh,
(6.6) L*~{FL",¢") = L™= (FL",¢"),

n*(¢*) =0.
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Proposition VI.11. Assuming that L is a natural Lagrangian and all n* are linearly

independent, there exists at most one nontrivial solution to (6.6).

Proof. Using the fact that p* = p~ + Ay - ¥ + £ - dh and substituting in the other

constraints, we get m linear equations and one quadratic equation.
(6.7) Mo g(n*.n) + - g(dh,n*) =0, VL,

2)\19 ) g(p_v nk) +2¢e- g(p_7 dh) + )\ZA] . g(nlv 77])
(6.8)
+2Me - G(n*, dh) +*- G(dh, dh) = 0.
Assume that the linear system (6.7) has a solution, which then depends linearly on e.

When substituted into (6.8), the resulting equation is quadratic in a single variable,

g, with € = 0 as a solution. Therefore there can be at most one nonzero solution. [

Definition VI.12. Let (@, g) be Riemannian and (Q, L, S,D) a corresponding na-
tural nonholonomic Lagrangian system. Then the impact map given by Proposition

VI.11 is called the elastic nonholonomic impact map.

Due to the Riemannian structure, (6.6) is solvable and hence the elastic nonholo-
nomic impact map is well-defined. As it turns out, the multipliers )\, and £ can be

explicitly solved for.

Theorem VI1.13. Suppose that there are constraints P(W) = 0. Then the elastic

nonholonomaic impact map s
(6.9) it=q + N WF+e-Vh,

where

2 Mg - g(Vh, WB)P(We) =2 P(Vh)

610 = )
(6.10) =7 g(Vh, V) = g - g(Vh, W) g(Vh, WP)

2 1 - g(Vh, W) P(We) = 2. P(Vh)
g(Vha Vh) —Mag - g(vha Wa)g(Vha WB) '

(6.11) e = =y - g(Vh, W) -
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Remark VI.14. When we apply the constraints P(W) =0, the above reduces to

. ~2. P(Vh)

~ 9(Vh, V) = mag-g(Vh, W) g(Vh, WF)’
2-mye - g(Vh, W) P(Vh)

A = )

g(Vh,Vh) =mas-g(Vh, W*)g(Vh, WF)

(6.12)

Proof of Theorem VI.13. Solving (6.7) gives

(6.13) M = =mye - g(dh, ' )e.

Substituting this into (6.8) to obtain a quadratic equation in & provides

=2-mye g(Vh, W)g(p,n*) -

+2-3(p,dh) - £ + mym;,m - g(Vh, W) g(Vh, W") - €2
—2-my - g(VR, W) g(Vh, WF) -2 + g(Vh,Vh) -€% = 0.

Notice that g(p,n*) = P(W*), g(p,dh) = P(Vh), and m;m;.m% = my,. Using this

and collecting in terms of powers of €, we obtain

0=[2-P(Vh) = 2-my- g(Vh, W)P(WHF)]e
+ [mﬂr ’ g(th Wé)g(v]% WT) =2 My - g(Vha Wz)g(vhﬂ Wk) + g(th Vh)] 52‘

This has the trivial root € = 0 as well as the nontrivial root (6.10). Finally, (6.11)

comes from combining (6.10) and (6.13). O

It is possible to rewrite (6.9) in a form that is strikingly similar to the unconstrai-

ned case, (6.3). To do this, we need the following linear algebra lemma.

Lemma VI.15. Let (V. {-,-)) be an inner product space and {vi} c V be a basis.

Define the matrix m¥ = (vi,vi). Then we have the following property:

(x,y) = mij(xvvi>(y>2}j)'
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Proof. This proof proceeds by expanding z and y in terms of the basis: x = z;0* and

y = y;v7. Taking their inner product yields
(z,y) = zy; (v, 07) = 2iy;m¥
Expanding the other side gives

mij (e, v )y, v7) = mija(v*, o' )ye(v’,07)

_ ki, 0]
= TpYemg;m im.

The two sides agree because m;;m*mb = m*kt. O

Proposition VI.16. The elastic nonholonomic impact given in Theorem VI.13 can

be written as

P(’/TDVh)

6.14 top o2 P
(6.14) pr=p h(epvh)

mdh,
where mp : T'Q) — D is the orthogonal projection.

Proof. By Lemma VI.15, mas-g(Vh, W) g(Vh,W?) = g(7p. Vh, mp: Vh). Due to the

fact that orthogonal projections are self-adjoint, we get that
g(Vh,Vh) =mas - g(VR,W*)g(Vh,W?) = g(nrpVh,mpVh) = dh(mpVh).

By similar reasoning, we have Vh—magg(Vh, WP)We = 7pVh. This allows for (6.9)

to be written as

P(?TDVh) k P(?TDVh)

SAIDVR) o ZATDVI
dh(mpVh) | 7 dh(rpVh)

p+ =p‘+2-mkg-g(Vh,W£)-

_ P(ﬂ'DVh) 0Nk
=p -2 dh - -dh
p dh(vah) ( My (Wn )

- P(?TDVh) ot
=p -2 ( ) »dh,

which matches (6.14). O
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Definition VI.17. The impact map given by (6.10) and (6.11) provides the global
impact map A% : S* - T*Q while the map given by (6.12) provides the restricted

impact map AP : S% - D~.

The global impact map serves the same purpose as the global nonholonomic vector
field. In the same way that the global nonholonomic vector field made computing
the divergence straight-forward, the global impact map will make the corresponding

“hybrid Jacobian” easier to compute in Chapter VII.

Plastic Impacts

Unconstrained elastic impacts are defined to be variational while nonholonomic
elastic impacts are defined to satisfy the Lagrange-d’Alembert principle. Likewise,
since unconstrained plastic impacts are given by an orthogonal projection, nonholo-
nomic plastic impacts will be too.

Given the unconstrained impact, ¢* = 0(q, ¢), it is not generally true that 6(q,q) €
D,. In order to enforce the constraint, we orthogonally project d onto the subspace

D. This inspires the following definition.

Definition VI.18. Let (Q, g) be a Riemannian manifold and (@, L, S, D) be a corre-
sponding natural nonholonomic Lagrangian. Denote 7p : T'Q) - D as the orthogonal
(with respect to g) projection onto the constraint distribution. Then the plastic

nonholonomic impact map is given by

(6.15) (¢,4) » (¢. 702 (q.q)),

where 6 is the variational impact given by (6.3).

So long as the Lagrangian is natural, we can determine an explicit formula for the

plastic impact, mp o J.
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‘ Elastic wall Plastic wall
Elastic Constraint Elastic Impact plastic
Plastic Constraint | Nonholonomic plastic = Totally plastic

Table 6.1: Four types of nonholonomic impact maps.

Proposition VI.19. The plastic nonholonomic impact map mp o is given by

dh(q)

6.16 (-2
(6.16) Q=2 o

Proof. This follows from the fact that the orthogonal projection is given by
() =4 - mz‘ﬂ?i (q) W7,

and the fact that mp(¢~) = ¢~ since the constraints are assumed to be satisfied before

impact. 0

To contrast the above with (6.14), the plastic impact map is

P(Vh)
top 2. « dh.
=P S (vn) ™

This plastic impact map is a projection onto D* while the plastic map given by (6.5)
is a projection onto T'S. During a nonholonomic impact, the reaction impulses can
be viewed to fall into two categories: impulses from the constraints, n*, and impulses
from the wall, dh. As such, we can think of each being elastic or plastic (Definition
VI.18 is for an elastic impact and plastic constraints). This prompts the following

definition based on the four options in Table 6.1.

Definition VI.20. Let A : S* - T*(Q be an impact map of the form A(z,p) =

(z,0(x,p)). A is called

e Elastic if

P(ﬂ'DVh)

5 =p-2. P2
(z,p)=p e

i dh,
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e Nonholonomic plastic if

o(z,p) =p-2- ;L((VVZ)) mpdh,
e Impact plastic if
o(z,p) =p- %ﬂ%dh,
e Totally plastic if
So0) =p-

6.2 Regularity of Mechanical Hybrid Systems

This section proves that elastic mechanical hybrid systems are smooth as per
Definition I1.17. We first prove for unconstrained systems and nonholonomic systems

immediately follow.

Proposition VI.21. Let H = (T*Q,S*, Xy, A) be a hybrid dynamical system indu-

ced by the hybrid Hamiltonian (Q,H,S). Then H is smooth.

Proof. We must show that # satisfies (H.1)-(H.5), (A.1), and the transverse condi-
tion. Conditions (H.1)-(H.4) are easily verified. For (H.5), we notice that
S*={(q,p) €T*Q : h(q) =0, P(Vh) <0},

A(S*) ={(q,p) €eT*Q : h(q) =0, P(Vh) >0},

S*nA(S*) ={(q,p) eT*Q: h(q) = P(Vh) = 0}.

Therefore S* N A(S*) = @ and §* N A(S*) has codimension 2 so (H.5) is satisfied.
For (A.1) assume that (¢(0),p(0)) € S* n A(S*) = S* ~ S* and that there exists

e > 0 such that for all § € (0,e), we have (¢q(0),p(d)) € S*. Since ¢(d) € S and

P(Vh)(q(9),p(d)) < 0, ¢(t) must intersect S transversely at 6. This leads to a

contradiction.
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To finish the proof, we need to show that for (¢,p) € S*, we have the direct sum:
Ty T Q =T(4p)S” © Xp - R,

i.e. Xp is not tangent to S*. This follows from similar reasoning as for (A.1); let

~(t) be a base curve of Xy, then 7 intersects S transversely. O]
The above proof works exactly the same for nonholonomic hybrid systems.

Corollary VI.22. Let # = (D*, S5, XD, AP) be a hybrid dynamical systems induced

by the hybrid nonholonomic system (Q, H,S,D*). Then H is smooth.

6.3 Systems with Symmetry

There are many different notions of symmetry in a hybrid system. Each of the flow,
the impact surface, the impact map, or any combination of the above can experience
a symmetry. When all three have the same symmetry, everything is straightforward

[4]. We will be interested in the case where not all objects obey the same symmetry.

6.3.1 Momentum Equation

Before we discuss symmetries, we first examine how momentum maps evolve with

time. Let X € X(Q) be a smooth vector field and call its momentum P : T*Q — R.

Proposition VI.23. Let X € X(Q) be a smooth vector field. Then the (hybrid)

dynamics of its momentum is given by

P(X) = {H,P(X)} = mag {H, P(W*)} n’(X), h(q)#0,
P(?TDVh)

P+(X)=P_(X)—2m

-dh(rpX),  h(q)=0.

Another way to view the above is to use the linearity of momentum to transfer
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the dynamics to X:

P(X)={H,P(rpX)}, h(q) #0,

(6.17) dh(nnX)

P+(X)=P(X—2-W

WDVh) , h(q)=0.

The momentum dynamics (6.17) immediately show that each of the P(We) are
conserved.

This also provides insight into Zeno states. Notice that a Zeno state occurs when
P (Vh) =0 during impact [74], i.e. Zeno states in mechanical systems occur during
grazing impacts (the converse is not necessarily true) . This says that understanding

Zeno solutions requires understanding the following dynamics:
P(Vh) = {H,P(zpVh)}, h(q) #0,
P+(Vh) =P (Vh-2-mpVh), h(q)=0.
6.3.2 The Mechanical Connection

Studying the effect of symmetries in hybrid systems will, in effect, by studying
(6.17) where X = &g is the infinitesimal generator for some group action. In this sense
P(£q) = J(€) will become the momentum map, recall Definition II1.18. Therefore,
we can view (6.17) as dynamics on g*. In order to understand the impacts on g*,
we need to provide this space with a metric. This will be accomplished with the
following two objects: the locked inertia tensor and the mechanical connection (see

§3.12 in [16]).

Definition VI.24. Let (@, g) be a Riemannian manifold and suppose that g is
invariant under the group action. For each g € (), we define the locked inertia tensor

to be the map I(q) : g — g* defined by

In(¢) = 9(ne(q),¢e(q)) -
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Definition VI.25. Let J : T*Q) - g* be the momentum map in Corollary III.21.

The mechanical connection is the map A, : T*Q) - g given by

As(q.p) =1(q) " T (g, p)-

As will be seen in §6.3.4, the mechanical connection is used to describe how the

momentum changes across an impact.

6.3.3 Hybrid Reduction

We review Chapter 3 in [4] which is the case where the flow, impact surface, and

impact map all satisfy the symmetries.

Definition VI.26. Let (M, S, X, A) be a hybrid dynamical system. A group action
¢ : G - Diff(M) is called a hybrid group action if ®|g is an action on S and

Aodylg=D,0A.

Notice that this requires the impact surface, S, to be symmetric and for the impact

map to be G-equivariant.

Definition VI.27. An Ad*-equivariant momentum map J : M — g* is called hybrid

Ad*-equivariant if Jo A(s) = J(s) for all seS.

The above states that in addition to being Ad*-equivariant, the impacts must also

preserve the momentum.

Definition VI.28. The tuple (M,w,S, A, ®,J) is called a hybrid Hamiltonian G-
space if

1. (M,w,®,J) forms a Hamiltonian G-space where (M,w) is a symplectic ma-

nifold, ® : G — Diff(M) is a symplectic group action with Ad*-equivariant

momentum map J,
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2. @ is a hybrid group action, and

3. J is a hybrid Ad*-equivariant momentum map.

This allows us to carry out hybrid reduction as described by Theorem 3.4 and 3.5

in [4]. First, we define what a hybrid regular value is.

Definition VI.29. Let J: M — g* be a momentum map. Suppose that p € g* is
a regular value of J. We say that p is a hybrid regular value if it is also a regular

value of J|s.

Theorem VI1.30. Let (M,w,S, A, ®,J) be a hybrid Hamiltonian G-space with a G-
inwvariant Hamiltonian H : M — R. Assume p € g* is a hybrid regular value of the
hybrid Ad”-equivariant momentum map J and the action of G, on J=Y(u) is free,

proper, and hybrid. Then there is a reduced Hamiltonian hybrid system.:
(M, S, X, AL,

where M, = m, (J-Y(u)) as in Theorem II1.23, S, = m,(SnJ 1 (n)), A, satisfies

A=A, and X, is defined by

dH, =ix,w,, H,om,=Hou,.

6.3.4 Nonsymmetric Hybrid Impacts

In order to reduce the hybrid dynamics as in Theorem VI.30, it is needed that
S inherits the same symmetry as () and that the impact preserves the momentum.
However, in practice this is not always the case. Assume that (M,w,®,J) is a
Hamiltonian G-space but is not hybrid. This means that momentum will not be
conserved across impacts; although during the continuous portion, we still have J=0.
Now we are not assuming that the momentum is hybrid Ad*-equivariant which

means that the momentum can change across impacts.
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Theorem VI.31. Let n: S — g* be such that n(§) = dh(&g). Then the impact map

for the momentum is given by

n (As)
(@)

(6.18) JoA=J=-2

where 1 : g - g* is the locked inertia tensor and As : M — g is the mechanical

connection.

Remark VI.32. When the group action is hybrid, we see that n = 0 and thus momen-

tum is conserved across impacts.

In the nonsymmetric case, the flow between impacts is described on the reduced
space M, but jumps to a different leaf, Mj;(,), upon impact. This induces dynamics
between the different constant momentum leaves. When the impact dynamics (6.18)

do not depend on the configuration, the dynamics end up being periodic.

Proposition VI1.33. Suppose that n #0 and (6.18) does not depend on q € Q). Then
JoA=J if and only if n(I-1J) =0. Moreover, whenever (6.18) does not depend on

q €@, we have that Jo A2 =J.

Proof. The first part is just stating that n(.4;) = 0. For the second, we notice that
JoA=J+J(\)n where X e g and n(\) = —2. Computing:
JoA?=JoA+J(\)noA
=J+J(A)n+J(A) [n+n(Mn]
=J+J(A\)n-J(M)n
=J.

Therefore, the momentum impact equation is 2-periodic. O]
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Nonholonomic Impacts

As a last note, we modify (6.18) to nonholonomic mechanical systems. In order
to do this, we first construct a metric on g*. Let ¢ € ) and define (-,-)),: g* xg* - R
such that {(n, u))y =1 (I(¢)~*x). Using this language with Theorem VI.13, we obtain

the following for the momentum impact equation.

Theorem VI.34. Let n: S — g* such that n(§) = dh(&g) and B* : S - g* such that

BR(E) =n*(&g). Then the nonholonomic impact map is given by
(619) JOA%:J"‘)\k'Bk*‘E'U,

where
-2- 77(“45)
{(n,n) = mue - (n, B*N{n, B)
2- Mip - «777 56» i 77("48)
{(, ) = iz (m, BN, B7)

Here the matriz (m;;) = (m¥)~" where m¥ = (5%, 37)).

g =

A =

The expression (6.19) can be simplified when we use the nonholonomic momentum

map.

Proposition VI.35. Using the notation in Theorem VI.34, equation (6.19) becomes

(6.20) JPo AP = JP 1 ¢,

where it is understood that n is restricted to (g?)”.

Proof. Let & € g4. Then we have % (£) = n* (&) = 0. O
The multiplier, €, has a clean interpretation in the nonholonomic case.

Definition VI.36. Define the constrained locked inertia tensor as IP : g? — (gP)"
by

1P (£) (€) = 9(&q, Co)-
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Likewise, define a metric ((-,-))p : (g2)" x (g?)" - R by I7.

*

Theorem VI.37 (Nonholonomic Hybrid Momentum Equation). Let n: S — (gP)

such that n(§) = dh(&g) for all € € gP. The nonholonomic impact map is given by

(6.21) JPo AP = JP_9. «777 JD»D

(o

Proof. Proving this requires showing that

{(n,m) = e - (n, BN n, B°) = (nlo, nlo o
This follows from Lemma VI.15. O

6.4 Example: Nonholonomic Billiards - Rolling Disk

The vertical rolling disk is a simple example for illustrating nonholonomic dy-
namics and we will examine the billiard problem where the particle moves as the
rolling disk in between impacts [27]. We will work with the somewhat nonphysical
case where the disk is not permitted to tilt. The configuration space and local coor-
dinates for the rolling disk are given by ¢ = (z,y,0,¢) € @ = R?2 x S x S, denoting
the position of the contact point, the rotation angle of the disk, and the orientation

of the disk, respectively, cf. Figure 5.2.

6.4.1 Dynamic nonholonomic equations

The Lagrangian for the vertical disk is taken to be the kinetic energy (no potential

force will be included), i.e.
1 1 ., 1
L=gm (42 +92) + S 107+ 5T

Here, m is the mass of the disk, I is the moment of inertia of the disk about the axis
perpendicular to the plane of the disk, and J is the moment of inertia about an axis

in the plane of the disk.
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If R >0 is the radius of the disk, the nonholonomic constraints for rolling without

slipping are

i = RO cos ®,
(6.22)
= ROsin ®.

This can be expressed as D = ker n' nkern? where

n' = dw - R (cos ) db,
(6.23)
n* = dy - R (siny) db.

The equations of motions for this (uncontrolled) system are given by two dynamic

equations and the two constraining equations (see §1.4 of [16] for the derivation).

Jj =0,
(I+mR?)6 =0,
T = Récosgo,
§ = Rfsin .

These equations can be easily integrated. Let the initial conditions be (zq, yo, 0, ©0)
and call w = ¢, Q = 0, which are constants. Then, the (continuous) equations of

motion are

® = wt + Y,

0 =0t +06,,

Q Q
x = —Rsin (wt + @g) — —Rsin g + o,
w w

Q 9]
y=—-—Rcos (wt+ @) + —Rcos g+ yo-
w w

6.4.2 Impact map

Below, we will construct both the elastic (6.9) and nonholonomic plastic (6.16)

impact maps. Before we proceed with their derivations, we first lay out the impact
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surface, S. Suppose that the edge of the table is described by the level-set S’ =
{(z,y) e R? : h(z,y) = 0} for some smooth A : R2 - R. Then an impact occurs not
when h(z,y) = 0, rather when

h*(x,y,0p) = h(x + Rcosp,y+ Rsing) =0,
for when the leading edge makes contact and
h™(x,y,0p) == h(z - Rcos g,y — Rsing) = 0,

for when the tailing edge makes contact. Each of these impacts will be the same
(modulo a sign difference). As such, we will only construct the impact maps for
when the leading edge makes contact, i.e. h =h*.

Both impact maps require the constraining vector fields, W?, as well as the con-

straint mass matrix, m;;.

10 R 0
wi=—2 2
mor 1 "%op
19 R 0
w2=—2 Iy
m Oy 1700
and
m—Kcos?2p —Ksingcosp m2R2

(mij) = ,

:—2‘
~Ksinpcosp m—Ksin® g [+mlt

Elastic Impact

Using (6.9), the elastic nonholonomic impact map is given by

1 1 0h
TT=0T+ =N+ ——¢
m m@g:
1 1 0h
y+=y—+—A2+—a—g
m m Oy

9*29‘—§cosg0-)\1—§singp-)\2
ot = "+E %COS —%sin €
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where the multipliers are chosen such that the constraint are preserved and energy

is conserved, which are given by (6.12).

Nonholonomic Plastic Impact

Using (6.3) to determine the (pre-) impact map, we see that

x’*—x"+£a—ﬁ
- m@gf
v .. COh
y =y +——,
m Jy

(6.24)
6+ =6,

Ht = "+€R Ccos 8—iL—sin G_fz
Here, the number C' = C(p, &,9, ¢) has the value

-2 [ﬁxx +h,y+ R (izy cos @ — hy, sin ) Sb]
72+ B3] + 42 (7 cosip  hosing)”

m
where h, and ﬁy are the x and y partial derivatives of h. Notice that at impact
the rotation angle of the disk, 0, is unchanged. This is because the constraint of no
sliding has not yet been imposed. In order to apply the constraints, we compute 7p.

We can write mp as a matrix with coordinates (z, 9,6, $):

mR?cos’  mR%*sinpcosy IRcosp 0
mR2singpcospy  mR%sin®¢p  IRsing 0
(6.25) (I +mR?)-mp=
mR cos mRsing 1 0
0 0 0 I +mR?

The impact map is then given by composing (6.25) with (6.24).

Remark V1.38. The projection map mp given by (6.25) can be used to computing the

two remaining types of impacts given by Table 6.1. The data we need, in particular,
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are Vh, mpVh, and 75,dh. These are:

_m(?xax m@y@y 03/ BP9 MY 8@
R? oh oh . 0
’7T’DVh—ml%(l+C082@)+a—ySln2@‘|%
R? oh oh 0
(1= - il
3T + ) [8y( S1n2g0)+a$ congol 3y
—R aiLCOS +a—ﬁsin £+E a—ﬁcos —8—ﬁsin 3
TTrmrz |0z Y T oy M a0 T T oy Y T 0 M oy
. mR?  [0h oh
WDdh_mlax (1+COS2@)+8—ySID2¢ldI
mR oh
———— | — (1 -sin2 — cos2
+2(I+mR2) y( sin go)+axcos gpldy
+[+]£R2 ngcosg0+Z—ZSmgold9+ng—Zcosgo—%singpldgp

6.4.3 The Momentum Equation

Next, we derive the nonholonomic hybrid momentum equation (6.21). When
analyzing the impacts, two different types can happen: the leading or tailing edge
can make contact. In the same spirit as the preceding section, we will only consider
the leading edge impact as the other case is nearly identical. In this example, ) =
SE, x S which is itself a Lie group. Therefore, we can let G = Q and let it act
via left-translations. We identify g = R* via the local coordinates (z,y,;0). The

corresponding infinitesimal generators are

0

(1,0,0,0)g = >,

(07 17070)Q = 27

dy
(6.26) O
1,0), = — —y— +2—
(ana 70)Q (9(,0 yax-"x&y?

0

(0,0,0,1) = 5.
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To determine the bundle, gP, we use (6.26) to determine which elements of g map

to the kernels of n! and n? in (6.23). Solving this system of equations produces
gq = Span {(y7 —T, 17 O)a (RCOS 2 RSin% 07 1)} :

Let us call &' := (y,-z,1,0) and &2 := (Rcosp, Rsing,0,1). To determine the con-
strained locked inertia tensor, I”, we use the metric on @, i.e. IP(£§%)(§7) = (&g, 5{2)

The matrix with respect to the basis B = {{!,£2} is

» J 0
HB = .
0 mR2+1
The last piece of information required for the nonholonomic hybrid momentum equa-

tion is the map n: S - (QD)*a

oh oh
1 = —_— 1 —_—
n(f)—R(cosgo ” sin ),

h h
n (52) =R (cos gpg—x + sin gpg—y) .
To describe the evolution of JP : T*@Q — (gP)", let us choose a dual basis {1, 2} to

{€1,€2}, s0 p;(€7) = 6. With respect to these coordinates,

JE = [pg, Rp, cosp + Rp, Singa+p9]-

By the momentum equation (3.15), the continuous evolution of the momentum is

d
%Jz? = [O Rp, cos ¢ — Rp, singp]-

Before we construct the impact map, we can simplify the expression for the mo-
mentum by substituting in the constraints (6.22). This simplifies the momentum

to

d
(6.27) Jg = [p@ p9]7 EJZ? = [O 0]-
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A slightly different derivation of (6.27) can be found in [14] and §5.6 of [16]. The

impact map is linear so it can be written as JZ o AP = J2 - (I, - 2+ Rg) where

1 (mR?+1)c? (mR?+1I)cics

mR2+ 1)+ Jc2
1 5

(6.28) Rp =
Jecyco Jcs

c1 = hycosp — hgsing,

¢y = hy cos + hysinp.
This shows that the momentum is conserved during the continuous case while it is
shuffled during impacts, which only depend on the angle the disk makes with the

wall.

6.4.4 Numerical Results

Assume that the table-top is elliptical. i.e.

~ 2 P
h(l‘,y) ZE—Fﬁ_L

We will also assume that the disk is homogeneous and thin so I = 1/2mR? and
J = 1/4mR?. For the remaining parameters, we would like R << a,b so the coin
has ample room to explore. The values are in the table below and are chosen to be

similar to a US penny.

Parameter Value
0.0l m
0.0025 kg
1.25-1077 kg m?
6.25-1078 kg m?
0.15 m or 0.20 m
0.20 m

e W~ 3 I

Table 6.2: The chosen set of parameters for the time step example; a takes the first value for the
elliptical cases and the latter for the circular ones.
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0.19)

[RELI

0.1F o4

0.2 -0.1 0 0.1 0.2 0.2 -0.1 0 0.1 0.2

(a) Elastic impacts on a circular table. (b) Plastic impacts on a circular table.
0.15 0.15 on‘:: . 'gi'
0.1 0.1 an“::
0.05 0.05 " 202 | 001
0 0
-0.05 -0.05
-0.1 -0.1
-0.15 -0.15
0.2 -0.1 0 0.1 0.2 0.2 -0.1 0 0.1 0.2
(c) Elastic impacts on an elliptical table. (d) Plastic impacts on an elliptical table.

Figure 6.2: The first 20 impacts for elastic/plastic impacts on a circular/elliptical table.
Plastic vs Elastic
For the simulations, Figure 6.2, the same initial conditions are chosen: xy = 1y =
0o =0, po=1/2, 0o = 10, and ¢y = 0.2 rad/sec.
Hints of Chaos
In addition to comparing trajectories of the elastic and plastic impacts, we com-
pare how changes in initial conditions propagate with time. All 100 initial conditions

are taken to be those chosen in §6.4.4 except that 0, and o are randomly perturbed

by < 0.005 rad/sec. These results are shown in Figure 6.3.

The Momentum Equation

We finish this section with examining the momentum of the disk (6.27) and (6.28).

Due to the fact that energy is conserved during both continuous and impact phases,
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t=0 t=25
1
015 0.15
01 0.1
005 0.06
0 | 0
0.05 0.05
0.1 0.1
0.15 015
025 02 015 01 005 0 005 01 015 02 025 02 02 015 01 D06 0 005 01 015 02 025
t=5 t=10
015 015
01 01
005 0.05
0 0
0.05 0.05
0.1 0.1
0.15 015
fnlza rolz 70‘15 70‘1 70‘05 6 o‘na DI1 0‘15 nlz 0‘25 70‘25 fn‘z 70‘15 —D“! fnloa 0 D:Ji D“! 0‘15 o‘z 0‘25

Figure 6.3: Plots of 100 different initial conditions at various times.

the momentum must remain on the ellipse of constant energy,

mR?2+1Y , 1 ,
T Dy + gpcp = constant.

Plots of the trajectories of the nonholonomic momentum are shown in Figure 6.4.

Circle: a = b= 0.20

Ellipse: a = 0.19, b= 0.20

Ellipse: a = 0.15, b= 0.20

108 %108 6
s s 10
1 1
0s 0s
S o0 S
0s 0s
4 4
15 s 15
2 -15 -1 05 0 05 1 15 2 2 -1.5 -1 05 0 05 1 15 2 2 -15 -1 0.5 0 05 1 15 2

Py =10°® Do %10°¢ Py %10

Figure 6.4: Left: The momentum for a circular table is 2-periodic which is representative of the
order seen in Figure 6.2 (a). Center: The 2-periodicity is slightly destroyed with a slightly elliptical
table. Right: All order in the momentum is lost which which demonstrates the lack of order in
Figure 6.2 (c).



CHAPTER VII

Invariant Measures in Hybrid Systems

In the same way that Chapter V examined the problem of invariant measures in
nonholonomic systems, this chapter attempts to find invariant measures for hybrid
dynamical systems. We first examine invariant differential forms before specializing
to volume forms. This chapter concludes with a result that the hybrid (vertical)
rolling disk is always volume-preserving independent of the choice of table-top.

We will tacitly assume that A(S) c M is also a smooth embedded submanifold.
7.1 Invariant differential forms

Before we deal with invariant volume forms, we first determine criteria for when

an arbitrary differential form is preserved.

Theorem VIL.1. Let H = (M, S, X,A) be a smooth hybrid system. Let o} be the
hybrid flow. Then for a given a € Q™(M), we have (p}*)" a = a if and only if Lxa =0
and

OA(z) (Af-vl,...,Af-vm):ozx(vl,...,vm),

where AX is the augmented differential, recall Definition IV.14.

Proof. For simplicity of calculations, we will assume that « is a 1-form. Let xg e M,

127
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then the condition that (¢%)" @ = a means

Agany ((9F), v) = az, (v).

Choose xo and T such that a single impact occurs along the path {7 (xq) : t € (0,1)}
and call this time ¢; and location yg, i.e. yo = ¢4, (x9) € S. Additionally, call zy :=
A(yo) and wy := pr_y, (20) = (o). Because the vector field is transverse to S at

Yo, we can split up the tangent space at xq in the following way:

TooM =T5 M & X(x0) R, (¢4,), (T3 M) =T,,5.

o

To compute (¢¥), v, we split into the cases where v € T3 M and v € X (20)-R (which
can be taken as v = X (xy) by linearity). See Figure 7.1 for an illustration of the
setup.

Let v € T M. Therefore, we can choose a curve v : (-¢,¢) - M such that
o, (7(s)) e Sforall s € (—¢,¢). Then p¥(v(s)) = r_t,oAop(v(s)). Differentiating

this provides

Therefore, for v e Ty M,

O‘Qp?(wg) ((410#)* U) = Oécp;l‘(:vo) ((@T—tl)x— ) A* ’ (Sotl)x- U) .

Which, if Lxa =0, invariance is equivalent to aa(yy) (Ax - v) = oy (v) for v e T, S c
T,,M.
Let v = X(z0). To complete the proof, we need to show that (p¥) X(z) =

X (¥ (x0)). Let v: (-e,e) > M be given by v(t) = p¢(x0) such that e <ty (so 7 is
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X (20) (1=, (T205)

X (wo)

S
Figure 7.1: Diagram for the proof of Theorem VIL.1. The set S := A(S) and TS M = (¢-4,), Ty S-

also the hybrid flow). Then we have

d
H -
(SOT)*U_ dt

d

Cdt

7 o ot (o)
t=0

90¥+t ($0 )
t=0

= X(w0)7

which completes the proof. O]

Definition VIL.2. A differential form « is called hybrid-invariant if (¢7)" o = a.

Let the set % c Q(M) be all the hybrid-invariant forms.

7.1.1 A Formula for the Augmented Differential

We take a brief digression to write down an explicit formula for the augmented
differential AX. Let v € T, M such that h(z) =0 (so z € S). If the impact map is

A:S - M, then the augmented impact is given by

dh(v)

X, _ dh(v) "
(7.1) Ao —dh(X(x))X( ))

=——7 _X(A Ay |v-
Yo G e Ao
In practice computing AX will be quite tedious. The next subsection provides ne-

cessary and sufficient conditions for « € %, without the need to explicitly compute

A¥ from (7.1).
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7.1.2 Properties of Invariant Forms

Rather than having to compute AX, the following theorem provides a way to test

whether or not « € @ without computing AZX.

Theorem VII.3. A differential form « is hybrid-invariant if and only if Lxa =0

and
(7.2) A*tixa = gixa,
(7.3) Ao = 5a,

where S = A(S) and 15:S = M, 15:S < M are the inclusion maps.

Proof. Suppose that « € Q?(M) (the proof is almost identical for forms of different
degrees). For u,v e T,y M, decompose them in the following way:

u=a-X(y)+a, uel,»S

v=b-X(yo) +0, 0VeTy,»S.
Under this decomposition, the augmented differential is

AX u=a-X(2)+ A

AX v =b-X(z)+A,9.

Therefore, according to Theorem VII.1 invariance is equivalent to
Ay (a- X (yo) +,0- X (yo) +0) = az(a- X (20) + Asti,b- X (20) + ALD).

Using the bi-linearity of « results in
O=a- a(X(yO)J 6) -a- a(X(ZO)v A*qj)
+b- (i, X(yo)) - b- a(At, X (2))

+ali, 0) - a(Ad, ALD).
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This condition is equivalent to
X (y0) (D) = x(z0) (A4D)

a(a,v) = a(Aya, AD)

for all @,v € T}, S. These are equivalent to (7.2) and (7.3). O

It is interesting to point out that hybrid-invariance requires two additional con-
ditions, not one. For reasons that will be apparent in §7.1.3, condition (7.2) will be
called the energy condition while (7.3) will be called the specular condition.

The previous theorem provides a geometric way to check whether or not a given
form is hybrid-invariant. This allows for a way to study some algebraic properties of

Ly
Corollary VII.4. The set oty c Q(M) is a n-subalgebra closed under d and ix.

Proof. 1f we denote o := {a e Q(M) : Lxa =0}, then it is already known that o c
Q(M) is a A-subalgebra closed under d and ix (see Corollary 3.4.5 in [1]). Therefore,
in order to prove the theorem, it suffices only to check (7.2) and (7.3). Let o, 5 € o7.
We only need to check that da, ixa, and a A 3 obey (7.2) and (7.3).

Consider ixa. This satisfies (7.3) because « satisfies (7.2) and (7.2) is satisfied
because ixtxo = 0.

Consider da. Condition (7.3) follows from the fact that d commutes with pull-
backs:

A*zda=d (A*Lga) = d(Lt5a) = tida.
Condition (7.2) requires Cartan’s magic formula:
Atizixda = A% (Lxa—dixa) = ~A*iidixa
= —d(A*ng’Xa) = —d (t§ixa)

=—sdixa = Lgixdo.
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Finally, consider a A 8. The condition (7.3) holds because pullbacks distribute

over the wedge product: f*(a A )= f*a A f*f. For condition (7.2), we see that
A*igix (anB) = A% (ixan B-anixf3)
= (Arugixa) A (A*B) - (A% via) A (A% kix )
= (tsixa) A (150) = (L5ar) A (Lsix )

=15ix (@A B),

which completes the proof. O]

7.1.3 Invariant Forms for Hybrid Mechanical Systems

It is known that (unconstrained) elastic mechanical impacts are symplectic [91].
In that work, the authors show symplecticity via variational principles. Here, on the

contrary, we can show symplecticity directly via (7.2) and (7.3).
Theorem VIL.5. FElastic impacts are symplectic.

Proof. The first condition is a consequence of conservation of energy:
A"EdH = 15dH.

The second condition is a little more subtle. Choose coordinates such that ™ = h.

In these coordinates,

* n—1

Sw:dxl/\dp1+...+da:

) Adp,_1.

The elastic impact map is the identity on every coordinate with the exception of
Pn, but this is invisible to the restricted form LEw. Therefore, it is preserved across

impacts. ]

In order for the impacts to be symplectic, H need not be conserved, only dH.
Another way of viewing this is symplecticity as a result of H being a relative inva-

riant. This means that H o A = H + constant rather then H o A = H, so energy can



133

be injected, or sapped, across impacts without breaking the symplectic structure. In

particular, being symplectic is weaker than being variational.
Corollary VII.6. Elastic impacts are volume preserving.

Proof. Elastic impacts preserve the symplectic form and consequently preserves the

volume form by Corollary VII.4. O]

Due to the fact that nonholonomic systems are generally not symplectic (this is
actually a deep question, see e.g. [13] and [45] for an in-depth discussion), volume

will generally not be preserved.

7.2 Hybrid-Invariant Measures

Before we address the issue of nonholonomic hybrid volume preservation, we first
examine the problem of finding a smooth invariant measure for an arbitrary hybrid
system. Instead of having to solve a (continuous) cohomology equation (5.13), we
will now have to solve a “hybrid cohomology equation.”

An invariant measure for a smooth hybrid system H = (M, S, X, A) is given by a
hybrid-invariant volume form, i.e. p is an invariant volume if p € o N Q" (M). The

following theorem gives conditions on such a .

Theorem VIL.7. Let H =(M,S, X,A) be a smooth hybrid system. A volume form

e QM) is invariant under the hybrid dynamics if and only if
div,(X) =0

A*L;ixu = 15X
Proof. These conditions match those of Theorem VII.3 with the exception of the
specular term (7.3). This is because u is an n-form and dim S =n -1 and therefore

tsp = 0 so the specular term is trivially satisfied. O
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In a manner similar to §5.6, suppose p € Q*(M) but u ¢ <. What conditions

can be placed on a function f: M — R to guarantee f - € ofy?

Definition VIIL.8. Let H = (M, S, X, A) be a smooth hybrid system and let u be a

volume form on M. The unique function J,(A) € C*=(S) such that
(7.4) A*igixp = Tu(A) - tgixp,

is called the hybrid Jacobian of A with respect to u.

Proposition VIL.9. For a smooth hybrid system H = (M,S, X,A), there ezists a
smooth hybrid-invariant volume, f-u, if there exists a smooth function g: M - R

such that

dg(X) = =div,(X)
(7.5)
goA-gls=-In(J.(4)).

Then the density is (up to a multiplicative constant) f =e9.

Proof. The first condition is precisely (5.13). To see the second, we apply the energy

condition to f - pu.

A*igix(f - p) = (A*Lgf) : (A*Lgix,u)
=(foA) - (Tu(A) - t5ixp)
= fls - tsixp.
So the energy condition is satisfied if and only if J,(A) - (f o A) = f|s. Taking the

logarithm of both sides yields the result. O

The system of equations in Proposition VII.O is a differential-algebraic equation

which reflects the dual nature of hybrid systems.
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Definition VIL.10. Let H = (M,S, X,A) be a smooth hybrid system. Suppose
feC>®(M) and k e C>(S). The differential-algebraic equation

dg(X) = f
(7.6)

goA-ygls=k
is called a hybrid cohomology equation.

Just as in §5.6, finding an invariant measure is equivalent to solving a cohomology
equation. In general, we expect solving (7.6) to be very difficult if not impossible.
This is because merely the continuous cohomology equation is difficult to solve, let

alone the additional algebraic boundary conditions that must be satisfied.

7.3 Invariant Measures for Nonholonomic Hybrid Systems

Theorem VIL.5 shows that unconstrained hybrid mechanical systems automati-
cally preserve measure. In the language of Proposition VIL.9, div,(Xg) = 0 and
Jon(A) =1 and the corresponding cohomology equation has a trivial solution. On
the other hand, for a nonholonomic system it is no longer true that div,. (X5) =0
and determining invariant measures becomes a nontrivial task. Likewise, it is no
longer obvious that J,. (A?) = 1. In what follows, we compute the hybrid Jacobian

and attempt to solve the corresponding hybrid cohomology equation.

7.3.1 The Hybrid Jacobian

In order to find invariant measures for nonholonomic hybrid systems, we need to
be able to compute J,. (AP). In order to calculate this, we will use a similar trick
as we did to compute the divergence: calculate J,»(A%) and restrict to D*. This

will require a tool similar to Lemma V.15.



136

Lemma VIL.11. Let H* = (T*Q,S*,Z%,A%) be the global version of the nonholo-
nomic hybrid system H = (D*, S5, X5, AP) and let jig be the nonholonomic volume

form. Then

T (A7)

D* = J,ucg (AD) .
Proof. The proof will be similar in spirit to Lemma V.15. A computation yields:

A%*L{igcgwn — A%’x—b*

3 (0‘(,5/\8)

U
SEN

_Az”*

UJz

% O’cg) (A(’ﬂ* tl=w 6)

= (-1)" (tio¢) A (A%ng‘age) :

m

which uses the fact that the constraints are preserved under the flow. That is,

iz¢oy =0 and A(g*bg(ﬂg = 150¢. The right side of (7.4) produces
T (AF) - L§lize (0g ne) = T (AF) -1 (2~<gac,; ANe+ (=1)"og A 2'5}55)
= (-1)"Jor (A7) - (303 A (1izge)
Combining both of the above gives
(tsog) A (A%Lgiggs) = T (A?) - (1t5oe) A (Lgiagé) .
The result follows from restricting to D*. O
Therefore, to calculate J,»(A?), we need to understand A%*, Slzew”. Expanding
gives

A%Lgiggw” = A%*Lg (n-virw)=n (AY)*L* Vi) A (AY)* * ) -

Therefore, the hybrid Jacobian is determined by how much the nonholonomic 1-form
and the symplectic form fail the specular condition (7.3). We next present a helpful

computational lemma which will be useful for computing the above.
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Lemma VIIL.12. Let x',..., 2"\, p1,...,pn be local coordinates and let A = (a?) be

an (n-1) xn matriz. Then

n-1 n n-1 n
(S5 ot nan) =045 (-1 3 a0
j=1 i=1 k=1

(7.7)
lezdﬂfl/\.../\dnl/\dpl/\ /\Jp\k/\---dpna

where Ay is the (n—1) x (n—1) matriz from deleting the k*"-column from A and the

caret J]ﬁ means that dpy is omitted from the wedge product.

Proof. Recall the multinomial theorem which states that

(7.8) (”z‘: z”: cdxd A dpl) _ = Z (d%, n B ;n ) H (Ozé cdrd A dpi)dé ,

=1 4=1 S(d;.):n—l o Pn=17 4j
where
n-1n
: , n-1 n!
s =% d (" )iy
J j=1 i=1 J d%,,dn 1 d%'dn—ll

Notice that for any 4,5 we have (ozj. - dx? /\dpl-) = 0. This implies that the only

nonzero terms in (7.8) have dj € {0,1}. This simplifies (7.8) to

n-1 n n-1
(7.9) (Z > ol - da /\dpz) =(n-1)!- Y JI(a}-da? A dp;)%
=l =1 S(dj)=n-1 1
dle{O 1}

In order to evaluate (7.9), we wish to understand the structure of the matrices
d= (d;) that contribute a nonzero term. In addition to having coefficients in {0, 1},
they also have the following property: if d = 1, then d% = d; = 0 for all k. This is due
to the fact that (dz? A dp;) A (dxt A dpy) = 0 whenever j =/ or i = k. In other words,
the matrix d must have a single nonzero entry in each row and at most one in each

column. The matrix d is then given as a column permutation of the matrix
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Let Z be the set of all such matrices and partition it as & = U}_, 7}, where d € &, if
its kt"-column is identically zero. The expression (7.9) becomes
n-1 n n-1 n
(7.10) (Z Y ol dal A dpz) = Z Z [1 o -da/ ndp;.
=14=1 k=1 (d )Pk z]d’#O
By deleting the kth-row from %, there is a natural isomorphism S,,_; - %, where
Sn-1 is the symmetric group of n—1 elements. A matrix (d}) € % if and only if there

exists o € S,_1 such that d¢ =1 if and only if 04(j) =7 where
J

(This modified permutation keeps track of the k*-column deletion.) Before we finish

the calculation of (7.7), we notice that (see 3.1.3 in [1])

n-1
[Td2? A dpoyiy = ()T dat AL A da™ A APoy(1) A - - APy, (n-1)
j=1

:(—1)[%”-Sgn(a)-dxl/\.../\dx”_l/\dpl/\.../\@/\...dpn.

~

=:Q

Using this, we see that (7.10) becomes

n-1n n-1 n n-1 )

(Z Z da? /\dpl) = (_1)[T1 l Z Z Sgn H a;k(]) ol
=1 7=1 k=1 0eSp_1 j:l
= (—1)[% ‘ Zdet Ak Qk,
k=1

which is precisely (7.7). O

Proposition VII.13. In local coordinates where h = x™, we have

Lg(y}’f;/\w”‘l)=(—)71 (n-1)!- (G_H

)-dxl/\.../\dxn_l/\dpl/\.../\dpn.
Opn

Proof. By Lemma VIL.12 we can compute (¢§w)"! where a§ = 5; This provides

(w)" " = (Dl (n-1)1-Q,.
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Due to the fact that €,, depends on every da/ and dp; with the exception of dp,, the
only component of v% that wedges with (:5w)” ! to produce a nonzero term is the

pn term, 1.e.

. _ H _
vi A (Lsw)” ' (8_ -dpn) A (Lhw)" !

Opn
= (- (-1 g—H QA dpy,

n

where €2, A dp,, = dp,, A 2, because §2,, has even degree. O

Corollary VII.14. In coordinate-free language, we have

1

s (vl awm ) = (-0 (= 1) mhdh (25 - Qn,
where 2y, is a volume on S* given by
Qn=1ie, dhnre=(-1)"1-da' A...Ada™ Adpy A ... Adp,.

We are now ready to proceed with calculating the hybrid Jacobian.

Theorem VII1.15. The hybrid Jacobian is given by

(2-mgympdh — g dh) (E5)
m5dh(ZY)

(7.11) T (A?) =
In particular, J,.,(AP) =1.

Proof. We will choose local coordinates such that A = 2" in a manner similar to

Proposition VII.13 and later translate to a coordinate-free language as in Corollary

VII.14. We will first compute (A%ng)n . In coordinates where h = x™, this

becomes
(A%ﬂ*%w)n_1 = (dz' Ad(pro A) + ...+ da" ™ Ad(pni 0 A%ﬂ))n_1 .
The map A% given by Theorem VI.13 depends on both z and p:

d (pj o A%) = a;-dpi + B;dx’.
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With this notation, we have

(A%*ng)n_1 (af - dad Adp; + By - dad A d:z:i)n_1

(oz;- ~dz? A dpi)n_1 ,

where the §;; - dz? A dz® terms do not contribute because any piece containing them
will necessarily have a repeated term. Therefore if we can determine the coefficients
aé, Lemma VII.12 shows how to compute the product. The expression (6.14) shows

that the impacts are linear in the momentum and so the coefficients are

. (mpvh)
v = 5Z —_ )
=0T T (rpvh)

(mpdh);

where (WDVh)i is the *"-component of the vector mpVh and similarly for 7%dh.
We must now calculate the determinants of the matrices A;. For the remainder

of the proof, we will deal with the n = 4 case but the general case works in the same

way. For ease of notation, let u:= mpVh and v := m5,dh. Notice that in our choice of

local coordinates,

n 1
dh(mpVh) = dz" (mpVh) = (mpVh)" = u" =

K

The matrix A = (a}) is given by
1-2kutv; —2kuvy “2kudv,  —2Kkutvg
A= “2kulvy  1-2kuvy  =2kudve  —2kulvy |-
-2kulvs  —2kulvs 1 -2kulvs —2kutug

The determinants det A are

det Al = —21}1,
det A2 = 2U2,
det Ag = —2'1}3,

det Ay =1-2k (ulvl +uvy + U3U3) =20t - 1.
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Lemma VII.12 asserts that
(712) (A%*ng)g = (—1)[71771J . (n - ].)' -2 [(—Ul . Ql + Vg - QQ — V3 Qg + Uy - Q4) - Q4] .

To finish the theorem, we need to compute the wedge product of A%*Lgyg with

3 3
(7.12). Tt turns out that A¥*tvg A (A(f*%w) = LEVE A (A%ng) . This is because
A%Lgy}? = A%LgdH - A%’Lg (mas{H, P(Wa)}ﬂ'zﬂ]ﬁ)

= 5dH — A7 (map{H, P(W*) }miyn?)
by conservation of energy. Notice that the second term above has the form ~; - dz?

which pairs to zero when wedged with any €2;. Therefore,

A%)*Lg (1/}?; A w”_l) = 1gdH A (A%*ng)n_l

n-1 OH\ OH
(- (n=1)!- il [t I
(-1) (n-1)! lQ(vJ Opj) 8p4] Q

= (- (- 1)1 [2- mpdh (25) - dh (25)] - ©.

The result follows from applying Proposition VII.13 which says

v (v aw ) = (-)PEL (n-1)-dn (27 - Q.
The quotient of coefficients is (7.11). 0

Since J,,(AP) =1, we need an invariant density to be conserved across impacts:

if fue is invariant then fo AP = f

S5 - As it turns out, there is a clear qualitative
difference between nonholonomic systems with measures depending on configurations
versus those who do not. Before we demonstrate this with examples, we will quickly

address the Zeno issue in measure-preserving systems.

7.4 The Zeno Issue in Measure Preserving Systems

Invariant measures provide information about asymptotic properties of flows. Ho-

wever, hybrid dynamical systems can exhibit a Zeno solution which prevents ¢7*(z)



142

making sense as t - oo. This section shows that, although they may exist, a given
trajectory will almost never be Zeno.

Any Zeno issue will occur within the set Z := S n W, which by (H.5) has
codimension at least 2 (exactly 2 for mechanical systems). We will therefore focus

our attention on trajectories that intersect this set; let ' be all points in M that

eventually move to Z,
N = {xEM:EIt>Os.t. lir?(pz‘(:c)EZ}.

Our goal is to show that A has zero measure. A key to proving this is to introduce

the following assumption.

Assumption VII.16 (Boundary identity property). Consider a smooth hybrid dyn-
amical system H = (M, S, X, A). Then for any sequence {s,} € S such that s, > s€ Z

we have A(s,) - s.

This assumption is useful because it allows us to “complete” the hybrid flow in
a manner similar to [5]. Essentially, suppose xg is Zeno so limg_ - ¢ (xg) = 2o € Z.
Then we define }*(xg) := 29 and we can extend it via assumption (A.1). Let € > 0
such that ¢;(z) does not intersect S for all ¢ € (0,e). We define the completed flow
to be ¢ (xo) = s (20). If a hybrid flow is measure-preserving then its associated
completed flow is too precisely due to the boundary identity property; we are ignoring
any impacts at zp which comes from continuously extending the impact map from S

to S. We can now state the following theorem.

Theorem VII.17. Suppose that H = (M,S, X,A) is a smooth hybrid dynamical
system with the boundary identity property, Assumption VII.16. If H preserves a

smooth measure i, then p(N) =0.



143

Proof. Partition Z into a countable collection of compact sets, {V,,}, and partition

N in the following way:
Nos = {:B eN:3te(0,0) s.t. pl*(z) e Va}.

It follows that if each N, s has zero measure then all of A/ has zero measure, since
a countable union of null sets is still a null set. In particular, we only need to prove
that for all «, there exists ¢ such that M, s has zero measure. This is because for
0>s

90;{ (Na,§ N Na,s) = Na,&—s-

Fix an a. By (A.1), for each z € V,,, there exists € > 0 such that ¢;(z) ¢ S for all
t€(0,e). Let § be the infimum of all such e which is positive due to the compactness

of V,. By the measure-preserving property of the flow, we get

1 (Nasya) = 1 (02 (Naa) ) < 1(O(Va,6))

where

O(Va,d) = U 01(Va)-

te(0,6)

Because zero impacts occur, the set O(V,,,d) is a manifold with codimension at least

1 which necessarily has zero measure. O

Hybrid mechanical systems are smooth and satisfy Assumption VII.16 so if a
smooth invariant measure exists, Zeno states are negligible. We will use this result

to justify that our ignorance of Zeno states is essentially benign.

7.5 Examples

For a nonholonomic hybrid system, a density f solves the hybrid cohomology

equation (7.5) if and only if f solves the continuous cohomology equation (5.13) and
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is invariant under impacts, fo AP = f s5- It turns out that there is an important
distinction between densities depending only on configuration versus those who do
not. To demonstrate this we consider both the Chaplygin sleigh (with invariant den-

sity given by Theorem V.36) and the rolling disk (which trivially preserves measure,

recall (5.11)).

7.5.1 Chaplygin Sleigh

An invariant density for the Chaplygin sleigh is

YOREF-S 1 .
u®  (pp— ap, cosb + ap, sin )

Without loss of generality, we will take Iu = I + ma?. The above can be simplified

using the constraint (5.7).

(T+ma2\?
Psleigh = J( i ) = p93.

In order for measure to be conserved across impacts, we need py to be conserved
across impacts. Proposition VI.16 states that this is true if and only if 7% dh has
Z€ero py component, i.e.
0 1 0
0=npdh| — ) =|dh - ———dh(W —
P (80) ( o) )77) (80)

0 oh
- dh(@) =%

In practical situations, this is impossible. Recall the construction of the impact map
for the rolling disk in §6.4.2. If the boundary of the table (or rink if the sleigh is

thought of as an ice-skate) is given by l~1(x, y) =0, then an impact occurs when

h(x,y,0) = h(x + Lcosf,y + Lsinf) =0,
where L is the length of the sleigh. Differentiating with respect to 6 yields

50" — cosf — —sind

ah_L(ah Oh )
dy x
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This is only zero when the sleigh impacts the wall perpendicularly, which cannot
be guaranteed to always happen. Therefore, the Chalpygin sleigh does not preserve

hybrid measure.

7.5.2 Rolling Disk

The issue with the Chaplygin sleigh is that even though there exists an invariant

measure, it fails to satisfy the impact conditions, fo AP = f sy When the non-
holonomic system has an invariant measure depending only on configuration, this

condition is automatically satisfied.

Proposition VIL.18. Let H* = (T*Q,S5*,Z%,A%) be a global realization of H =
(D*, S5, X5, AP). If the density form Uy can be integrated, i.e. there exists p € I'(DP)

such that 94 + p is exact, then the resulting density is hybrid-invariant.

Proof. Let dg = V¢ + p. Then by Theorem V.24, g has the form g = g o mg. This
is clearly a hybrid-invariant density because the impact is the identity on the base

variables: mg o A% = 7. O

As we saw in §5.5.2, ug is an invariant measure for the rolling disk. The cor-
responding density is f = 1 which clearly depends on configuration. Therefore, the
rolling disk always preserves measure independent of the choice of impact surface

S c M. This allows for the following result. We first need to define the energy set.

Definition VII.19. Let (Q,S, H) be a hybrid Hamiltonian system. The energy set
is
Ye={(z,p) eT"Q: H(z,p) = e},

Moreover, let ¢ be the measure on X, given by

*

po =g, dH ANe =g,
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where ¢, : X, = D* is the inclusion.

Lemma VII.20. If iy is an invariant measure for (D*, Sy, X5, AP), then uS, is an

imvariant measure for the system restricted to Y.

Proof. This proof will be similar essentially identical to 3.4.12 in [1]. Due to the fact

that ug is invariant under X%, we have
0= ‘CXEM‘K =dH A ’Cng’

Thus L’ng must have the form L’Xg&? = dH A7, for some 7. The volume u, is
invariant since

Lxppg =1eLype =1l (dH A7) =0.
[

Theorem VII.21. Let fug be an invariant measure depending only on configuration
for (D*, S5, XB.A) and X, be compact. Then for any open E c X, and time T > 0,

there exists a time t > 1T such that
OoM(E)YNE +@.

Proof. This proof is essentially the Poincaré recurrence theorem (see, e.g. 4.1.19 in
[70], [40] for a version for impulsive systems, or [42] for a version for nonsmooth
vector fields). The measure fyu¢ is invariant on the dynamics restricted to 3. and

the result follows so long as Y. is compact. O]
This allows for the following statement about nonholonomic billiards.

Corollary VII.22. Let S’ ¢ R? be a smooth closed curve. Then for any open set

EeX, and time T >0 there exists a time t >T" such that

OH(E)NE # @,
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where oIt is the hybrid dynamics for the elastic rolling disk laid out in §6.4.

Proof. The form pg is an invariant volume (so f = 1 which clearly depends only
on configuration). The energy set Y. is compact because H is convex and @ is

compact. ]

This result states that the rolling disk billiards is recurrent for any table-top so

long as it is bounded.



CHAPTER VIII

Hamilton-Jacobi Theory for Hybrid Systems

This chapter begins the third and final part of this thesis and extends the ideas
from §3.4 to hybrid mechanical systems in preparation for Chapter IX. In particular
we will show a hybrid version of Theorem II1.37, as well as provide a way to have
completely integrable hybrid systems. For notation purposes, the action will be
called A rather than S as S is already used to describe the impact surface.

There has been work done with nonholonomic Hamilton-Jacobi theory [38, 63, 86],
which could be extended to the hybrid situation as well (in the same spirit that
Chapters VI and VII extend nonholonomic dynamics to include impacts). However,

we postpone that for future work.

8.1 The Hybrid Hamilton-Jacobi Equation

Our first task is to extend Theorem II1.37 to hybrid systems. This will essentially
be (3.17) along with the impact conditions: d A} = A(dA;). Solutions to this partial
differential equation are necessarily multi-valued because for z € S, dA has (at least)

two distinct values.

Definition VIIL.1. Let 2 = {4} be a family of smooth functions Ay : Uy - R
where Uy ¢ (Q N\ S) xR are open sets. The family 2 solves the hybrid Hamilton-

Jacobi equation if:

148
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1. For each k, Aj solves the Hamilton-Jacobi equation on Uj,.

2. Suppose z € QU n S. Then there exists an m such that x € 9U,,, n S and

©1) lmdda() =5 (lm 2], lim Au() = lim ).

Y-z
Remark VIII.2. We require continuity in the solutions at impact points because that
will be a property of the optimal cost function discussed in Chapter IX.

As we will see in §8.1.1, the sets U, can be nontrivial and nonequal. We can now
state the hybrid Hamilton-Jacobi theorem. For a concise formulation, we will assume

there is a single impact but it holds for any number of impacts.

Theorem VIIL.3. Let (Q,H,S) be a hybrid Hamiltonian system and A = {Ax} be

a collection of smooth functions. Then the following are equivalent:
(HHJ.1) For every curve c: (tg,ts) = Q such that c only intersects S at t* € (to,ts) that
satisfies
é(t) =dmg - Xy (dAk(c(t))), t<t”

é(t) =dmg - Xp (dAm(c(t))), t>t*
where Ap(c(t*),t*) = An(c(t*),t*), the curve c is an integral curve of the hybrid

dynamics.

(HHJ.2) The family 2 solves the hybrid Hamilton-Jacobi equation.

Proof. Away from impacts, this follows directly from Theorem II1.37. At impacts,

we only need to apply (8.1). O

8.1.1 Example: The Bouncing Ball

To demonstrate the above theory, we will examine the case of the bouncing ball.
Although this example is very simple, it offers the ability to be solved exactly so

results can be compared.
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No Impacts

Before we tackle the hybrid case, we first compute the action functional for the

falling ball. The Lagrangian for this system is
|
L= §mx - mgx,

where m is the mass and g is gravity. Suppose that the ball starts at (zg,%9) = (0,0)

and ends at a point (x,t). The trajectory that connects these two points is

z(s) = 132+v3 vw= Tt gt, s=t-t
= 29 08, Yo =7 297 = 0-
Integrating the Lagrangian over this path yields:
Aoty = ™8It (2 19
B T Y '

The subscript indicates that zero impacts are present. Notice that Ay satisfies the

Hamilton-Jacobi equation:

2
) +mgz = 0.

(8.2) 0A) 1 (6.,40

—_— + —_— —_—
at  2m\ Ox
Impacts
Assume that the ball makes & impacts between (0,0) and (x,t). In order to
achieve this, let the initial velocity be v(0) = v§ > 0. Let t* be the time of the initial
impact; the final impact will take place at k-t*. Solving the shooting problem for

(0,k-t*) to (z,t) gives the following system:

1
vy = to9(t-kt7),

t—Fk-t*
g
Solving this system produces two solutions:
(1+2k)gt ++/g%t2 - 8gk(1 + k)x
4k(k +1) ’
(1+2k)t£/t2-8k(k +1)glw
2k(k +1) '

k _
Vg =

(8.3)

*




151

Remark VIIL.4. The reason for two solutions in (8.3) is that (z,t) can be arrived at
via either ascent or descent. This can be seen in Figure 8.1 where each color has two

curves: one is rising and one is falling.

The problem of computing the action requires integrating the Lagrangian in the
following sense:

t* t—k-t*
At (2,1) = k- Ldt+/ Ldt,
0 0

where the superscript of + indicates which solution in (8.3) we take. Calculating this

integral yields:

A1) = k2(k1+ 1) mgfi ’ mgiéi ) mgfgéz
mgPyi,  maiy.  mgauyi
3 32k2(k+1)2  4k(k+1)’
where
Qs = g0s,
ko,
Ye=1- Wk + 1)’

6p = (1+2k)t £/t2 - 8k(k +1)zgL.
It is interesting to note that Af does solve the Hamilton-Jacobi equation (8.2) when
k #0. We can see that the family { A%}, along with Ay, solves the hybrid Hamilton-

Jacobi equation as per Definition VIII.1.

Reachability

Notice that the solutions to (8.3) are not always real; there is an envelope where

the solutions provide real answers:

gt?
8.4 SR L
(8.4) T Sk(k+ 1)

This envelope defines the sets Uy:

U = (mt)eRxR'x<g—t2
A T 8k(k+1) [
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Bounds

0.6
0.4

0.2

Figure 8.1: Left: The reachability bounds for the bouncing ball depending on the number of
bounces. Right: Every trajectory that starts at x =t =0 and ends at z = 0.2, £ = 5 with no more
than three bounces. The two solutions for each number of bounces corresponds to the two solutions
to (8.3).

The Full Solution

We finish this example by plotting the whole solution. A plot of the functions A;
for k£ <5 is shown in Figure 8.2. To clarify the presentation of the plot, cross-sections

depending on time are shown in Figure 8.3.

8.2 Integrability

Here, we extend the notion of Lagrangian submanifolds and complete integrability
as described in §3.4.2. To show the applicability of this extension, we show that the
bouncing ball is the hybrid equivalent of the harmonic oscillator as well as show the
well-known result that the standard billiard problem on a circular table is integrable,
see [69] and the references therein. We begin with defining a hybrid Lagrangian

submanifold and then completely integrable hybrid systems.
Definition VIIL.5. A submanifold (with boundary) £ c M is a hybrid Lagrangian
submanifold if

1. £x 0L c M is a Lagrangian submanifold, cf. Definition III.5, and

2. mg (0L) c S.



-10 4

15 <

-20

-25 =l

153

0.5
i

2
1 1.5

Figure 8.2: The plot of Aj for k up to 5. The color-coding records the number of bounces: black
means zero bounces, red (both light and dark) records a single bounce and so on.

t=2

A(z,t)

A(w,t)

A(z,t)

t=3

Figure 8.3: Cross-sections of Figure 8.2 at various times. The corners on the left correspond to
impacts while the cusps on the right are reachability bounds, corresponding to (8.4).
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This allows for the definition of an integrable hybrid system.

Definition VIII.6. A hybrid Hamiltonian system (@, H, S) is completely integrable

if there exists a hybrid Lagrangian foliation {£,} of T*Q such that each leaf satisfies:
(HL.1) £, c H-Y(F) for some E € R, and

(HL.2) if (z,p) € 0£n S*, then A(x,p) € £.

Remark VIIL.7. We define integrability for hybrid systems via Lagrangian foliations
rather than by constants of motion. This is due to the fact that the constants of
motion must be in involution (Poisson commute) which requires some type of “hybrid

bracket.”

Before we present examples, we first prove a hybrid version of Proposition I11.40.

Proposition VIIL.8. Let (Q, H,S) be a hybrid Hamiltonian system and £ c T*Q
be a hybrid Lagrangian submanifold. Call o} the flow of the hybrid Hamiltonian
dynamics.

1. If £ satisfies (HL.1) and (HL.2), then £ is invariant under oit.

2. o

(£) remains a Lagrangian submanifold.
Proof. To show the first claim, we recall that (HL.1) implies that Xy is tangent to
£, cf. the proof of 5.3.32 in [1], Xy is tangent to £. Invariance follows from this as
well as closure under impacts, (HL.2).

The second follows immediately from the fact that (] is symplectic; recall The-

orem VIL5. N

8.2.1 Example: Harmonic Oscillator and Bouncing Ball

Here, we show that the bouncing ball is essentially the hybrid version of the
harmonic oscillator. We find a Lagrangian foliation for the 1-dimensional harmonic

oscillator first for reference.
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2E =k

ET 05 0 05 1 15 “a 05 0 0.5 1
T T

Figure 8.4: Left: The Lagrangian foliation for the harmonic oscillator. Right: The (multi-valued)
action for the harmonic oscillator.

Harmonic Oscillator

Here, we examine the (non-hybrid) harmonic oscillator with ¢ =R and

1 1
H=—7p*+ —ka?.
2m 2

The stationary Hamilton-Jacobi equation is

2m

2
L (Z—A) + %k‘xQ =E.
T

This can be solved by integrating

% = :V2ImE - mkx2.
ox

This produces a Lagrangian foliation of 7*( = R? into concentric circles.

Bouncing Ball

We repeat the same procedure as above but with the (hybrid) bouncing ball. The

stationary Hamilton-Jacobi equation is

1 {0A)?
%(%) +mgr =FE.

Integrating this yields

A(x) = - (2Em - 2m2gx)3/2 +C.

3m2g
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Figure 8.5: Left: The hybrid Lagrangian foliation for the bouncing ball. Right: The (multi-valued)
action for the bouncing ball.

Instead of a foliation of concentric circles, the bouncing ball has a foliation of nes-
ted parabolas. Topologically, this is equivalent to circles once we glue the impacts

together.

Remark VIIL.9. We note that every hybrid Hamiltonian system with one degree of
freedom is completely integrable in the same sense that their continuous counterparts
are. Indeed, let A be a solution to the Hamilton-Jacobi equation H o dA = E. This

means that the graph,
Laa={(q,dA;) : qe Q} cT7Q

has constant energy. The corresponding Lagrangian foliation will be the foliation
given by the level-sets of H. This foliation is also hybrid as energy is conserved

across impacts.
8.2.2 Example: Billiards on a Circular Table

The classical billiard problem is known to be integrable when the table-top is
circular or elliptical. In this example, we show that the circular billiard problem is
integrable according to Definition VIIL.6.

The circular billiard problem is given by the following hybrid Hamiltonian system
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(Q, S, H) where
1. Q={(x,y) e R? : 22 + y? < R?},
2. S={(x,y) e R?: 22 +y? = R?},
3. H=2(p2+p2).

Theorem VI.8 states that the (elastic) impact map is given by

2x
Pz ™ Px = 5 (TD2 + YD)
R
(8.5)

2y
Py Py~ o (xps + ypy) -

In order to get complete integrability, we need to find a Lagrangian foliation of
T*@ that is invariant under the impact map (8.5). By construction the impact map
preserves energy, which provides one first integral. For the other integral, we will
choose angular momentum:
fie = (p2+p?)
o2m VYT
fa=xpy = ypa.

These functions Poisson commute and therefore their joint level-set is Lagrangian,

Lpw ={(2,y,02,0y) €T*Q: L= E, f2=v7}.

These Lagrangian submanifolds satisfy both (HL.1) and (HL.2) since both energy
and angular momentum are conserved across impacts (8.5). Therefore, the circular
billiard problem is integrable.

Remark VIII.10. We need f; and f; to be in involution for their joint level-set to
be Lagrangian. For this Lagrangian submanifold to be hybrid, we need f; and f; to
be preserved under impacts. However, it is important to point out that the impact
map is constructed from f;. Let this association be

D:C°(T*Q) = C=(S*,T*Q)

D(H) = An,



158

where Ay satisfies (6.2). If the Lagrangian foliation defined by f; :== H = ¢; and

f2 = ¢, to be hybrid we need

e {f1,f2}=0, and
e D(f1)* fa= fo

This seems to imply a definition for a hybrid bracket via the following:

{19}, r$5,
(8.6) {f 9}y =
2(f)g-g, wes.
This is problematic for (at least) four reasons.
(P.1) Tt is not clear that the hybrid bracket is smooth nor continuous.

(P.2) The hybrid bracket may not be skew.

(P.3) Certain conditions are needed for H to guarantee a single, nontrivial, solution

to (6.2) (e.g. H being quadratic).

(P.4) Impacts might not occur. The Hamiltonian flow with Hamiltonian xp, — yp,

never impacts the circular table as the integral curves are circles.

It is an object of future research to address these problems.



CHAPTER IX

Optimal Control of Mechanical Hybrid Systems

This thesis concludes with a chapter on optimal control for hybrid dynamical
systems. In particular we will show that the principle of optimality still holds for
hybrid dynamical systems [56] which allows for dynamic programming. Moreover, we
state the (strong) Hamilton-Jacobi-Bellman equation along with an accompanying
maximum principle.

This problem has been covered extensively in the literature, e.g. [8, 33, 88, 89, 91,
110]. However, our approach will be somewhat different as we will focus on the geo-
metric aspects of hybrid optimal control with an emphasis on systems whose continu-
ous components are mechanical systems (Hamiltonian or nonholonomic). The main
result from this chapter is the construction of the strong hybrid Hamilton-Jacobi-
Bellman equation. This has been studied in [87, 90]; however the presentation here
is much more geometric and is explicitly adapted for optimal control of mechanical
systems.

The main restrictive assumption made throughout this chapter is that the controls

do not influence the impact nor does the impact have any influence on the cost.

159



160

9.1 Hybrid Optimal Control Problem

We consider control problems of the form

That is, we assume that there is no influence of the controls on the impact dynamics.
Definition IX.1 (Hybrid Control System). A hybrid control system is a 5-tuple
HC = (M,U,S, f,A) such that

(HC.1) M is a smooth manifold,

(HC.2) S c M is a smooth embedded submanifold with co-dimension 1,

(HC.3) U c R™ a closed subset,

(HC.4) f: M xV —TM is smooth where U c V is an open neighborhood, and

(HC.5) A:S — M is a smooth map.

The set U c R™ is called the control set and a piece-wise smooth curve u : R* - U
is an admissible control (here piece-wise smooth means u can be broken into a finite
number of smooth curves). Let O (X,Y) be the set of all piece-wise smooth
functions X — Y. Therefore, an admissible control is u € Cg,, (R*,U). The concept

of a solution to a hybrid control system completely mimics that of the usual hybrid

dynamical systems as laid out in §2.2.2.

Definition IX.2 (Performance Measure). A performance measure is a function J :

M x Cy ([to, tr],U) x [to, ;] > R with the form

(9.1 T u()s) = [ 0le). u(e), 0y de+ g(alt).



161

xt=A(z7), x €S,
with the initial condition z(s) = ¢ and smooth functions ¢: M x R™ x R* - R and

g: M — R called the continuous Lagrangian and terminal conditions, respectively.

Without changing the set up too much, we can also include a discrete Lagrangian,
ly: S xRM xR* - R and add an impact cost to (9.1). However, this will add subtle
technicalities because the impact times are not free, rather predetermined by the
initial condition and previous controls. This makes the impact times undefinable until
after the controls are chosen. Another issue that a discrete Lagrangian introduces
is that the performance measure will no longer be continuous along trajectories. We

will postpone the study of these performance measures for future work.

Problem IX.3 (Optimal Control Problem). Given a hybrid control system, HC =
(M,U, S, f,A), and a performance measure J : M xCg, ([to, tf],U) x[to,ts] = R, the
optimal control problem is to find, for a fixed o € M and s € [to,ts], an admissible

control u} € Cpy ([to, tr],U) which solves

(9.2) uy :argm(iglJ(xo,u(-),s).

0,S

Remark IX.4. Tt is important to stress that existence and uniqueness of solutions
to (9.2) does not always hold and can be difficult to determine. There is a natural
way in which uniqueness fails; let u}  be a solution to the optimal control problem,
then any other @ € Cp;y, ([to,tf],U) such that u} (7) =u(7) for 7 > s is also clearly
a solution. Because these are the same function when restricted to [s,tf] we will
regard them as the same as to not further interfere with uniqueness, although other
causes for non-uniqueness may still arise. As for existence, since Cgy, ([to,tf],U) is

infinite-dimensional, minimizers may fail to exist e.g. weak solutions can appear.
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If we assume that for a given zo € M and s € [to, 7] there exists a unique solution

uy, s» then we can define the optimal cost function as

Definition IX.5. The optimal cost function, J*: M x [ty,t;] = R is given by
J*(x0,8) = J(wo,u}, 4, 5).

Assumption IX.6. For all xg € M and s € [tg,ts], there exists a unique (in the
sense of Remark IX.4) solution w} . to the optimal control problem. Moreover, the

optimal cost function is piece-wise smooth.

9.2 Principle of Optimality

The Bellman’s principle of optimality allows us to solve for the optimal cost J*
backwards in time and is the fundamental principle behind dynamic programming.

It states:

“An optimal policy has the property that whatever the initial state and
initial decisions are, the remaining decisions must constitute an optimal

policy with regard to the state resulting from the first decisions,” [9].

In the language of this chapter, the principle of optimality takes the form of the

following proposition.

Proposition IX.7 (Principle of Optimality). Let u}_ . be an optimal solution. For

0,8
an arbitrary § € [s,ty] let x¢ = x(€) be the trajectory of the controlled system at time

& Then

u :argrn(i? J(xe,ul-), ).

0,5

The proof of this depends on the structure of the performance measure and not
on the dynamics; cf. §22.7.1 in [94] or §9.2 in [56] for a hybrid specific version. It

is important to note that the converse is also true; if all tails are optimal then the
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entire path must be too. A useful result of Proposition IX.7 is the “weak hybrid

Hamilton-Jacobi-Bellman equation.”

Theorem IX.8 (Weak Hybrid Hamilton-Jacobi-Bellman). Let J* : M x [to,tf] - R

be the optimal cost function. Then

(9.3) 0= %J*(m(t),t) +min H(x(t),dJ(z(),0),u,t), of8,

where dJ is the differential with respect to M only and H : T*Q xU x Rt - R where

H(z,p,u,t) =z, u,t) +(p, f(z,u)).
Moreover when x € S, we have J(A(x),t) = J(x,t).

Proof. This proof is similar to that shown in [56]. Choose (z(t),t) € M x [t,ts] such
that z(t) ¢ S. Let ¢’ > t be small enough for no impact to occur on the interval [¢,¢'].

Then the principle of optimality states that

T (a(0).0) =min [ (a(s).us).)ds + glalt)

:Iil(lgl/t E(x(s),u(s),s)derIB(i.glL Uz(s),u(s),t)ds+g(z(ts))

- min ft U (s), uls), s) ds + J* (x(t'), ¢').

Moving terms and dividing by ¢’ — ¢ gives

1 t
0= [J*(x(t'),t") = J*(x(t),t)] + min f 0(x(s),u(s),s)ds
-t u(y ¥ =1 Jt
Passing to the limit ¢’ — ¢ yields
d :
0= EJ*(x(t),t) +minl(x(t),u,t).

The result follows from the fact that

d . _ 0 _
E‘] (:c(t),t)_aj (z(t),t) +dJ(z(t),t) - f(z,u).

The continuity condition J(A(x),t) = J(x,t) follows from the fact that integrating

over a jump discontinuity still yields a continuous function. O
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The above theorem only describes what happens away from impacts and we are
therefore lacking a boundary condition, thus the “weak” part. It is stated in [56]
that J* is continuous at impacts but stronger conditions can be found. Notice that
(9.3) is precisely the continuous part of the hybrid Hamilton-Jacobi equation. This
seems to suggest that dJ* = o dJ~ for some impact map . This will be postponed

to §9.4 and used in §9.5 where we will work with a hybrid mazimum principle.

9.3 Dynamic Programming

Dynamic programming is the method of solving the optimal control problem
by discretizing the partial differential equation (9.3) with the terminal conditions
J(x,ts) = h(x). Discretize [to,tf] with a sequence of times to <?; <... <ty =t and
call J(-) = J*(-,tx). Then the principle of dynamic programming states that the

optimal cost function satisfies the (backward) recurrence relation:

Iy (o) = uNm_felu Ca( TNty UN—s EN-k) + TN s (@a{T Nk UN—E) ),

Jn(zn) = g(zn),

where xj,1 = aqg(zk, ug) is a discretization of the dynamics and /¢, is a discretization

of the Lagrangian.

9.3.1 Discretization of the Dynamics

For the purposes of this section, let us work within a coordinate chart so x € R™.

This allows for the continuous dynamics to be approximated by

T » T + Al - f(2p, up).

Therefore, the discrete dynamics is given by ag(xg,ur) » xr + At - f(xg, uy) if no

impact occurs. What happens if an impact occurs within [tg, tx41]? If the impact is
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given by S = h~1(0) then an impact occurs if
h(l’k) -h (ad(xk, uk)) <0.

The impact time can be approximated via a first-order Taylor expansion:

0= h(l’k +t*- f(l'kauk)) N h(xk) +t*-dh (f(xkauk))

h(w)

— |t" ~ -

In order for the first-order approximation of the impact time to be finite, we need
that the flow is transverse to the surface for any choice of controls. For dynamic
control problems (as opposed to kinematic controls) we will see that this will not be
a problem.

Using the above approximations, we get the discrete dynamics to be

a $k+Atk-f(xk,uk),
ag (T, ug) =

(5.4) A() + (At =1%) - F(A (), k),
.f?k =T + t- f(ajk,uk)
where the first line is used if there is no impact and the second is used otherwise. In

a similar manner, the discrete Lagrangian is

Atk . g(l’k, uk),
O (o, up) =

t* bz, ug) + (Atg =)0 (A(xg +t* - fxg, ur)), ug) -
In practice due to approximations, Ty, ¢ S and thus A needs to be defined on some
tubular neighborhood of S.
We present an application of hybrid dynamic programming: the controlled boun-

cing ball.
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9.3.2 Example: Bouncing Ball

Let the controlled bouncing ball be given by

o1
T =—Dp,
m

p:_mg+ua

along with the impact map A(x,p) = (z,—p) and impact surface S = {(0,p)}. Sup-

pose the optimization problem is to minimize
T 1 )
(9.5) J = f SRt dt+a (o(T) =1)".
0

We want the final state to be z(7T") = 1 while p(T) is free and is chosen to mini-
mize the L2-norm of the controller effort. We will solve this problem via dynamic

programming. Using (9.4), the discrete dynamics are given by

x(t+0t) =x(t) + %p(t),

p(t+0t) =p(t) + 0t (u—-mg),

if no impact happens and

x(t + ot) :—(%+%(mg—u))(5t+%),

2
p(t+dt) = (u—mg) (5t+ ﬂ) -p,
p
if an impact occurs.

Results

For this numerical example, we will take x = 0 and « = 10; the only performance
we care about is that x(7T") = 1. To make this problem interesting, and truly utilize
the hybrid setting, we set m =2, g = 1 and bound the controls so u € [-1,1]. This
makes it impossible for the controls to actually support the ball, i.e. if this problem
was purely continuous z(¢) must be monotone decreasing. Below, we demonstrate

that if 2(0) < 1 we can still have x(T') = 1.
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Variable ‘ Min Max # of samples

a: 001 3 200
P 5 5 200
u -1 1 200
{ 0 5 500

Table 9.1: The discretization used for the bouncing ball optimal control problem.

x0 =0.5, py =0 zo =1, po=0

0 05 1 15 2 25 3 35 4 45 5

0 0.5 1 15 2 25 3 35 4 45 5

Figure 9.1: Optimal trajectories for the bouncing ball optimal control problem with various initial
conditions xg with parameters a = 10 and s = 0. The effect of the noisy control is not visible in the
above trajectories since the second-order nature of the dynamics mollifies the control input.

For the results in Figure 9.1, we choose T = 5 and use the uniform discretization
as shown in Table 9.1. Notice that neither the number nor location of impacts are
known a priori. The optimal controls seem to be bang-bang at the beginning and then
become noisy. This is, in part, because the only objective is to have x(T") = 1 with no
restriction on the controls. Choosing a positive x has the property of “regularizing”
the problem as can be seen in Figure 9.2 with x = 1 (the discretization of Table 9.1

is still used).
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29 =0.5, po =0 9 =1, po=0

z9 =1.5, po =0 9 =2, po=0

Figure 9.2: Optimal trajectories for the bouncing ball optimal control problem with various initial
conditions xy with parameters o = 10 and « = 1.

9.4 The Strong Hybrid Hamilton-Jacobi-Bellman Equation

The principle of optimality, Proposition IX.7, allows for the optimal cost function
to be described by the weak hybrid HJB equation (9.3). Discretizing this produces
dynamic programming. Alternatively, we can solve (9.3) via the method of charac-
teristics (cf. e.g. §3.2 in [43]) to produce a system of ordinary differential equations.
The characteristics will provide the trajectories to the optimal control problem (Pon-
traygin’s Maximum Principle).

Just as the continuous Hamilton-Jacobi-Bellman equation leads to continuous
characteristics, the hybrid Hamilton-Jacobi-Bellman equation leads to hybrid cha-
racteristics. The continuous part of these characteristics can be determined from the

weak hybrid HJB equation (9.3), but this offers no information about what happens



169

at impacts. To accomplish this, we will need a “strong” HJB equation, i.e. (9.3)

along with a map dJ* = § o dJ~ which encodes what happens at impacts.

9.4.1 Inspiration of a Strong HJB

To determine the map dJ*™ = § o dJ~, we recall the principles that constructed
this map for “usual” Hamiltonian systems studied in Chapter VI. Specifically, the
map ¢ was defined variationally. Consider the case of a simple hybrid mechanical
system: (Q, H,S) where @ is a smooth manifold, H : T*Q — R is a hyperregular
Hamiltonian, and S c @) is an embedded submanifold of codimension 1. Suppose
S = h71(0) for some function h : @) - R such that 0 is a regular value. Then the

impact is taken to be variational and given by the following rules:

p*=p +e-dh,
(9.6)
H*=H",
which states that the change in momentum is proportional to dh and energy is

conserved. In the language of the hybrid HJB equation, we get the following impact

rules:
dJ*=dJ +¢e-dh,
H*=H".
An implicit assumption made here is that the trajectory is still continuous at impact,

i.e. ot = 2. Unlike mechanical systems, this is no longer true for control systems

where, generally, A(z) # z.
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9.4.2 Impacts with Discontinuous Base

We want to construct a generalization of (9.6) when impacts are not continuous

on the base. Consider the case where we have a hybrid control system described by

t=f(z,u), weMN\S,
(9.7)

xt=A(xz"), wel.
The characteristics to the hybrid HBJ (9.3) are given by

oH .  OH

== P=-0 M
ap? p ax7 ':CE \57

x
xt=A(xz"), pt=d(z,p7), xebS.
Determining the function 6 will require a more general version of (9.6), in which
jumps in the base are allowed.

Suppose that we have a trajectory with a forced discontinuity: x : [to,tf] - M

such that ¢, € (fo,tr) is the only point of discontinuity and

lim z(t) = A (hm x(t)) :

t—tt t—ty
for some smooth map A : S - M. Determining the variations pre-jump can be
done by considering the end point to be free in both space and time. However, the
beginning of the second path is not free; it must obey the jump condition. Due to

the infinitesimal nature of this problem, we can use
A(x*(t1) +0x1) m A(x*(t1)) + A, (x*(t1)) - oy

Taking this into consideration, the variational “corner conditions” become (on the

Lagrangian side)
oL~ OL*
[% “oi °A*]'5$-0’

[E; - Ef]-6t=0.
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Zf :
%** $*(t1)+5$1
x* tl :
" Fo A (1) +0m)
A(a* (1) i
Zo i

t

~
<

Figure 9.3: The black curve is the trajectory with a jump at ¢; while the red curve shows a virtual
displacement.

The impact times are free so dt is arbitrary while the impact location is constrained

to be on S so dx € T'S. This produces the general corner conditions as

FL--FL*o A, =¢-dh,
E;-E}=0.
This is able to produce the jump conditions for the hybrid HJB equation:

dJ* oA, =dJ +¢-dh,
(9.8)

H*=H".
In this derivation, we used A, and not the augmented version Af. As it turns out,
as long as the impact is hit transversely, it does not matter which version is used.
This is because the variations are assumed to be 6z € T'S and Af(u) = A, (u) for all
u e TS. Any discrepancies in the transverse direction are handled via the multiplier

e in (9.8) as the following example demonstrates.

Example IX.9. Consider the simple case of the bouncing ball with = v and v = —g¢

with impact A(z,v) = (x,-v) when z = 0. For the purpose of this example, suppose
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H = p,v—p,g. Using (7.1), the augmented differential is

A{(agwa):g(_vg_ 8)+A*(@ﬁ+ Q_%( 9 a))

ox o v ox g% Ox ov v v%—g%
9 a0 _ag9) 9
T % v 8U+A*(( v)(%)
__ 9 50
T ox ov

The pre- and post-impact momenta are given by

P (2, 00) = Pay + puy,
p* o AL (vs,v0) = =plvs — plvs.
The “specular” condition provides: —piv, — piv, — pyv. — PyU, = € -V, In particular,
ph = -p, and pt = -p; — <. To determine the multiplier ¢, we use conservation of

energy which gives the impact map to be

_ 29 _
Dy =Dy +— "Dy,
v

Likewise, if we use the ordinary differential, A,, we see that

p+ © A*(Uac; Uv) = p;—vx _p:)—U’U'

The new impact equations are then p! = p; +¢ and p} = —p;. Although the impact
dynamics seem to be off by a sign, this is not a problem because the value of ¢

changes accordingly. Using conservation of energy, we see that

2, _ _
Pa =px—;(p$v—pvg) = Ppt P

Therefore, we obtain the same impact map for either A, or Al

9.4.3 The Strong Hybrid HJIB Equation

The corner condition (9.8) allows for a strong version of the hybrid Hamilton-

Jacobi-Bellman equation. We note that the following makes use of time-dependent
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Hamiltonians which have not been studied thus far in this thesis. Hamilton’s equa-

tions, (3.6) still hold although they are no longer autonomous.

Theorem IX.10 (Strong Hybrid Hamilton-Jacobi-Bellman). Let J*: M x [to,t7] -

R be the optimal cost function. Define the Hamiltonian H : T*(Q) xU x Rt — R where
H(w,p,u,1) = ((a,u,1) + {p, f (2, u)),
and the optimal Hamiltonian, H* : T*(Q) x Rt - R where
H*(x,p,t) = muin H(z,p,u,t).
Then the optimal cost function satisfies

(9.9) O:%J*(m,t)+H*(x,dJ(x,t),t), x ¢S,

dJ(A(x),t) o Ay =dJ(x,t) +¢-dh,
(9.10) T€eS.

H*(A(z),dJ(A(z),t)) = H*(x,dJ (2, 1)),
9.5 Maximum Principle

The maximum principle [49] is a way to solve the optimal control problem via the
method of characteristics. For the continuous case, the characteristics of (9.9) are

determined via the system of ordinary differential equations:

. OH* OH*
€T = = —

ap . P ar

Pontryagin’s maximum principle states that necessary conditions for a trajectory to
be optimal is for it to be a solution to the above characteristic equation. This is

extended to the hybrid situation by incorporating (9.10).
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Theorem IX.11 (Hybrid Maximum Principle). Let u? , be an optimal control.

z0,t0

Then the solution xz(t) satisfies

oH* _OH

=y P r¢s,
zt = Ax7),

(9.11) ipt oA, =p +¢2-dh, res.
(H*)" = (H*)"

9.5.1 Optimal Control of a Mechanical System

Suppose now that the underlying hybrid system is of mechanical type; so A in
(9.11) is given by (9.6). Also, let us assume that the Lagrangian is natural: kinetic
minus potential. The impact map, A, is thus linear in the velocities / momentum.
Here, we use coordinates (¢,y) € M = T*Q) and (q,y, pq, py) € T*M. The impact map
is

A(g,y) = (¢, R(q)y),

with differential

Id 0 o
A, = , Ry=—(R(q)y).

Ry R 9

Using the impact rule (9.11), we get an impact map of

¢ =q
yt=R(q )y
Id 0
[ps.05] = [pg:py] + - [dh,0]
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Solving this last equation provides us with the following:
q—q
y = R(q)y
(9.12)
Py Pg—Dy R'R'y+e-dh
-1
Dy Dy R
Recall that the linear map R(q)y (for unconstrained systems) is given by

R(q)y=y- ZM

dh.
3(dh, dh)

Recall that the matrix R is Householder which implies that R = R~*. Writing (9.12)
in terms of adjoints, we get the following for the impact map.
Proposition IX.12. The impact map is given by
qrq
y = R(q)y
Py~ pg— (R'y)" R*p, +e-dh

py = Rpy.
Definition IX.13. An impact is called flat if R’y = 0.

Corollary 1X.14. If the impact is flat, the impact map simplifies to
Pg > Dg +€-dh,
py = R'py.

9.6 Example: Bouncing Ball

For this example, we revisit the controlled bouncing ball as discussed in §9.3.2. In
particular, we will compute the trajectories of the maximum principle to show that
the optimal controls are piece-wise linear, as suggested by Figure 9.2. We will then

use the results from the maximum principle to compute the optimal cost function.
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9.6.1 Maximum Principle

Recall the controlled bouncing ball dynamics (here, we relabel p as ),

.1
r=—y,

m
y:—mg+u,

where impact occurs at x = 0 and the map is Ry = —y. Suppose we have the cost we

wish to minimize (which is precisely (9.5) with x = 1)

tr 1
J = f f—uzdt+a(a;(tf) ~1)°.
to 2

The Hamiltonian is given by

. .1 1
H*(2,y,pz, py) = min [§u2 + by + (u=mg)p,
1, 1
= _§py + pry — MGPy-
Therefore, the continuous dynamics are given by

1
T = —Y, pz = 07
(9.13) m

. . 1
Y=-mg—Dpy, Py= _pr-

It remains to determine what the impact map is; the impact is flat so Corollary IX.14

provides the following.

y= -y,
(9.14)

P> =Pg t+ 277129@
Y
py = _py‘
Where the map for p, comes from conservation of energy.
Remark 1X.15. The optimal control is given by u* = -p,. During the continuous

hase p, is constant and p,, is linear, i.e. u* is piece-wise linear with jumps durin
Yy Y

impacts. This explains the piece-wise linear nature of the controls in Figure 9.2.
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zg =0.5, po =0 zg =1, po=0

Dynamic Programming s Dynamic Programming
Maximum Principle 15F Maximum Principle

Dynamic Programming
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051 Maximum Principle 051 Maximum Principle
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t t
Ty =2, po=0
2r 2
Dynamic Programming s Dynamic Programming
1.5 Maximum Principle 15F Maximum Principle
8 1 8 1
05 05F
0 . ! 0
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 0 0.5 1 1.5 2 25 3 35 4 45 5
t t

Dynamic Programming
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t t

Figure 9.4: The figures above compare the optimal trajectories computed via dynamic programming
along with those found via the maximum principle. For this problem m =2, g =1, ¢y =0, ty = 5,
and a =10.

To solve the optimal control problem, we need to solve the following mixed

boundary-value problem:
x(to) =m0, pa(ty) =20 (x(ty) -1),
y(to) =po, py(ts) =0.

In Figure 9.4, we compare the results from dynamic programming in §9.3.2 with the

results from the maximum principle.

9.6.2 The Hybrid Hamilton-Jacobi-Bellman Equation

The (strong) hybrid HJB equation for the bouncing ball is

O—Q—l(g)2+l (%)—m (G_J) z#0
ot 2\ 0y m?\ oz g@y’ ’
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with the “impact condition,”

oJ oJ 2m?2g (&])

T a Ty z=0.
oy 90, 0]
Ut T viatar vt

We will (numerically) solve this via the method of characteristics where the cha-
racteristics arise from the maximum principle, (9.13) and (9.14). We will compute

trajectories backwards in time with final conditions

0 0
J(ﬂ?,yatf)=04(37_1)27 %J(l’,y,tf)ZQOé(l’—l)’ a_y‘](xvyatf):o

As before, we choose m =2, g=1, ¢ =0, t; =5, and o = 10. For the purposes of
numerical analysis, we choose final conditions z; € [0.9,1.1] and y; € [-4,4] (that
is, we backwards propagate this rectangle through time). The solutions are shown
in Figure 9.5. Notice that as time recedes backwards, the optimal cost function

becomes increasingly more multi-valued and complicated.

Optimal Number of Impacts

As we are able to compute the (multi-valued) optimal cost function, it is natural
to ask how many impacts are in the optimal trajectory. For the parameters chosen
for this example, a trajectory will require either none, one, or two impacts; see Figure

9.6.

9.6.3 Comparison with the Continuous Problem and Collision Loss

We have examined the problem of optimal control of a bouncing ball with elastic
collisions. How does this compare to the purely continuous case or with inelastic
collisions? To simplify the following computations, we will change the performance

measure to remove the terminal condition but to now require that x(7) = 1.

1
u* = arg min f §u2 dt, z(T)=1, y(T)=0.
0

u
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Figure 9.5: Left column: Plots of the function J(z,p;t) at various time steps. Right column:
Cross-sections of the solutions at x = 0.5.
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“o 05 1 15 2

Figure 9.6: Left: A plot of J(z,p;0) as seen in Figure 9.5. Center: A plot of J(z,p;0) where the
color corresponds to the number of impacts; zero impacts is dark blue, one impact is light blue, and
two impacts is yellow. Right: A plot showing how many bounces is needed to obtain the minimum
cost.

Continuous Case

Let us first solve the above problem for the purely continuous case. The dynamics

(9.13) can be exactly solved:

171 1
z(t) = — [z (=mg - p))t* + —pt® + y | + 2,
m |2 Y 6m
1
y(t) = (-mg - py)t + 2—p2t2 +y°,
(9.15) m
pm(t) =p2,
py(t) = p) - lp"t-
Yy Yy m x

Solving for p9 and p such that the boundary conditions are satisfied (i.e. z(ty) = 1)

gives p) = 0 and p) = —mg. This can be used to determine the cost since u = —p, = mg:

1
Jcont = §m292T.

It would be interesting to see if Jyypria < Jeont-

Inelastic Collisions

To determine the optimal cost, we must now solve the boundary value problem
with the full hybrid dynamics rather than merely the continuous dynamics. Although
this should be possible to do in closed-form with the help of (9.15), we will instead

solve this numerically via shooting. Suppose now that energy is lost during each
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Figure 9.7: The optimal costs for the bouncing ball with various coefficients of restitution.

impact: Ry = —c?y for some c € [0,1]. The impact map now becomes:

q—q,

y = —c%y,
1 m -4 g py —2
- (-t 9Py (g 2y

Pq ™ = 3Pq chy( ) B y( )
1

pyH_gpy'

Although Figure 9.7 shows that hybrid controls outperform their continuous coun-
terpart, the results shown are not necessarily the optimal cost for the hybrid problem:;

it only shows a local minimum for the multi-valued nature of J makes finding a true

minimum difficult to find.



CHAPTER X

Conclusions

10.1 Summary

This thesis dealt with understanding the asymptotic nature, existence of inva-
riant measures, and control for constrained systems - both unilateral (hybrid) and
nonholonomic. However, as there are fewer results on the differential geometry of
hybrid systems, more emphasis has been placed on translating hybrid systems to
this context. To this end, Chapter 1V is an auxiliary chapter which studied proper-
ties of hybrid dynamical systems (which are already standard for their continuous
counterparts). These properties include: limit sets (Propositions IV.5 and IV.9), Flo-
quet theory (Theorem IV.16), and an extension of the famous Poincaré-Bendixson
theorem (Theorem IV.26).

The main results from this work dealt with finding (smooth) invariant measures for
both nonholonomic and hybrid systems. To achieve this, Chapter VI outlined hybrid
mechanical systems as well as systems experiencing both nonholonomic and hybrid
constraints; in particular, hybrid versions of Noether’s theorem are proved (Theo-
rems VI.31 and VI.37). To find invariant measures, nonholonomic systems (without
impacts) are discussed first in Chapter V in which reasonably testable, necessary,

and sufficient conditions are laid out for the existence of invariant measures depen-
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ding only on the configuration variables (Theorem V.24). Incorporating impacts,
Chapter VII extends the idea of invariant measures to hybrid systems. Verifiable
conditions are laid out (Theorem VII.3) to determine when a given differential form
is preserved under the hybrid flow. This provides an extension to the nonholonomic
case in which an invariant measure depending only on the configuration variables is
preserved in the presence of any impact (Theorem VII.21).

The final part of this work is on integrability and control of hybrid systems.
Chapter VIII extends Hamilton-Jacobi theory to hybrid systems, as well as, the
notion of complete integrability. Both of these concepts utilize hybrid Lagrangian
submanifolds. These submanifolds are the hybrid analogue of the usual Lagrangian
submanifolds and obey many of the usual properties (Proposition VIIL.8). To serve
as a test-bed, the billiard problem on a circular table is proven to be integrable in
this sense (§8.2.2) by constructing a hybrid Lagrangian foliation. Finally, Chapter
IX extends the idea of hybrid Hamilton-Jacobi theory to optimal control problems
with the hybrid Hamilton-Jacobi-Bellman equation (Theorem IX.10) and the hybrid

maximum principle (Theorem IX.11).

10.2 Future Work

10.2.1 Hybrid Tongues

Continuous dynamical systems subject to periodic forcing, e.g. differential equa-
tions of the form Z+ f(¢)x = 0 where f is periodic - known as Hill’s equations [61], are
known to have “tongues” in their stability diagrams. A similar structure appears in
the stability domain for the hybrid model of walking with foot slip (Figure 4.5). This
seems to make sense from the point of view that periodic walking induces periodic
forcing (where we can think of f(t) above as an impulse).

We note that the stability diagrams in Figure 10.1 do have some important diffe-
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o )

Figure 10.1: Left: Stability plot for the walker with foot-slip, cf. Figure 4.5. Right: Stability plot
for Mathieu’s equation & + [§ + & - cos(t)] z = 0, taken from §9.2 in [78].

rences; the stability plot for foot-slip is based on initial conditions and the tongues
appear on the stable part while the stability plot for Mathieu’s equation is based in
parameter space and the tongues are regions of instability. To make the comparison
more apt, Figure 10.2 shows the stability plot for the foot-slip model in parameter
space based off of the fixed initial condition (&g, 1) = (-1,0) rather than the adaptive
scheme discussed in Appendix A. However, the tongues are still backwards in the
sense that they denote regions of stability rather than instability.

A powerful way to study Hill’s equations (and in particular Matheiu’s equation,
cf. §9.2 in [78]) is by computing an asymptotic approximation for the solution. An
object of future study is to explore this connection in better detail; particularly to

apply ideas from asymptotic analysis to study stability domains in hybrid systems.

10.2.2 Measure Shaping Controls

Suppose we have a single constraint 1 € Q!(Q). The density form is given by

1

T

where g (n!,-) =n and ¢ is the metric coming from the Lagrangian. Lagrangians have

been chosen to obtain certain stability properties by shaping their energies [12], so
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Figure 10.2: Left: A modified version of the results from Figure 4.4 where stability is based off
of the initial conditions (&y,70) = (-1,0) rather than the adaptive initial conditions discussed in
Appendix A. Right: A zoomed in version of the left figure.

we will choose a Lagrangian that shapes measure instead, i.e. such that 9 is exact.

This reduces to solving

1 o, - g'n; (O Ony E_.
((‘3# 8nk)dx = da.

il k ik ¢
— — (g nidx™ — g"ndx” ) = —
g”nmj axﬂ ( ) 9”7%77]'

Then we have an invariant density

Dy :=n(n')-exp (),

which depends on the chosen Lagrangian. Denote the corresponding measure by gy,
and suppose that the flow is now ergodic on an invariant set E with up(E) < oco.

Then the ergodic theorem states that

1ot A
lim = () dr = 24D

where y 4 is the characteristic function for the set A. In particular if A is a null set,
then the flow will (on average) almost never enter A. This can be used for safety

purposes by the following recipe:
1. Let A be a set of “dangerous” states.

2. Find a Lagrangian with a corresponding density, Dy, which is “small” on A.
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Another interesting application of measure-preserving flows is a result from [68]
which states that for an affine control system, in which the drift vector field is
measure-preserving and the state-space is Riemannian and compact, then accessibi-
lity implies controllability. This is helpful because if we can choose a Lagrangian such
that measure is preserved, then if we subject the system to controls which implies

accessibility we automatically get controllability.

10.2.3 Hybrid Integrators

The work done in [91] shows that elastic mechanical impacts preserve the sym-
plectic form and constructs a hybrid integrator which preserves this form. An object
of future work will be to attempt to construct numerical hybrid integrators which
will preserve an arbitrary form « € o7

For nonholonomic systems, it is no longer generally true that the symplectic form
is preserved but numerical integrators can still be constructed that preserve impor-
tant structures, cf. Chapter 7 of [80] and the references therein. Specific examples of
forms to be preserved under hybrid integrators include: w and H for holonomic sys-
tems, and fus and H for nonholonomic systems (which have an invariant measure

depending only on base variables such as the vertical rolling disk).

10.2.4 Hybrid Bracket

The definition of a completely integrable hybrid system, Definition VIII.6, involves
hybrid Lagrangian submanifolds rather than constants of motion in involution as is
normal with their continuous counterparts. The reason for this is that defining a
hybrid bracket has some inherent difficulties which include; at least, the four issues
at the end of §8.2.2. Uniqueness issues with (P.3) and (P.4) might be overcome by

requiring skewness (P.2) to extend beyond quadratic Hamiltonians.
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Skewness of the bracket in mechanics is paramount to providing energy-conservation
which is a fundamental requirement for elastic impacts as in (6.2) for holonomic or
(6.6) for nonholonomic. Therefore, we hope that we can resolve (P.2) in the case
of only quadratic Hamiltonians so (P.3) and (P.4) do not interfere. The following

example, however, demonstrates that this is not the case.

Example X.1. Let @ =R? and S = {5 = 0}. Choose two Hamiltonians:

f(x17x27p17p2) = (p%-'-pg)?

g(x17x27p17p2) = (p%-'-pg)_ppo

W N =

As these are both regular Hamiltonians, we can compute their impact maps according

to (6.2):

:D(f)(xlvx2ap1ap2) = ($1>$27p17_p2)>
@(g)(xlamQaplapQ) = (xlwrgapl:%pl_pQ)'

Checking the “hybrid bracket,” we get

g(f)*g_gzzplp%
2 2
@(9)*f—f= 5]9%—5]91}92,

which is clearly not skew.

This example shows that something more subtle is happening with the hybrid
bracket. Therefore more work needs to be done to understand and hopefully to

resolve this phenomenon.
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APPENDIX A

Numerical Methods for the Foot-slip Model

In this appendix, we explain the numerical methods and algorithms used to determine
the dynamics on the Poincaré section for the foot-slip walking model studied in §4.2.3.
The contents here can also be found in [26].

Recall that the hybrid dynamical system under consideration has continuous dy-

namics
0 =&
&=C [Sin¢9 (Cosa +e€? 0086’) —cosf(n+ 50080)]
n' =sina—-n-¢&cosh
where
- *
1+ psin?6’

The impact occurs when 6 = -9 and the impact map is

A(0,€,m) =(0+26,c08(20)&,m+ cosd [1 —cos(20)] &) .

This model includes four parameters: ¢, u, «, and 9.
Below, we discuss the numerical implementation for finding regions in parameter
space where a periodic orbit exists as well as finding the basin of attraction for a

given periodic orbit exists, see Figures 4.4 and 4.5.
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A.1 Stable Parameters

Determining which parameters result in the basin of attraction of a periodic or-
bit being non empty generally requires an expensive computation. This requires
searching for fixed points of the Poincaré map (each evaluation requires integrating
equation (4.11) which is expensive). Due to this issue, we will only test a single initial
condition for each set of parameters. To accomplish this, we will need a systematic
way to compute meaningful guesses for initial conditions that lie within the basin of
attraction for the stable periodic orbits. In the case where the foot does not slide,

the equations of motion can be expressed as

0 = %sin(&—a) =%(1fu)sin(0—a).

We would, of course, like to rescale time so this matches with equation (4.11). Doing

so yields

Loy
0" =¢ ( ) sin(f — ).
T+ in(f - «)
This allows us to come up with our approximating hybrid system:

0 =z
€
1+u

2 =

sin(f - «).

With the impact surface and map being, S = {# = -6} and

A0, z) = (0 +25,cos(20)z).

Call the steady-state values for # and z (immediately after impact) to be 8 and z.

Clearly 0 = §. Using (4.11), we can turn z to £. Additionally, assuming that we start
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with zero foot slip, we get the initial conditions to be:

>
—~~

)
N—

I
=

Iy
—~~
(@]
g
1]

m | =

i

n(0) = —12 oS 0.
£

We will then explore parameter space to see when these initial conditions achieve a

steady-state periodic orbit.

A.2 Stable Initial Conditions

We present two calculations: determining the region of initial conditions on A(S)
(i.e. (&o,mo)) that result in stable walking, and finding the corresponding discrete
dynamics P : A(S) - A(S5).

To determine which initial conditions yield a (stable) periodic orbit, we implement
the following numerical algorithm: Let G : R? - Nu {oo}, where G(&y,10) is the
number of steps the walker takes with initial conditions (6,&p,n9) before it crashes.
If no crashes occur, G = oo. For practicality, we say that a periodic orbit exists if
G > 50. These initial conditions are recorded as blue in Figure 4.5. On the other
hand, if G =0, a crash happens immediately, which is recorded as red. The white

region corresponds to initial conditions where 0 < G < 50.
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APPENDIX B

Technical Lemmas from Continuous and Discrete Dynamics

In this appendix, we present a collection of technical lemmas that are used in proving
Theorem IV.26 in §4.3.
Before we state the following lemmas, we need to define the discrete w-limit set.

Given a discrete dynamical system, P : S — S, the discrete wg-limit set is defined as

wq(x; P) = {y €S:3N, » o s.t. lim PV (z) = y}

When the map P is understood, the limit-set will be called wq(x).

Lemma B.1 (See Lemma 4.2 in [29]). Let P : [a,b] — [a,b] be C* and injective.
Then for all x € [a,b], wy(x) is either a single point or two points. In either case, all

trajectories approach a periodic orbit.

Proof. By being injective, the map P is automatically monotone. Let [ := [a,b], and
define the fixed-point set F':= {x € [ : P(x) = x}, and consider x € . If x € F we are
done, so assume x ¢ F.

First, assume that P is nondecreasing. Then, since P(z) > z implies P?(z) > P(x)
and P(z) < x implies P%(z) < P(x), it follows (since x ¢ F') that {P"(x)} is a
monotone and bounded sequence and therefore converges. Hence wy(x) is a singleton.

To complete the proof, consider the case where P is nonincreasing. Since wy(z; P) =
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wa(x; P%) U wy(P(x); P?), the previous paragraph shows that wy(x) is either two

points or a singleton. O

Lemma B.2 (See Lemma 6.1 in [29]). Let S c R be a finite set and P : S - S.

Then, for all x € S there exists N # M large enough such that PN (x) = PM(x) where

PN(z)=PoPo...oP(x).
—_—
N times

In particular, wq(x) is a periodic orbit.

Proof. This follows immediately from the Pigeonhole principle. We have a function
fz:Z* - S, m — P™(x), which cannot be injective. Therefore, there exists N and

M such that f.(N) = f.(M). O

The following lemma is central to Theorem IV.26 so we will first review how this
lemma fits into the theorem. Let (A, &,X,S, A, f) be an essentially non-beating

general hybrid dynamical system such that (.47, &) is a cycle. Define the set
58’2) = {:1: €S2 :Vt>0,3T >t s.t. o(x) € S(Lg)}.

Ffor a compact, invaraint set F' = U; F; ¢ X, two assumptions in Theorem IV.26 that

will appear in this proof are:

(Q.4) Let the outdegree of vertex n be od(n). Then, each F, can be written as a
disjoint union of od(n) many compact sets,
F,= || Fe

ecé
dom(e)=n

(Q.5) The set F¢n Sy is only nonempty if e = ¢/ and F¢n S, is diffecomorphic to an

interval.

Lemma B.3. The set S

(.2) 18 either a point or an interval.
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Proof. We start by defining the sets S(”iz). Let P be the return map, P: U c S 2y —

S@1,2)- Then, 8(1172) = {x €S9 P(x) €S2y}, that is, points in Sy 9) that return to

Si,2) at least once. Similarly, ST}

(1gy are points of S(; 2y that return to S 2y at least

m times. This allows us to express 582) as
St = [ St

If we can show that each S™

(12) is an interval, then the desired result follows due to nesting.

The base case is satisfied by (Q.4) via 5?1,2) = S(1,2). We will continue by induction.

For each m, we can iterate by
St = St 0 P (S

Therefore, if S(”iz) and P! (SZ’LQ)) are both intervals, so is 5?1”21) All that is left to
prove is P! (S?} 2)) is an interval. Before we can study the structure of P! (Sz’f 2)),

we first define the family of functions
pi = Di € Xy = Siiv1)-

Where D; = {z € &X; : 3t > 0 with ¢}(x) € Sqi+1)} and () = @i(z) € S(ie1). These
functions can be thought of as “projecting” onto the sets S(;;41). What remains to
show is that A, (S(,,1)) ND; is an interval. If we can show this, we are done because
A(‘il) (A(n,l)(S(n,l)) N Dl) is also an interval, and we can march backwards around
the cycle and end up on with a subinterval of S(; o).

Since S(,,1) is diffeomorphic to an interval, so is the set A, 1)(Sem,1y). Let the
map h: Agn1)(Sen1)) = [a,b] be a diffeomorphism. Define the points @ and b as

b= max{j[; € [a,b] : OZ(h_l({L')) n 5(1’2) * @},

a =min{z € [a,b] : o} (7' (x)) N S(1,2) * B}
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We claim that A, 1)(Sem,1y) N Dy = h7{a, b]. By the choice of @ and b, we know that
A 1y(Smay) n Dy c h7l]a, l;] To show the other direction, we consider the region
bounded by the four curves: h[a,b], 6t(h™(a)), o5 (h2(D)), and Sq1ay (where
o*(x) is the forward orbit of x until it impacts S(;2)). By assumption (Q.5) and
uniqueness of solutions, any curve starting on h‘l[d,i)] must intersect S, 2) before

leaving the region described above (see Lemma 10 in [29]). Therefore, h-'[a,b] c

An(Sn) ﬂDl. ]

Lemma B.4. Let (A ,&,X,S,A,f) be a GHDS where (N ,&) is a cycle. Let
Tg € S(i—1,)NMix(fi—1) be such that there exists a time, Ty > 0, where QO%O(A(I-_M)(:BO)) €
Stiie1y (¢} 1s the continuous flow corresponding to & = f;(x) in vertexi). Additionally,
assume that the flow intersects the surface, S sy, transversely. Then there exists an
€>0 and a C* function 7 : B.(x0) NS(i1,) = R* such that for all y € B.(x0) N S(i-1,,

Soi(y)(A(i—Li)(y)) € S(ii+1)-

Proof. Define the function
E : (0, +00) X S(i—l,i) - Xia

by Fi(t,z) = hiony (€5 (Ag-1,4(2))) where b}

% ¢+1)(O) = S(i,i+1) With zero as a regular

value. It follows from Theorem 1 in Section 2.5 in [92] that F; € C'(R* x S(;_1).
This allows the use of the implicit function theorem. By the assumptions of the

lemma, we know that F;(7q,z) = 0. Differentiating F; with respect to time yields:

OF;
ot

_ ONgiin
Iy

(7o, 7o) i (@l (Agien) (20))) # 0.

yz‘Pé"O(A(i—l,i)(mo))es(i,ﬂl)
The first factor is nonzero because zero is a regular value and the second is nonzero
because we are away from fixed points of the continuous flow. Their inner product is

nonzero because of the transversality condition. This allows the use of the implicit
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function theorem (see Theorem 9.28 in [98]) to show that there exists a neighborhood

of xg and a C'! function 7 with the desired properties. O

Note that this implies that the maps P; : U; ¢ S(;_1,) = S(i,i+1) are all C!. Because
the composition of C'' maps is still C'!, the map P:=Pyo...0 P, :U c S.9) = S(1.2)

is C1.
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