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Mathematik. — Wir wollen die Feinheit und Strenge der Mathe-
matik in alle Wissenschaften hineintreiben, so weit diess nur irgend
maoglich ist, nicht im Glauben, dass wir auf diesem Wege die Dinge
erkennen werden, sondern um damit unsere menschliche Relation
zu den Dingen festzustellen. Die Mathematik ist nur das Mittel der
allgemeinen und letzten Menschenkenntniss.

— Friedrich Nietzsche, Die frohliche Wissenschaft, §246

Mathematics. — We want to bring the subtlety and rigor of mathe-
matics into all the sciences, as far as this is at all possible, not in the
belief that in this way we shall come to know things themselves, but in
order thereby to determine our human relation to things. Mathemat-
1cs is only a means toward a general and ultimate human knowledge.

English translation






Abstract

This thesis is primarily devoted to second-order optimality conditions in
geometric optimal control. After introducing the necessary background, we
present a unified framework for second-order necessary and sufficient conditions,
based on the second variation, the associated Jacobi curve, conjugate times,
and the Maslov index. This preliminary part reorganizes and adapts results
available in the literature, with the aim of providing a coherent set of tools for
the subsequent applications.

We then apply this framework to several classes of extremals and derive
the corresponding optimality conditions. First, we study singular extremals
for control-affine systems with an L' cost, establishing second-order necessary
conditions and sufficient conditions for strong local optimality. Next, we con-
sider piecewise-regular extremals obtained by concatenating regular arcs. This
framework includes, as particular cases, regular extremals, that is extremals
satisfying the strong Legendre condition, and bang-bang extremals. For this
class, we characterize the second variation and the associated Jacobi curve, and
formulate optimality criteria in terms of the Maslov index of the Jacobi curve.
Finally, we partially extend the analysis to nice extremals, obtained by con-
catenating regular and singular arcs, and derive the corresponding optimality
conditions.

The last two chapters contain two further contributions in geometric op-
timal control, independent of the study of second-order optimality. The first
concerns the precise computation of the asymptotic motion complexity of a non-
admissible curve for a control-affine system. The second provides an explicit
formula for the Lyapunov exponents of a linear switched system alternating
between two matrices that generate the Lie algebra sly(R).
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Chapter 1

Introduction

The mathematical theory of control concerns the study of dynamical systems governed
by equations involving some parameters, the controls, which can be changed during the
evolution of the system. By changing these parameters, one can influence the evolution of
the system and steer it in a desired direction.

This is a mathematical framework for modelling a vast number of different situations.
A typical example is driving a car: the driver controls the motion of the car by accelerating,
braking, and turning the steering wheel. In this case, the dynamical system is described by
the physical laws governing the motion of the car, while the controls describe the actions
available to the driver.

A large variety of phenomena, ranging from everyday situations to advanced techno-
logical applications, are modelled following the same philosophy. Concrete applications of
control theory appear in engineering, economics, biology, medicine, and many other fields.

Most importantly, in many of these applications one does not only want to control the
dynamics of the system, but wants to do so in an optimal way. For instance, when driving
a car from the city centre of Trieste to SISSA, one would like not only to find a path
reaching the desired destination, but perhaps the shortest path, the quickest one, or the
one requiring the least amount of fuel.

The mathematical theory of optimal control is the branch of mathematics devoted to
understanding the properties of this class of optimization problems.

Although control problems are ubiquitous, optimal control is a relatively recent field of
mathematics. With a few notable exceptions, until the twentieth century such problems
were not developed within a systematic mathematical theory and were mainly studied on
a case-by-case basis. It was only around the 1950s, with fundamental contributions by
figures such as Bellman, Pontryagin, and Kalman, that control theory fully developed as
an independent mathematical discipline.

One of the milestones of this theory is the Pontryagin Maximum Principle (PMP), a
very flexible theorem providing necessary conditions that optimal trajectories must sat-

11



12 CHAPTER 1. INTRODUCTION

isfy. In many situations, PMP reduces the original optimization problem to the study
of a Hamiltonian dynamical system together with a maximization condition, and there-
fore provides a way to characterize candidate optimal trajectories. Trajectories satisfying
these conditions, together with their corresponding Hamiltonian lifts, are called extremals;
informally, they are the candidate optimal trajectories selected by PMP.

However, the conditions provided by PMP are only necessary. They can be degenerate,
may leave a large family of candidate extremals, and an extremal satisfying PMP need
not be locally optimal. For this reason, stronger necessary conditions and sufficient con-
ditions have been developed in order to distinguish locally optimal trajectories among the
extremals selected by PMP. The theory of sufficient optimality conditions is substantially
less universal, and there is no single general principle with the scope and flexibility of PMP.

The main aim of this thesis is to contribute to both directions through the study of
second-order optimality conditions in optimal control. The adjective geometric in the title
reflects the fact that, in many applications, the natural state space of the system is not a
Euclidean space but a smooth manifold. For example, the configuration of a mechanical
arm with two rotating joints is naturally described by two angles and therefore belongs
to a two-dimensional torus S' x S!, or to a subset of it if the joints have limited ranges.
More generally, using manifolds makes it possible to describe the configuration space of
a system without introducing artificial coordinates. At the same time, one of the central
tools of the theory is symplectic geometry, whose intrinsic formulation naturally lives on
the cotangent bundle of a manifold. Working intrinsically has an important practical
advantage: results formulated in coordinate-free terms apply directly to any new problem
satisfying the required assumptions, without having to adapt the underlying formulas case
by case. For general introductions to this viewpoint, we refer to |13} |5].

More precisely, our approach is based on the second variation, the Jacobi curve, con-
jugate times, the Maslov index, and the method of fields of extremals. As in ordinary
finite-dimensional optimization, second-order information provides a natural way to refine
first-order necessary conditions. Here the role of the Hessian is played by the second varia-
tion, which describes how the cost changes, to second order, under admissible perturbations
of an extremal. The central idea is that second-order information, naturally expressed ana-
lytically through the Hessian of the optimal control problem, can be encoded geometrically
by a curve of Lagrangian subspaces and studied using symplectic methods. This viewpoint
has been developed in several forms in the literature; some references particularly relevant
for the framework used here are [4, 3] 6].

This thesis is organized as follows. In Chapter [2| we introduce the general background
material: the basic notions of symplectic and Hamiltonian geometry, optimal control prob-
lems on smooth manifolds, and the Pontryagin Maximum Principle.

In Chapter |3 we introduce the general principles of second-order necessary optimality
conditions. Starting from constrained optimization and the linearization of the Lagrange
multiplier rule, we introduce the L-derivative and the Jacobi curve associated with an
extremal. The main result relates the Morse index of the constrained Hessian to the
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Maslov index of the Jacobi curve, connecting analytic second-order information with a
finite-dimensional symplectic invariant.

Chapter 4| provides the complementary approach yielding sufficient optimality condi-
tions. We recall the method of fields of extremals and its Hamiltonian formulation through
suitable super-Hamiltonians and formulate a version adapted to the applications developed
later in the thesis. Related Hamiltonian approaches to sufficient optimality conditions can
be found, for instance, in |14} |71] and references therein.

The material in Chapters [3|and [4 mostly adapts results already present in the literature,
with the purpose of providing a unified framework for the subsequent applications.

In Chapters [f] [6] [, and [8 we apply these principles to increasingly general classes of
extremals. There is a natural progression among these chapters. Chapter [5|serves as a first
singular model and as a testing ground in which we developed both the super-Hamiltonian
technique and the analysis of singular second variations. Chapters [6] and [7] then study
piecewise regular extremals, extending the classical bang-bang setting to trajectories whose
maximizing Hamiltonian changes among smooth branches. Finally, Chapter [§] combines
the two constructions to treat trajectories formed by regular and first-order singular arcs,
a broad class of regular—singular patterns frequently encountered in applications.

Chapter [5| covers the joint work [7] and studies singular extremals for the problem of
minimizing the L' norm of the control in a control-affine system. We derive a generalized
Legendre—Clebsch condition, determine the corresponding Jacobi equation, and, adapting
the approach in |70], we construct a super-Hamiltonian adapted to the singular dynamics.
This leads to necessary conditions and to sufficient conditions for strong local optimality,
first for short arcs and then in the absence of conjugate points.

Chapters |§| and [7] cover the joint work [12] and are devoted to piecewise regular ex-
tremals. We characterize their second variation and Jacobi curve by combining the smooth
evolution along regular arcs with discontinuities at switching times, obtaining necessary
and sufficient optimality criteria in terms of the Maslov index of this curve. Chapter [6]
contains the main results and a detailed analysis of a non-convex one-dimensional exam-
ple, where piecewise regular extremals arise as candidate minimizers. The complete proofs
of our optimality conditions for this family of extremals are developed in Chapter [7}

Chapter [8] is devoted to an ongoing joint work and constitutes the last step of this
progression. We introduce nice extremals, obtained by concatenating regular and first-
order singular arcs. Although the ingredients developed in the preceding chapters extend
naturally to this setting, combining them is non-trivial, in particular at regular—singular
junctions. We develop the second-order theory and the super-Hamiltonian construction
for first-order singular arcs, characterize the Jacobi curve of nice extremals, and derive
the corresponding necessary optimality conditions. On the sufficient side, adapting the
technique used in [64], we prove strong local optimality in the absence of conjugate points
for nice extremals containing at most one singular arc. We expect that the restriction to
one singular arc is technical: we conjecture that the same result holds for an arbitrary
finite number of first-order singular arcs.
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The material contained in Chapters [0] and [I0] consists of two further contributions in
geometric optimal control which are independent of the second-order optimality theory
developed in the central part of the thesis. Chapter |§| covers the joint work [58] with Dario
Prandi and gives precise asymptotic formulas, with explicit constants, for the motion-
planning complexity of tracking a non-admissible curve in control-affine systems. This
work extends the previous results in [69, 40] for control-linear systems. Chapter [L0| covers
the joint work [11] with Andrei Agrachev and gives an explicit formula for the maximal
Lyapunov exponent of switched systems generated by two matrices spanning a Lie algebra
isomorphic to sla(R), together with the switching strategies realizing it.

The results of the thesis also suggest several directions for further research. The most
immediate one is to complete the sufficient optimality theory for nice extremals with an
arbitrary finite number of singular arcs. A second natural objective is to turn the theoretical
criteria into an effective algorithmic procedure for testing optimality and locating conjugate
times, in the spirit of the numerical implementation developed for regular extremals in [24].
It would also be interesting to extend the theory to include higher-order singular extremals
and Fuller-type phenomena, where infinitely many switching times may accumulate in finite
time. Other extensions concern problems with free endpoints and costs depending on the
initial and final states, as well as optimal control problems with state constraints.

The results obtained in the different classes considered in this thesis suggest that the
combination of techniques developed throughout this work provides a robust framework
for the analysis of more general problems. Therefore, on the basis of this experience, we
think that a similar approach can be pushed beyond the cases treated here to address the
directions mentioned above.

As already pointed out, Chapters and [4 mainly rely on material already present in
the literature. The original research carried out in this PhD thesis appears in the following
preprints and publications:

e [11] Andrei A. Agrachev and Michele Motta, Lyapunov Exponents of Linear Switched
Systems. Regul. Chaot. Dyn. 30, 481-503 (2025).

e [7] Andrei Agrachev, Ivan Beschastnyi, Michele Motta, Singular extremals of optimal
control problems with L' cost, arXiv:2511.21527.

e [58] Michele Motta and Dario Prandi, Asymptotics of motion planning complezity for
control-affine systems|, arXiv:2511.17130.

e [12] Andrei A. Agrachev and Michele Motta, Second order optimality conditions for
piecewise reqular extremals in Optimal Control, arXiv:2607.10434.

Finally, the material in Chapter [§is part of an ongoing work, still in preparation:

e Andrei A. Agrachev and Michele Motta, Second order optimality conditions for nice
extremals in Optimal Control, in preparation.


https://doi.org/10.1134/S1560354725040033
https://doi.org/10.1134/S1560354725040033
https://arxiv.org/pdf/2511.21527
https://arxiv.org/pdf/2511.21527
https://arxiv.org/pdf/2511.17130
https://arxiv.org/pdf/2511.17130
https://arxiv.org/pdf/2607.10434
https://arxiv.org/pdf/2607.10434

Chapter 2

Preliminaries of Geometric
Control Theory

This chapter collects the notation and the standard notions in geometric control theory
used throughout the thesis. The presentation is deliberately concise and is mainly based
on [13, 5]. More specific assumptions, as well as the second-order constructions required
in the subsequent chapters, are introduced when needed.

2.1 Notation and conventions

In this thesis, all manifolds are assumed to be Hausdorff, second countable, and smooth;
throughout the thesis, smooth means C°°-smooth. We always denote by M a finite-
dimensional smooth manifold and, for ¢ € M, we denote by T, M and T,/ M its tangent and
cotangent spaces at ¢, and by TM and T*M the corresponding bundles. The canonical
projection of the cotangent bundle is denoted by

m:T*M — M.

The spaces of smooth functions and smooth vector fields on M are denoted by C*°(M)
and Vec(M), respectively. The duality pairing between tangent vectors and covectors is
written as (A, v).

For a smooth map F': M — N, its differential at ¢ € M is denoted by d,F' : T,M —
T'r(q)N. When no confusion is possible, we also use F; for the push-forward and F* for
the pull-back. For a subset A of a vector space, span A denotes its linear span; for a linear
map B, its kernel and image are denoted by ker B and Im B. The identity map is denoted
by Id.

Curves are defined on compact intervals unless stated otherwise. An equality involving
a measurable control or the derivative of a Lipschitz continuous trajectory is understood

15



16 CHAPTER 2. PRELIMINARIES OF GEOMETRIC CONTROL THEORY

to hold almost everywhere. We frequently write ¢, us, and A in place of ¢(t), u(t), and
A(t). The restriction of a curve ¢ to an interval I is denoted by g¢|;.

The control set is denoted by U C R™. The precise assumptions on U, on the dynamics,
and on the admissible-control space will be specified in each chapter.

2.2 Symplectic and Hamiltonian preliminaries

The symplectic framework introduced below provides the natural language for describing
Pontryagin extremals and, later, their second-order variations through Jacobi curves and
the Maslov index. We recall only the symplectic notions that will be used repeatedly. For
a more complete account, we refer to [5, Chapters 4 and 14] and [57].

2.2.1 Symplectic vector spaces

A symplectic vector space is a pair (V, o), where V is a finite-dimensional vector space and
o is a non-degenerate skew-symmetric bilinear form on V. In particular, dim V = 2n for
some n € N. For a linear subspace I' C V, its symplectic orthogonal is

I“:={zeV|o(z,w)=0 for every w € T'}.

A subspace T is called isotropic if T C T4, coisotropic if T4 C T, and symplectic if
I N4 = {0}. A subspace A C V is Lagrangian if it is isotropic and has dimension n.
Equivalently,

A is Lagrangian <= A = A%,

We use the notation
L(V):={A C V| A is Lagrangian} . (2.2.1)

The set £(V) is called Lagrangian Grassmannian and is studied in more detail in the next
subsection.
Given IT € £(V), consider another Lagrangian subspace A such that

V=IeA.

It is always possible to choose a basis {e1,...,e,} of Il and a basis {fi,..., fn} of A such
that

o(ei, fj) = bij- (2.2.2)
Every vector v € V can be written in these coordinates: v = >, pWe; + ¢ f;. Con-

sequently, denoting by (p,q) = (p(l), cop™ oM ,q(”)), the symplectic form takes the
Darboux form

o((p1.q1), (P2, @2)) = (p1.42) — (P2, q1)-
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A linear isomorphism A : (Vy,01) — (Va, 02) is a symplectomorphism if
o9(Av, Aw) = o1(v, w)

for every v,w € V;. Symplectomorphisms preserve symplectic orthogonals and, in partic-
ular, map Lagrangian subspaces to Lagrangian subspaces.

2.2.2 The Lagrangian Grassmannian

In this subsection, we recall some properties of the Lagrangian Grassmannian £(V), defined
in . It is a compact smooth submanifold of the Grassmannian of n-dimensional
subspaces of V', of dimension
n(n+1)

5
We briefly recall its standard local coordinates and the identification of its tangent spaces
with quadratic forms (see [5, Chapter 14]).

Fix a pair of transverse Lagrangian subspaces II, A € £(V'), so that

dim &(V) =

V=IaA.
Every A € £(V) transverse to A is the graph of a linear map Sy : IT — A:

A={(p,Sap) |pel}.

Once a basis of IT and A as in (2.2.2)) is fixed, we can identify Sy with its matrix. A direct
check shows that A is Lagrangian if and only if S5 is symmetric.
Lagrangian subspaces transversal to A form an open set

AT ={Aeg(V)|ANA={0}}

and is naturally identified with the vector space of linear maps on from II to A. These
open sets, as A varies in £(V), form an atlas of £(V'). For fixed transversal II, A € £(V),
we call these local coordinates the (T, A)-coordinates of A™. Since the space of symmetric
n X n matrices has dimension n(n+1)/2, this chart also gives the dimension formula above.

Now, let t — A(t) be a smooth curve in £(V) and fix ¢9. Given v € A(tg), choose a
smooth curve v(t) € A(t) satisfying v(tg) = v. The velocity of A at tg is the quadratic form

t=t0>

This definition is independent of the chosen extension v(t). To show this, we can fix
any A € £(V), An Ay, = {0}, take Darboux coordinates such that Ay, = {(p,0)} and

A(to)[v] =0 (v, %v(t)
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A = {(0,q9)}, and compute o <v(t0), %‘t:to U(t)> in these coordinates. Let S(t) be the
linear map corresponding to A(t). We have that v(t) = (p(t), S(t)p(t)) and

0((29, Sp), (b, Sp + 515)) =p' Sp,

where p,p, S, S are all evaluated at ty. Thus, we see that the quantity depends only on
p(to). Furthermore, from this computation we see that, if A(t) is represented by a family
of symmetric matrices S(t), then A(t) is represented by S(t).

A smooth curve A : [0,7] — £(V) is called monotone increasing if

A(t) > 0, for every t € [0,T7,

and strictly monotone increasing if the inequality is strict. Finally, we say that a curve A
is simple if there is A € £(V) such that A(t) € A" for every t € [0, T].

2.2.3 The cotangent bundle

The cotangent bundle T*M carries a canonical symplectic structure. The tautological, or
Liouville, one-form ¥ is defined by

I\ (v) = (A, dam[v]), ANeT*M, veT\(T*M).

We use the convention
o =dJ.

Thus, o is a skew-symmetric non-degenerate 2-form, which is called the canonical symplectic
form of T*M. In local coordinates (p,q) on T*M, this reads

¥ = pdq, o=dpAdg.
For every A € T* M, the vertical subspace is
I ==kerdym =T (T;(A)M).

It is elementary to check that I, is a Lagrangian subspace of the symplectic vector space
T\(T*M).

2.2.4 Hamiltonian vector fields and Poisson brackets

Given h € C(T*M), its Hamiltonian vector field & is defined by

dh =o(-,h).
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In local coordinates, the corresponding Hamiltonian system is

. Oh
p__%v
. 0h
q_ap'

The Poisson bracket of a,b € C°(T*M) is

Hence, if A solves A = @()\), then

d

@b()\t) = {a,b}(\s).

We will repeatedly use the standard identities

=

{avb} = _{b7 CL}, {a7 bc} = {a,b}c—l—b{a,c}, [C_I:, b] = {a,b .
To every vector field f € Vec(M) we associate the fiber-linear Hamiltonian

hi(A) = (A f(7(N)) -

With the preceding conventions, Lie brackets of vector fields and Poisson brackets of fiber-
linear Hamiltonians are related by

{hf, hgt = h[f,gl'

Let <I>£}¢ denote the flow of a possibly time-dependent Hamiltonian h;. In the autonomous

case we write ®) or eth. Hamiltonian flows preserve the symplectic form:
(@Qt)*a = 0.
In particular, the differential
d\®",  T\(T*M) — Ton o) (T"M)

is a linear symplectomorphism. We will often use this differential to transport Lagrangian
subspaces between tangent spaces based at different points of T M.
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2.3 Control systems and optimal control problems

2.3.1 Control systems

Let M be a smooth manifold and let U C R™. A control system on M is described by a
map
f:MxU—TM, f(q,u) € T, M.

Given T > 0 and a measurable control u : [0, 7] — U, an admissible trajectory is a Lipschitz
continuous curve ¢ : [0,T] — M satisfying

q(t) = f(q(t), u(t)) (2.3.1)

for almost every t € [0,7]. When it is useful to emphasize the initial point and the
control, the corresponding trajectory is denoted by ¢(t; o, u). Existence and uniqueness of
solutions of are usually obtained by Carathéodory’s theorem, see [5, Theorem 2.15]
and references therein. In the following, we will always assume that f is regular enough to
satisfy the hypotheses of Carathéodory’s theorem.

We denote by Lz the chosen space of admissible controls on [0,7] and by

q(-;q0,u)

the maximal trajectory with initial condition ¢g. If u is an admissible control and ¢ is its
corresponding trajectory, We say that (u,q) is an admissible pair.

In this thesis, we will often fix a reference control and the corresponding reference
trajectory and compare them with nearby admissible controls and trajectories. Whenever
this is the case, we will denote by @, ¢ the reference control and its corresponding trajectory.

Moreover, since in all the cases that we will study all trajectories under consideration
are contained in a fixed relatively compact neighbourhood of ¢, without loss of generality
we will always assume completeness of all the relevant vector fields.

2.3.2 Optimal control problems

The common model considered in the thesis is the fixed-endpoint optimal control problem
with integral cost. That is, given a continuous function L : M x U — R, we want to
minimize
T
J(u) = / L(q(t),u(t)) dt — min, (2.3.2)
0
subject to
q(t) = f(a(t),u(®),  q(0)=q,  ao(T)=aq. (2.3.3)

The final time T" may be fixed or free, according to the problem under consideration. We
always specify this choice explicitly when it affects the statement of a result.
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The same formalism extends with minor modifications to problems in which the ini-
tial and final points are not fixed and to Bolza costs containing endpoint terms. Since
these extensions play no essential role in the arguments developed here, we formulate the
preliminary results only for fixed endpoints. The different optimization problem used in
Chapter [10] will be introduced directly there.

2.3.3 Local notions of optimality

Let @ be an admissible control, let ¢ be the corresponding trajectory, and assume that the
boundary conditions are fixed. The control @ is a global minimizer if

J(@) < J(u)

for every admissible competitor u satisfying the same boundary conditions.

Local optimality depends on the topology chosen on the admissible controls or tra-
jectories. The conventional distinction between weak and strong local optimality is the
following.

Definition 2.3.1 (weak-local optimality). Assume that the set U is equipped with a
topology. An admissible control 4 € U is weakly locally optimal for the OCP (2.3.2)),(2.3.3))
if there is a neighbourhood Uy C U of @ such that

J(@) < J(u) (2.3.4)
for every u € Uy satisfying ¢(0;u) = ¢(0), ¢(T;u) = ¢(T).

In the OCPs considered in this thesis, ¢ will be either a subset of L>°([0,T];U) or of
LY([0,T);U) and we consider weak-local optimality with respect to the induced topology.

Definition 2.3.2 (Local-strong-optimality). Let @ be an admissible control for the optimal
control problem , with fixed final time 7" and denote by ¢ its corresponding ad-
missible trajectory. We say that ¢ is strongly locally optimal if there exists a neighbourhood
O of its image such that

J(u) < J(u) (2.3.5)

for every admissible competitor u with
q(0;u) = 4(0), ¢(T;u) =q¢(T) and q(t;u) € O, t €0,T].

If the final time T is free, we say that ¢ is strongly locally optimal if there exists a neigh-
bourhood O of ¢ and € > 0 such that (2.3.5) holds for every admissible trajectory g(-;u)
satisfying

q(0;u) = 4(0), ¢(T;u) =¢(T) and q(t;u) €O, t€[0,T].
with |T7 — T < e.
A local minimizer is called strict if the inequalities in ([2.3.5)),(2.3.4) are strict for u # a.
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2.3.4 Cost augmentation

An integral cost can be incorporated into the state space by introducing an additional
variable ¢° satisfying

Then

Thus the original optimal control problem can be viewed as an endpoint problem for the
extended system on R x M. This elementary device underlies the geometric interpretation
of the cost multiplier in the Pontryagin Maximum Principle.

2.4 Pontryagin extremals

We recall the Pontryagin Maximum Principle in the fixed-endpoint setting. The statement
below is sufficient for the applications in this thesis; more general variants can be found in
[13].

2.4.1 The Pontryagin Maximum Principle

Forv e R, A € T/ M, and u € U, define the Pontryagin Hamiltonian

hio(A) = (X, fq,u)) + vL(q, u).

Whenever the maximum exists, the maximized Hamiltonian is

HY(\) = ho(N).
() = max s (A)

Theorem 2.4.1 (Pontryagin maximum principle (PMP)). Let @ be a minimizer for the
ocpP , and let § be its corresponding admissible trajectory. Then, there exists
a non-trivial pair

(L, A) #0, M€ TiyM,veR, tel0,T],

such that the following conditions hold:
M =R (N, for ae. t€0,T], (2.4.1)
h%(t)(j\t) = H"(\)) for a.e. te[0,T),

v <0

Moreover, [0,T] 5t — hg(t)(:\t) is constant and, in the case of free final time, the constant
s equal to 0.
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The pair (4, 5\) is called an extremal pair, X an eztremal Lift, and g =mo X an eztremal
trajectory. Since the multiplier is defined up to multiplication by a positive constant, there
are two cases. If v < 0, it is normalized to v = —1 and the extremal is called normal. If
v = 0, the extremal is called abnormal. In the normal case, we usually omit v and write

hu()\) = <)‘7f(Q>u)> - L(Qa U)

Notice that in this thesis we will deal essentially only with normal extremals. For this
reason, unless it is specifically stated, we will always assume v = —1. The Maximum
Principle is a first-order necessary condition: in general curves satisfying PMP need not to
be minimizers, not even locally.

2.4.2 Regular and singular arcs

Let (@, 5\) be an extremal pair on an interval I. Suppose that there is a sufficiently small
open ball B C R™ such that Uy := U N B is a smooth manifold and that the control /s
takes values in Up. Assume moreover that h|p«prxu, € C?. The maximization condition
implies the stationarity relation

Oh,,
ou

} [v] =0, ve Tﬂ(t)UO, tel
u=a(t), \=A(t)

The Legendre form is the quadratic form on 7% Up defined by

0?h,,
]Lt (’U) = 8u2

[v,v]. (2.4.2)
u=a(t), A=A (t)

Because the Pontryagin Hamiltonian is maximized with respect to u, every optimal ex-
tremal satisfies the ordinary Legendre condition

L: <0, forae. tel.
The strong Legendre condition is
L; <0, forae. tel.

Under the strong Legendre condition, the implicit function theorem locally determines the
maximizing control as a smooth function of the covector,

u=u(X),
and the corresponding maximized Hamiltonian is smooth:

H(X) = hay(A).
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On such an interval, the extremal is governed by the ordinary Hamiltonian system
A=H(\).

We call an extremal arc regular when the maximizing control is locally unique and is
determined smoothly in this way, with non-degenerate negative Legendre form. An arc is
called singular when the Legendre form has a non-trivial kernel.

2.4.3 Switching times and the switching Legendre condition

In the simple case where U is a finite collection of isolated points, which includes case of
bang-bang controls, the set Uy considered in the previous subsection is reduced to a single
point and the tangent space Tg;)Up is {0}. Thus, there are no non-trivial variations of
% which are close to the original control in the L° norm. In particular, every control is
L*>®-weakly-locally optimal. This motivates the following considerations.

Let (a, 5\) be an extremal pair on an interval I and suppose that there are two sufficiently
small disjoint balls By, By C R™ such that Uy = U N By, Uy = U N By are two smooth
manifolds and there is t; € I such that @(t) € Uy for t < t; and u(t) € Uy for t > t;. We
say that ¢, is a switching time.

We describe the analogous non-degeneracy condition at a switching time between two
regular arcs. Let H® and H! be the smooth maximized Hamiltonians on Uy and U
respectively. At the switching time,

HO(S‘h) = Hl(j‘tl)'

Introduce the switching function
x=H'—H".

Its derivative at the switching time is

X0 =),

If the maximizing Hamiltonian changes from H® to H', then y changes from non-positive
to non-negative. Consequently, the switching Legendre condition is

{(HY HY (\yy) > 0.
The strong switching Legendre condition is
{H, H}(\y,) > 0.

In this case, both Hamiltonian vector fields H 0, H?' are transverse to the switching hyper-
surface {HY = H'} and the switching time is isolated.



Chapter 3

Second-order necessary optimality
conditions: general principles

The Pontryagin Maximum Principle (PMP) provides first-order necessary conditions for
optimality and identifies a class of candidate minimizers, called extremals. Although PMP
encodes the distinction between minimization and maximization through the sign of the
cost multiplier, it does not in general distinguish locally optimal extremals from non-
optimal ones, such as saddle-type extremals. Moreover, even if an extremal arc is mini-
mizing, PMP does not by itself determine when it ceases to be minimizing. This is the
same phenomenon encountered in Riemannian geometry: sufficiently short segments of a
geodesic are locally minimizing, but the geodesic equation alone does not determine the
interval on which this minimizing property persists. Understanding this loss of optimality
requires studying the problem at the second order.

The purpose of this chapter is to present the general strategy underlying second-order
necessary conditions for optimality. From the analytic viewpoint, an optimal control prob-
lem with fixed boundary conditions is regarded as an infinite-dimensional constrained op-
timization problem, in which the endpoint map plays the role of the constraint. With
this viewpoint, the PMP encodes the first-order information, while the Hessian of the
constrained functional contains the corresponding second-order information.

The abstract criterion of Theorem states that, if the negative Morse index of this
Hessian is at least the corank of the reference control, then the extended endpoint map is
locally open and the control cannot be a weak local minimizer. The problem is therefore
reduced to computing the Morse index of the constrained Hessian.

The geometric viewpoint provides an effective way to perform this computation. We in-
troduce the £-derivative, which is a Lagrangian subspace encoding the relevant information
carried by the second variation. If the set of the Lagrange multipliers is a smooth man-
ifold, its tangent space coincides with the L-derivative. The strength of the L-derivative
lies in the fact that it is a well defined Lagrangian subspace even when the set of Lagrange

25
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multipliers fails to be a smooth manifold.

By restricting the admissible variations to successive time intervals, one obtains a curve
of Lagrangian subspaces, called the Jacobi curve. Its intersections with the vertical sub-
space are measured by the Maslov index, and the Morse-Maslov formula of Theorem [3.4.11
identifies the Maslov index of the Jacobi curve, up to an explicit correction term, with the
negative Morse index of the constrained Hessian. The main aim of the chapter is thus to
construct a bridge between the analytic description of second-order variations and their
symplectic representation through the Jacobi curve.

The abstract framework presented in this chapter is largely based on the results of 6]
and on the earlier references cited therein. Since these techniques are quite involved and
are not usually presented in a unified form, we provide a detailed account adapted to the
notation and applications developed in this thesis.

Recall that an admissible control @ satisfying PMP is said to have corank r if the
maximal number of pointwise linearly independent extremal lifts associated with @ is r.
Equivalently,

r = codimIm Dy (F, J).

where we denote by F' the endpoint map defined in Definition and by J the minimized
functional in ([2.3.2). We let pp be the Maslov index with respect to II € £(T5 (1" M)),
see Section [3.4l We assume that the set of admissible controls U has a structure of Banach
manifold modelled on a separable Banach space. The general criterion developed in this
chapter can be summarized as follows.

Theorem 3.0.1 (Second-order necessary optimality condition). Let @ be an extremal con-
trol for the optimal control problem , , and assume that u has corank r.
For every extremal lift X associated with @, let A be the corresponding Jacobi curve
and let )
=T (T M).

Assume that —(\, v) Hessg(F, J) has finite negative Morse index for every such lift. If

s (A7) —% d—dim [T'n () A ] =
te[0,7

for every extremal lift X associated with @, then @ is not a weak-local minimizer in with
respect to the topology of U.

Thus, starting from a candidate minimizing control % selected by PMP, one must deter-
mine its corank, construct the corresponding Jacobi curve and compute its Maslov index.
Although these computations may be difficult in general, in the subsequent chapters we
carry them out for several classes of extremals.



3.1. CONSTRAINED OPTIMIZATION PROBLEMS 27

This chapter is organized as follows: Section [3.1] develops the abstract constrained-
optimization framework, Section computes the first differential and the Hessian of the
endpoint map in Hamiltonian form, and Section [3.3]introduces the Jacobi curve through the
L-derivative. Finally, Section introduces the Maslov index and establishes its relation
with the Morse index, completing the passage from the analytic to the geometric viewpoint.

3.1 Constrained optimization problems

In this first section, we recall some general facts and geometric objects from the theory
of constrained optimization problems. More precisely, we are interested in the following
class of problems. Let U be a smooth Banach manifold and M a finite dimensional smooth
manifold. We consider the functional J : i/ — R and a function F' : i/ — M. We assume
that both J and F' are smooth. Given a point ¢; € M, we are interested in the minimization
problem:

min{J(u) | u € F~(q1)}. (3.1.1)

In the case of an optimal control problem, I/ is the space of admissible controls, M is the
state manifold, F' is the endpoint map and J the minimized functional.

First, in Subsection [3.1.1] we show that optimal control problems are particular in-
stance of constrained optimization problems on an infinite dimensional space. Then, in
Subsections [3.1.2] [3.1.3} [3.1.4] we recall some concepts in the general abstract framework
of constrained optimization that we will apply to OCPs in Section (3.3

3.1.1 OCP as a constrained optimization problem

First, we want to reformulate an OCP as a constrained optimization problem, motivating
the subsequent subsections.
Let M be a smooth manifold and consider the control system

q(t) = f(a(®),u(®),  q(0) = qo, (3.1.2)

together with the cost functional

T
J(u) :/0 L(q(t;u), u(t)) dt. (3.1.3)

Here, U denotes a Banach manifold of admissible controls and ¢(-;u) is the admissible
trajectory corresponding to .

Throughout this chapter, the interval on which a control is defined is regarded as
part of the information carried by the control itself. Thus, if u is defined on [0,T], the
corresponding evolution is understood to stop at time 7.
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Definition 3.1.1 (Endpoint map). The endpoint map based at gy is the map
F:U— M, F(u) = q(T;u).
The fixed-endpoint constraint ¢, (7") = g1 can therefore be written as
u € F_l(ql).
Definition 3.1.2 (Extended endpoint map). The extended endpoint map is the map
E:U— M xR, E(u) = (F(u), J(u)).

The extended endpoint map can itself be regarded as an ordinary endpoint map. Indeed,
introduce the augmented state space

M:==MxR

and the augmented control system

Its endpoint is
(@(Tu), 2(Tsu)) = (F(u), J (u)) = E(u).
Thus, the optimal control problem of minimizing (3.1.3]) subject to (3.1.2)) and ¢(7T;u) =

q1 is rephrased as the following constrained optimization problem:

min{J(u) |u € F~1(q)}.

3.1.2 First order condition: Lagrange multipliers

We recall the statement of the Lagrange multiplier rule. This is a classical consequence of
the open mapping theorem and can be found, for instance, in |15} 5].

Proposition 3.1.3 (The Lagrange multipliers rule). Suppose that w € U is a critical point

of the function J|p-1(4,). Then, there is A € Ty M and v € {0, —1} such that

(A, D,Fv]) + vD,Jv] =0, YveT,U. (3.1.4)
The pair (\,v) is called a Lagrange multiplier. If v = —1, we say that (\,v) is a

normal Lagrange multiplier. If instead v = 0, we say that (A, ) is an abnormal Lagrange
multiplier. In the following, we consider only the normal case. Finally, if u is a critical
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point of the function J| F-1(q) and A € T¢ M is a normal Lagrange multiplier for u, we say
that the pair (u, \) is a Lagrange point.
Let F*(T*M) be the pullback bundle of T*M over U, that is

FAT*M) ={(u,\) e T"M xU | A € T,y M} CT*M X U.
We define the map
U:F*(T°M) - TU, Y(u,\) =\ DyF)— D,J. (3.1.5)
Definition 3.1.4 (set of normal Lagrange multipliers). We define
L={NeT*M | thereis u € U such that (A\, D, F") = D, J}.

The set L is called the set of normal Lagrange multipliers.

3.1.3 Second derivatives for constrained maps

We now introduce the second-order object associated with a constrained optimization prob-
lem at a Lagrange point. We first briefly recall the meaning of first and second derivatives
for maps between smooth manifolds.

Let £/ : U4 — M be a smooth map and let u € U. Its first differential at u is the
intrinsically defined linear map

DyF : TU — Tpgy M,

characterized by

DuFll = 7| FO()

where « is any smooth curve such that v(0) = v and %(0) = v.

Concerning second derivatives, in general, if the codomain is a manifold, there is no
intrinsic definition of second differential in T, M. After choosing local coordinates, one
can define a bilinear map D2 F', but its value depends on the chosen coordinates. However, if
v,w € ker D, F, a change of coordinates modifies D2 F[v, w] only by an element of Im D, F'.
Therefore

[D2F[v,w]] € TpyM/Im D, F

is intrinsically defined for v, w € ker D, F'. For a real-valued function, the usual Hessian is
intrinsically defined at a critical point. We refer to Chapter 20 in [13] for a more detailed
discussion about the definitions of second order derivatives of a map with values in a
manifold.

Now, following [6], let u € F~'(g1) be a critical point of J|p-1(,) and let (X, v) be a
Lagrange multiplier associated with u. In local coordinates, we define the Hessian of the
extended endpoint map E = (F,J) by

(A, v) Hess,, E[v,w] == AD?F[v,w] + vD2J[v,w), v, w € ker Dy, F. (3.1.6)
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The Lagrange multiplier relation and the restriction to ker D, F' imply that the right-hand
side of is independent of the choice of local coordinates, and hence defines an intrinsic
symmetric bilinear form on ker D, F'.

In the rest of this chapter we only consider normal Lagrange multipliers, normalized
by v = —1. We therefore omit v from the notation and write

AHess, E = (A, —1) Hess,, E.
If F is a submersion at u, then F~!(q1) is a smooth Banach submanifold near u and
T,F~(q1) = ker D, F.

In this regular case, the Hessian can be identified with the ordinary Hessian of the restric-
tion of J to the constraint.

Proposition 3.1.5. Let J: U — R and F : U — M be smooth maps. Fix g1 € M and let
u € F~Y(q1) be a critical point of J|p-1(4,). Assume that F is a submersion at u and let

A €Ty, M be a normal Lagrange multiplier associated with u. Then

Hess, (J]p-1(q,)) [v, w] = —AHess, Elv, w] = D2 Jv,w] — AD2F[v, w]
for every v,w € ker D, F.
Before concluding this part, we recall the following second-order necessary condition,
which is a reformulation in the present setting of the local-openness criterion in [13, The-

orem 20.3]. To state the result, we need the notion of Morse index.

Definition 3.1.6 (negative Morse index). Let V be a vector space and @ : V — R a
quadratic form on V. The negative Morse index of @ is

ind” Q = sup{dim L | L linear subspace of V, dim L < +o00, Q|1\(0} < 0}.

Theorem 3.1.7. Let F : U — M and J : U — R be smooth maps and let u € F~1(q1) be
a critical point of J|p-1(q,). Set r = codim Im Dy (F, J). If

ind™ ((—I/DiJ[U, w] — )\DgF[v,w]) ker DuF) =T,

for every Lagrange multiplier (\,v) € Ty M x {0, —1} associated with u, then E is locally
open at u. In particular, u is not a local-weak minimizer with respect to the topology of U.

The integer r defined above is called the corank of the control w.
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3.1.4  L-derivative: definition and general properties

In the previous subsection, we saw that if a control u € U is a critical point of the functional
J|F_1(q1), then there is a Lagrange multiplier A satisfying Equation . The aim of
this subsection is to introduce the L-derivative, which is a Lagrangian subspace obtained
by the linearization at a Lagrange point of the Lagrange multipliers equation.

From a geometrical point of view, suppose that, locally around the Lagrange point
(u, A), the solutions of the Lagrange multiplier equation form a smooth manifold and
that their projection onto T*M is a local embedding, with image £ near A. Under these
regularity assumptions, the £-derivative coincides with the tangent space

L(u, )\) == T)\ﬁ.

In general, however, the set £ need not have such a regular structure, while the £-derivative
is still intrinsically well defined. First, we give an intrinsic definition of the L-derivative,
which does not rely on any choice of coordinates. Then, we give an explicit formula for it
in local coordinates.

Let (u,A) be a Lagrange point, so that ¥(u,\) = 0,, where ¥ was defined in (3.1.5))
and 0,, denotes the zero covector in T,;U. Let

0y = {Ou/ eT*U | u EZ/[}
be the zero section of T*U. The differential of ¥ at (u, A) is a linear map
D)V = Tpy ) (F*(T*M)) — To, (T*U).

Let W be a finite-dimensional submanifold of U containing u. We denote by Fyy = F|y
the restriction of F' to W, and use analogous notation for J and ¥. We also denote by
0yy C T*W the zero section.

Definition 3.1.8 (Intrinsic L-derivative). Let U be a Banach manifold modelled on a
separable Banach space B and let M be a finite-dimensional smooth manifold. Let W be
a finite-dimensional submanifold of ¢ containing u. We define

Ay =1p ([D(U,A)‘Ifw]_l (TOHZW)) ; (3.1.7)

where

p: T (Fy(T*M)) — TA(T*M)
is the differential of the canonical projection
Fpy(T*M) > (u',N) — N € T*M.

The space Ayy is the L-derivative of the problem (3.1.1) at the Lagrange point (u,\)
restricted to the submanifold W.
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Now, take any sequence of finite-dimensional submanifolds (W;);jen of U such that
Wj C Wj+1 and

S
j=1

We define
A= lim Ay,

j—+o0

provided that the limit exists.

The use of the tangent space to the zero section in is motivated by the fact
that, if we consider a smooth family of Lagrange points (us, As), one has W(ug, Ag) = 0y,
and therefore its derivative with respect to the parameter s is a vector tangent to the zero
section. Consequently, the intrinsic definition above gives the linearization of the Lagrange
multiplier equation.

This construction is intrinsic, since it is expressed entirely in terms of bundle maps,
their differentials, and the zero section, and therefore does not depend on any choice of
coordinates.

Now, we want to give a more explicit description of the L£-derivative using local coor-
dinates. Fix any two local charts &/ — B and M — R? in a neighbourhood of u and F(u)
respectively. If we linearize with respect to u and A, we obtain

(&, Dy Flw]) + AD2F[v,w] — D2J[v,w] =0, D,F[v]=2, v,wecTU. (3.1.8)

Definition 3.1.9 (L-derivative with local coordinates). Let U be a Banach manifold mod-
elled on a separable Banach space and M a finite dimensional smooth manifold. Let
F:U— M and J : U — R be two smooth maps. Let u € F~!(g;) be a critical point of
J| F-1(q) and let A € T¢) M be its Lagrange multiplier. Take a finite dimensional subspace
V C T U. The L-derivative of (F,J) at (u,\) over the subspace V' is the vector space

Lu, \)(V) ={(&,x) e TH(T*M) | Fv € V, (£, v) satisty Yw e V}.

Moreover, let (Vi)ren be an increasing sequence of finite dimensional subspaces of T,U,
that is every V}, is finite dimensional, they satisfy Vi C Vi1 and UgenVi = T, UU. We define
the L-derivative of (F,J) over T, as

L(u,\) == lim L(u,\)(Vy), (3.1.9)

k——+o0
where the limit in the right-hand side is with respect to the topology of the Grassmannian
of T\(T*M). One can check that the limit does not depend on the choice of the sequence

(Vi) ken-

Remark 3.1.10. We recall some properties of the L-derivative, which are proved, for in-
stance, in |6] and [15].
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1. If dimV < 400, then the space L(u,A\)(V) is a Lagrangian subspace of T)(T*M),
that is dim L(u, A)(V') = d and, denoting by o the standard symplectic form, we have

oAl L) = 0.

2. It is necessary to define L(u,\) as a limit of the finite dimensional approximations
L(u, A) (Vi) because Equation (3.1.8)) might be ill-posed on infinite dimensional spaces
and the resulting space might have dimension strictly less than dim M.

3. The limit in (3.1.9) might not exist in general. However, if D2.J]| F-1(q) has finite
negative Morse index, then one can prove that the limit exists.

4. If V. C T,U is a dense subspace, then L(u, \) = L(u, A)(V).

3.2 Endpoint map, its differential and Hessian in optimal
control

The purpose of this section is to introduce the symplectic objects that are necessary to
adapt the previous ideas from constrained optimization theory to the geometric control
theory setting. To this aim, first we introduce the endpoint map and its cotangent lift.
Then, we need to transport back the entire dynamics to the fixed initial symplectic vector
space T, (T*M). This way, all the relevant quantities that we are going to introduce are
defined in the same space, rather than in the moving space T (7*M). This fact allows
us to compute integral and derivatives without invoking complicate non-linear objects.
The same purpose could be achieved by introducing a local trivialization of the cotangent
bundle T*M in a neighbourhood of the reference extremal A(t). The advantage of our
approach is that it is coordinate free.

Throughout this section, we assume that the range of 4 is contained in a smooth finite-
dimensional manifold Uy C U and that the dynamics f and the running cost L are smooth
with respect to the state and control variables in a neighbourhood of the reference pair. We
also assume that the admissible-control space U is a smooth Banach manifold with tangent
space naturally identified with a space of essentially bounded measurable functions

v(t) € Ty U, for a.e. t € [0,T].
3.2.1 Hamiltonian lifts
For v € U, define the Hamiltonian associated with the dynamics by
h(Xu) = (A, f(m(N),u)), AeT*M.
Its Hamiltonian vector field projects onto the controlled vector field:

d)\ﬂ'(f_i()\, u)) = f(r(A),u).
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Hence, for every £y € T, M, the map

Fuo(u —e—f)/ )) dt o g

is a Hamiltonian lift of the endpoint map F' defined in (3.1.1)), in the sense that
moFy, = F.

The extended endpoint map has a canonical lift to T*M. Identifying a covector in
17 M with a pair
(2,2
(A v) € T;M xR,
the Hamiltonian of the augmented system is
R\ v, q, 2,u) = (X, f(g,w)) + vL(t, ¢, u).

Since h does not depend on z, the component v is constant along the corresponding Hamil-
tonian flow. In this thesis, we are mainly interested in the case v = —1, thus from now
on we assume v = —1 and, to simplify the notation, we drop all the superscript v. The
dynamics on T*M therefore reduces to the Hamiltonian system on T*M generated by

B ) = (A F(m(A) 1)) — L(t, (A), w).

For ¢y € Ty M, we denote the corresponding reduced Hamiltonian lift by

g, (u _exﬁ/ )) dt o €.

Its projection onto M is again the endpoint of the state trajectory:

mo&y, =F.

3.2.2 Transported-back dynamics
Fix a reference control 4 € U. Let
Sy T*M — T*M

be the non-autonomous Hamiltonian flow generated by

—

h(-,a(t)).

Starting from \o € T, M, we write



3.2. ENDPOINT MAP, ITS DIFFERENTIAL AND HESSIAN 35

The transported-back Hamiltonian is defined by
Hy(u, £) == (h(-,u) — h(-,a(t))) o By (L).

By the variation formula of chronological calculus,

~ T _
&5, (u) = ®or o @/ Hy(u(t), - ) dt o Xo.
0
It is therefore convenient to introduce the transported-back lifted endpoint map
g = (‘I)T)_l o 55\0.
It satisfies .
G(u) = ﬁ/ Hy (u(t), -) dt o X,
0

and, in particular, 3
G(u) = Xo.
The advantage of this representation is that all infinitesimal variations are transported
to the fixed symplectic space T;\O (T*M).

3.2.3 First differential

In this subsection, we compute the first differential of the maps F' and E. In particular,
we will see how PMP can be reinterpreted using the Lagrange multiplier rule.
For every t € [0,T], define the linear map

Zt : Tﬂ(t)U — T;\O (T*M)
OHy, <

o (u A0)[u] = (@) | 2= (A1), w)[v] . (3.2.1)
u=(t) u=1(t)

Zw =

The map Z; describes how an infinitesimal variation of the control acts on the dynamics.
A variation of the control naturally produces a tangent vector at A(¢). Thus, the resulting
map Z; is the variation-to-tangent map written in a fixed symplectic frame along the
reference extremal. Since we have to compute integrals and time derivatives of Z; in the
following, we transport back the dynamics by applying the transformation (®;'),. This
way, the image of Z; is contained in the fixed vector space T\,(1T*M).

The first term in the chronological expansion of G gives

DaGlu] = /0 " ot di.
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Consequently,
T
Dags, o] = (1), ( / Zio(#) dt) |
0

Taking v = 0 and projecting onto the base manifold yields the first differential of F"

T
DgF[v] =ds mo (®7), (/ Zyo(t) dt> .
0
Let
HS\O = T:\o (T;OM)

be the vertical subspace at Xo. Since the flow of a fibrewise linear Hamiltonian is the
cotangent lift of the corresponding flow on M, it maps vertical spaces into vertical spaces.
It follows that

T
veker D <= / Zy(t)dt € 15 .
0

An analogous formula holds for the extended endpoint map on the augmented cotangent
bundle. Denoting by &, Z;, and II the corresponding objects on T*M, one has

T
D@E[U] = dﬁ'\ (¢] ((I)T)* </ Ztv(t) dt) y
0
and therefore .
vEkerDE <+— / Zv(t) dt € 1.
0

The first differential of E also admits a convenient scalar Hamiltonian representation.
Let R
(Ar,v) € Thay (M x R)

and let A be the corresponding solution of the Hamiltonian system generated by h( -, @(t)).
Then

<(XT, u),DaE[v]> - </~\T,DﬁF[v]> + vDgJ[o]

T
- [ GG o)

Equivalently, in transported-back coordinates, the latter equation reads

dt.
u=1(t)

ToH -

((Ar,v), DaBlv]) = e o)l

c
—~

~
~—
=

In particular,
(Ar,v) € (im DzE) "
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if and only if
oh ,~
— (A1), v) =0 (3.2.2)
du u=i(t)
for almost every t, whenever arbitrary localized control variations are admissible.
From this discussion, we can see the connection between PMP and the first order

differential of the extended endpoint map E. Indeed, there exists a non-zero covector
(\r,v) € (im DzE) ™,

says that the endpoint map F = (F,J) cannot be a submersion at @. This condition is
equivalent to .
Dﬁ(J‘Ffl(ql)) =0 <= MNDgF+vDzJ=0.

Defining N\ = (EIV%’T)_I(S\T), we see that the corresponding covector curve ¢ — \; satisfies
the adjoint Hamiltonian equation of PMP, while correspond to the maximization
principle. Notice that actually PMP say a bit more than what is done here: the control 4
has to be a maximizer of h.

3.2.4 Second differential and Hessian

In this subsection, we recall the formula for the Hessian of the maps F' and F, which will
be crucial to compute the L£-derivatives at a Lagrange point.
The second differential of the transported-back lifted endpoint map G can be obtained
from the second term of the chronological expansion. To state it, let
OH,
Ziv] = —(u, -
o) = St )l

u=2u(t)
be the corresponding vector field near 5\0, so that
Zw = Zi[v]( o).

For every smooth function a on T*M, the second differential of a o G is

T [ 9*#,
Diac gl = [ Guztlo®. wie)

u=e) (3.2.3)
T rt i
- /0 /O (Zs[v(s)]ozt[w<t)]+Zs[w(s)]oZt[U(t)])a()\O)dsdt.

For the applications to second-order optimality conditions, it is more convenient to
express the scalarized Hessian directly in Hamiltonian form. Let

(Ar,v) € (im DzE)"
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and let \; = <I>t(5\0) be the associated extremal lift.
Following the convention introduced in Section we define
Qv,w) = —vD2J[v,w] — A\p D F[v,w], v,w e TylU.
With this notation, the linearized Lagrange multiplier equation becomes
(&, Dy Flw]) — Q(v,w) =0, Dy Fv] =z, v,w e Tyl
By Equation (3.2.3), the bilinear form @ can be computed using the following formula:

T 924/
Qw) == [ T G@ )@ w]]|

0 Ou? u=i(t)

1 T t

- /0 /0 o5, (Zov(s), Zow(t)) ds dt
1 T t

_2/0 /Ogj\o(st(s),Ztv(t))dsdt.

In particular, its associated quadratic form is

T q29/.
QW)= [ TH (1), w)o(e), v(0)

0

u=ii(t) (3.2.4)
T ¢
_/0 o5, (/0 Zsv(s)ds, Zyo(t) | dt.

3.3 Jacobi curve and Jacobi equation

3.3.1 Jacobi curve

In this subsection, we are going to apply the theory of L-derivatives, which is discussed in
Subsection to optimal control problems. This leads to the notion of Jacobi curve,
which is a generalization of the classical concept of Jacobi field from Riemannian geometry
to a non-smooth setting.

We use the notion of £-derivative only in Definition to highlight the connection
with the second differential of the endpoint map and to justify some of its properties that
would otherwise not be straightforward to prove.

For brevity, we introduce some notation: we let ¥V = Tzl be the space of admissible
variations and

Vr ={w €V | suppw C [0, 7]},
Vo7 ={w €V |suppw C [, 2]},

and K :=ker DG, K = KNV, and K7 7, = V7 -, N K4,
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Definition 3.3.1 (Jacobi curve). Let (@, ) be an extremal pair for the optimal control
problem (2.3.2), (]E deﬁned on the time interval [0, T]. Let E be the extended endpoint
map as defined in (3.1.2)). Let L(u, A) denote the L-derivative of E at the Lagrange point
(u, ), see Deﬁnitio The Jacobi curve of @, A is the curve A : [0, T] — £(Ty,(T*M))
defined by

A¢ = (Do); Ll A(2))-
Moreover, given a subspace V C V, we denote by A(V) = (go,t)*_lL(ﬂ, A)(V).

Since throughout the thesis we consider only the Jacobi curve of a fixed reference
extremal pair (@, \), we do not need to specify the dependence of A; on (@, \).

To justify the relation between the Jacobi curve and the Morse index of Hessy J| F-1(q)
we recall the following result from [15] (see Lemma 1.2 in Chapter 1). This result shows
that there is a deep link between the kernel of HessJ|p-1(4,) and the intersections of the
Jacobi curve with the vertical fibre. This serve as motivation for introducing the Maslov
index in the subsequent section, where we will recall a much stronger result.

Lemma 3.3.2. Assume that @ is a reqular point of F and that ker dzF' Nker @ = {0}.
Then
ker Hess (J|p—1(5¢1))) = {0} <= AN IT5, = {0}.

Equivalently, the constrained Hessian is non-degenerate if and only if As is transverse
to the vertical H;\O.

Remark 3.3.3. 1f (u, 5\) is an extremal pair and Nis a strictly normal extremal, i.e. @ admits
no non-trivial abnormal multiplier, then @ is a regular point of F'. Moreover, 4 is a regular
point of F and (§,x) € A; satisfy the definition of L-derivative with v € ker Dz F' Nker @,
then (£, z) = 0. Indeed, in this case we have © = Dz F[v] = 0 and & must satisfy { Dy Flw] =
0 for every w € TyU, which implies £ = 0 since Dy F is surjective.

Proof. Suppose that ker Hessg (J‘Ffl(q(t))) = {0}, we want to prove A, N1II5 = {0}. Let
ne NN I, n= (&, x). Then x = 0 and from the definition of the L£-derivative, there is
a vector v € T;U such that

dﬂF[’U] =0

and

(&, dgFlw]) — Q(v,w) =0 for every w € T,,U.
Taking w € ker dz F' gives
Qv,w) =0 for every w € ker dz F,

which means that v € ker Hessg (J | F71(q1)). So, this implies v = 0, and hence £ must
satisfy (¢, DgF[w]) = 0 for all w € TzU. But this forces & = 0 since D, F' is surjective.
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Thus, we have proved that (£,z) € Ay NI implies (£, z) = (0,0). We point out that the
hypothesis ker dz F' N ker @ = {0} was not used to prove this implication.
Conversely, let
v € ker Hessg (J|F—1(q(t))) , v #0.

Then v € ker dz F' and
Q(v,w) =0 for every w € ker dg F.

Let us introduce the splitting Tl = V @ ker Dy F', where V is any linear subspace of T3l
spanning imDgF of minimal dimension. Then, writing w = wg + w1, w € TaU, wy €
ker Dy F, w1 € V, the equation defining the L-derivative reduces to the finite dimensional
equation

(€, dgFlwi]) — Q(v,wy) =0 for every wy € V.

Notice that DzF : V — imDgF is an isomorphism, hence also (DzFT)~! is an isomor-
phism. The assumption ker dzF' N ker @ = {0} yields that Q(v,-) € V* is non-zero, so
€= (DzgF ") 'Q(v,") is also non-zero and satisfies the previous equation. This shows that
n=(£0) € AyNII5 and 5 # 0, proving the second implication. Notice that, in the proof
of the second implication, we have not used that @ is a regular point of F. ]

Remark 3.3.4. The previous proof shows that if @ is a critical point of F, that is, in
presence of non-trivial abnormal extremals, the intersection A; N 5, is non-trivial even

if ker Hessy (J\F_l(q(t))) = {0}. On the other hand, ker Hess; (J|F_1(q(t))) # {0} yields
a non-trivial intersection A; N H;\O also when @ is a critical point of F', provided that
kerdz F Nker@ = {0}. Thus, if abnormal extremals are present, one should separate
carefully intersections coming from the fact that the extremal is abnormal from intersections
due to the degeneracy of Hessy; (J|F71(q(t))).

We give the following alternative characterization, which is much more practical and
can be used as working definition for the rest of this Section.

Proposition 3.3.5 (Jacobi curve, working definition). Let (@i, ) be an extremal pair for
the optimal control problem ([2.3.2)),(2.3.3). Let V- C V, be a linear subspace. Then, the
Jacobi curve Ay(V') is the vector space generated by the vectors of the form

t
770+/ Zswi(s)ds,
0

where ny € T, M,wy €'V satisfy the equation

t
Q (w1, wo) :/0 o(no, Zswa(s))ds (3.3.1)

for all wo € V.
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For a proof, see [6]. This characterization allows us to compute the Jacobi curve by
means of finite-dimensional approximations. The following Lemma was proved in [6]. It
allows us to compute Ay, from A;.

Lemma 3.3.6. Take any 71,72 € (0,T), with 71 < T2, and suppose that the negative
Morse index of the quadratic form QTQIICTQ is finite. We denote by Vo C Vr a subspace of
admissible variations supported on (11, T2), that is Vo C V; r,. Then, Ar,(Vr, @ Va) is the
Lagrangian subspace generated by vectors

T2
n+ / thl (t)dt, (332)

1
where n € A, and wy € Vi satisfy

T2

QTLTQ(wl,'lUQ):/ o(n, Zyws(t))dt, (3.3.3)

T1

for all variations wy € Va. In particular, A;, is generated by vectors as in (3.3.2)) where
n € Ay and wy € Vr, 5, satisfy (3.3.3) for every wa € Vi, .

Remark 3.3.7. Notice that this is possible thanks to the fact that the Jacobi curve A; is
computed using the quadratic form )y on all variations V; and not just the Hessian of Gy,
which is defined on the kernel of the first variation K;. Indeed, while V,, = V., ® V; -,
in general it does not hold that K, = K;, ® K, 5,. This is the reason why we need to

consider the L-derivatives and the form @Q; defined on the whole space V; and not simply
on ker DG}.

3.3.2 Regular extremal arcs and Jacobi equation

In this subsection we recall that for a normal regular extremal arcs, i.e. under the strong
Legendre condition, the Jacobi curve is a smooth curve in the Lagrangian Grassmannian
and that it can be obtained as by solving an ODE, which goes under the name of Jacobi
equation. Since the same strategies for a regular extremal arc are reused and generalized in
Chapters we recall them in this simpler case as guiding principles for more complex
extremals.

Let (@, ) be a regular extremal pair on an interval [0, T]. The Jacobi curve A; associated
with the extremal arc X is the curve of Lagrangian subspaces of T;\O (T*M) introduced in
Definition B.3.1]

We now give an equivalent description of A; in terms of a linear Hamiltonian equation.
Recall the definition of B

Zv = %T(u, Ao)[v] ,
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which was given in (3.2.1]), and of the Legendre form

2
L, O

2 I
M |uma(r), a=5,

which was given in (2.4.2)). Since the extremal arc is regular, L; is non-degenerate for
every t € [0,T]. We identify the quadratic form L; : T;U x T3U — R with the linear map
L; : ToU — (TzU)*, which is invertible as well and we denote its inverse by L.

Definition 3.3.8. The Jacobi equation along the regular extremal arc (a, 5\) is the linear
non-autonomous Hamiltonian equation on T3 (T*M)

0(t) = Zilly o5 (Zes (1)) (3.3.4)

The Jacobi equation is a linear Hamiltonian equation, whose Hamiltonian function is
given by the bilinear function

1

bt(n) = —5 <0/~\0 (Zt -,77)71[‘,;10-5\0 (Zt -777)> , MmE€E T;\O(T*M).

Following this notation, the Jacobi equation can be shortened as 1 = gt(n) and we denote
by

t
B, = &P / bsds,
0

the flow of b;. Notice that, by strong Legendre condition, L; is negative definite, thus b; is
positive definite as well.

Theorem 3.3.9. Let (i, \) be a regular extremal pair on an interval [0,T] for problem

(2.3.2)),(2.3.3)) with fixed final time. Then
A = B,

that s, the Jacobi curve is generated by the flow of the Jacobi equation staring from the
vertical space.

Sketch of proof. Fix t € [0,T] and abbreviate o5 by o. By the working characterization
of the Jacobi curve, a vector n; belongs to A; if and only if there exist ny € Iy and v € V;
such that

-
N =No —|—/ Zsv(s) ds, T € [0,t],
0

and .
Qt(v,w) = / o(no, Zrw(r)) dr for every w € V;. (3.3.5)
0
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Substituting the explicit expression of the second variation into (3.3.5)), and rearranging
the integral terms, gives

/0 (L (v(7),w(7)) + o (nr, Zrw(r))] dr = 0 for every w € V.

Since the test variation w is arbitrary and can be localized in time, it follows that, for
almost every 7 € [0, ],
L, (v(7),") — o (nr, Z-) = 0. (3.3.6)

The strong Legendre condition implies that L, is non-degenerate. Hence (3.3.6)) uniquely
determines the control variation:

U(T) = L;lo—(ZT'7777')' (337)
Differentiating the definition of 1, and using (3.3.7]), we obtain
777’ = ZTU(T) = ZTL;la—(ZT'7 777)7

so 7 is a solution of the Jacobi equation with 7(0) = ny € Ip.
Conversely, let 1 solve the Jacobi equation and assume that 7(0) € Ily. Define

v(T) = ILT_IJ(ZT-, n(r)).

The Jacobi equation gives 7(7) = Z,v(7), and therefore

n(T) =n(0) + /OT Zsv(s) ds.

Moreover, the definition of v is equivalent to (3.3.6)). Integrating this identity against an
arbitrary w € V; recovers (3.3.5). Thus 7(t) € A¢, which proves Theorem. O

Now, we prove that the Jacobi curve of an extremal arc is increasing. It is a consequence
of the following general proposition.

Proposition 3.3.10. Let h; be a time dependent quadratic Hamiltonian function on T\(T*M).
Define (By)ier the flow of hy. For a given Aoy € L(T\(T*M)), let Ay = By(Ao). Suppose
moreover that there are II, A € £(T\(T*M)), with IINA = {0}, such that AyNA = {0} for
every t € [0,T] and Ay = {(p, Syp) | p € 11}, where, as before, we are using the coordinates
in T(T*M) such that 11 = {(p,0) | p € II} and S; : 1T — A is symmetric. Then

p' Sip = 2ht(p, Stp), p € 1L

In particular, if hy is positive definite for every t € [0,T], then also Sy is positive definite
for every t € [0,T] and A is an increasing curve.
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Proof. Using the coordinates introduced in the statement, we have that any integral tra-
jectory of the Hamiltonian vector field A; can be written as (p(t), ¢(t)) = (p(t), Sip(t)) and
in particular

q = Stp + Sip,

that is hy (p,q) = (p, Syp 4 Sip). Moreover, since the Hamiltonian h, is quadratic, we have
that o((p, q), ht(p,q)) = 2ht(p, q). Thus, the left hand side of the previous equality reads

a((p, Sep), he(p, Sip)) = o((p, Sip), (B, Sip + Sep)) = p* Sip.

where we have used the fact that S; is symmetric. Hence, we see that S (p) = 2h¢(p, Stp),
as we wanted to show. O

Corollary 3.3.11. Let (a, :\) be a reqular extremal pair and let A be its corresponding
Jacobi curve. Then A is increasing.

This is a direct consequence of Proposition [3.3.10] since by the strong Legendre condi-
tion b; is positive definite.

Now, we provide an alternative interpretation of the Jacobi equation, which is more
close to the classical case in Riemannian geometry.

In our problem, there are two relevant dynamics: the Hamiltonian dynamics associated
with the reference regular control 4 (encoded by the flow :15,5), and the dynamics of the
maximized Hamiltonian H (encoded by the flow ®;). The composition

oo d,

compares these two dynamics after transporting both of them back to the reference frame.
Since the two flows agree along the reference extremal, this map fixes Xo. Its quadratic part
at Ao therefore measures the first non-trivial discrepancy between the two dynamics, and,
as shown in Corollary below, this discrepancy is exactly the quadratic Hamiltonian
governing the Jacobi equation.

We want to write it as the flow of another Hamiltonian function, i.e.

- t
O ,o0d, = eTIS/ Bs ds, (3.3.8)
0

where here again we follow the notation of the chronological calculus (see Appendix |A.1)).
It follows by the variations formula (see (A.1.1])) that this is

ei(0) = (H — hagy) o @ (), €€ T*M,t€[0,T).

Indeed, we have

o1 = (H — haw) o o, = (‘54)* (ﬁ - Ea@)) ;
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hence, by the variations formula (see Equation (A.1.1])), we obtain
t t o, s .
&P / B, ds = & / ((IJ_S> - (<1>_5) s ds =
0 0 * *
t . t o, _ .
:exﬁ/— d_, hﬁsdso@/ d_,) (®,) Hds=
() B dsoast | (#20) (3.),
t_ -1 b
= <<ﬁ§/ has) ds> o@/ H ds.
0 0

We have the following relation with the Jacobi equation.

Proposition 3.3.12. Under the previous notation, we have that
1
§Hess;\og0t = b;.

The proof of this proposition is just a standard computation, which is done, for instance,
in [13], see Proposition 21.3. We conclude this subsection with a corollary of Proposition
0.3, 12)

Corollary 3.3.13. Under the previous setting, it holds the following identity:

t t
<a§ / Bs ds> = exp / bs ds. (3.3.9)
0 *,X(0) 0

Proof. If h: R??® — R is a quadratic Hamiltonian function, then
2h(v) = a(v, h[v]), v e R%, (3.3.10)

where o is the standard symplectic form of R2?. To prove this identity, it suffices to show
that it holds with respect to any fixed basis. So, we fix any basis of R2? and we let o and h
be represented by the matrices J and A respectively in this basis, that is h(v) = v' Av and
o(v1,v2) = —v] Juy. We have that h(v) = 2JAv and o(v, h[v]) = =207 JJAv = 20T Av =
2h(v), as we claimed.

Since ¢(Ao) = 0 and dy,¢: = 0 for every ¢ € [0, 7], then the left-hand side of is
a linear Hamiltonian flow defined on T),(7™* M), whose Hamiltonian system is

n=dx, Pt [77]
Recalling that dy,¢r = o, (- , F¢) and differentiating in A, we obtain
A3, 011, ) = 030 (0, dreBel1)). (3.3.11)

By Proposition |3.3.12] the left-hand side of (3.3.11)) is equal to the quadratic form 2b;.
Putting this fact together with Equation (|3.3.10)) yields

2o (10, 0e[n]) = 2b4() = d3 e [0, ) = oo (0, droBe[n]), 1 € Tn (T M).
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Hence, since o is non-degenerate, we have [_ft = d),$:. Integrating the flow of both sides,
the statement of the Corollary follows. O

Remark 3.3.14. The previous Corollary shows that solutions of the Jacobi equation are the
transported back solutions of the equation £ = ds, H [€]. More precisely, let \; be a regular
extremal. Let {(¢) € T5 (T M) solve the linearized Hamiltonian system

£(t) = ds H[¢(t)]. (3.3.12)
Define its pull-back along the reference Hamiltonian flow by
0(t) = d5, &7 [E0)] € Ty (T*M).
By Equation ({3.3.8]) and Corollary [3.3.13] we obtain

o) = (0 [ 5, i) 10)

that is, n satisfies the Jacobi equation .

Conversely, if n(t) solves the Jacobi equation, then £(t) == (®¢)« x,n(t) solves (3.3.12).
Thus, one can re-obtain the Jacobi curve by first solving with initial conditions in
I1, obtaining a curve of subspaces Z; := (®;),II € 15, (T*M) and then transporting back

the curve at the initial point applying (®;);1, that is Ay = (B) 715 = (B4)71(P), 1L

3.4 Morse and Maslov index

In this section, we put in relation the Morse index of the second variation of the endpoint
map as introduced in Section with the Maslov index of the Jacobi curve. First, we
recall some definitions and notation needed in the sequel (we mainly refer to [57] for a
more extensive introduction to the Maslov index and to [6] for its application in optimal
control).

3.4.1 Maslov index for smooth curves

Let (V,0) be a symplectic linear space. Fix a Lagrangian subspace Ly C V. The Maslov
train of Lg is the set of Lagrangian subspaces with non-trivial intersection with Lg, that is
Mp, ={W e (V) : WnLy#{0}}.

The Maslov train is a stratified manifold, whose strata are given by
ME = {W € £(V) : dim(W N Lo) = k}, k:L””&?V.
In this subsection we use the local coordinates of £(V') and many definitions introduced in

Subsection 2.2.21

We define the Maslov index of a C! curve in the Lagrangian Grassmannian.
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Definition 3.4.1 (Maslov index of a curve). Let (A¢)iejo ) be a C! curve in the Lagrangian
Grassmannian £(V) and take IT € £(V). Suppose that the curve A has finitely many

intersections at times tq,...,t, with the Maslov train /\/lll-[ Suppose moreover that all
intersections are transverse. For j € {1,...,/}, let v; € Ay; NII be any vector in the
intersection. We define the number i(j) = 1 if we have Ay (v;) > 0 and i(j) = —1 if
Ay;(v5) < 0. The Maslov index of the curve A with respect to Il is defined as
¢
Z i(j dlm(Ao NII) + dim(Ar N1II) — dim(Ag N Ap N1I)).
j=1

Remark 3.4.2. Since the stratum /\/lll—[ has codimension one in My and MZH has codi-
mension three, we have that the Maslov index defined as in Definition is invariant
under homotopy of the curve A with fixed endpoints. Moreover, since ./\/111-I is dense in
M, we can extend the previous definition of Maslov index to any curve A such that
AO)NII=A(T)NII = {0}.

Remark 3.4.3. In the classical references, see [57], the Maslov index ppr is defined for
curves whose initial and final points are transverse to the subspace II, hence the terms
dim(Ag N II), dim(Ap NII), dim(Ag N Ar N1II) are all zero. However, in the case of a
Jacobi curve associated with an extremal pair, we always have that the initial point has a
non-trivial intersection with the space II. Including these terms in the definition of Maslov
index allows us to extend the classical definition to our case.

Remark 3.4.4. If (A¢)ieo,m) is an increasing curve, then the function t +— pur(Aljy) is
non-decreasing for every II € £(V), since at every new intersection we must have Ay > 0.
We introduce also the positive Maslov index of a triple of Lagrangian subspaces. Let

IT, A1, As € £(V) be three Lagrangian subspaces. Define the quadratic form q: (A1 4+ A2)N
II/IINA1NA2) — R by

Cl()\) = U()\la >\2), A €A, Ao € Ao, A=A + o
A direct computation shows that q does not depend on the choice of A1, As.

Definition 3.4.5 (Maslov index of a triple). Let II, A1, Ay € £(V) be three Lagrangian
subspaces. The positive Maslov index of the triple (A1, II, A2) is defined as

1
indr(Aq, Ag) == indTq + B ker q.

We call indp(Aq, Az) the positive Maslov index, stressing the word positive, in contrast
with the Maslov index used by some other authors, which is instead the signature of the
quadratic form q. The positive Maslov index of a triple of Lagrangian subspaces enjoys
many nice properties, see [6] for more details. We further introduce the notion of increasing
and simple curve.

We have the following result, which is proved in [15].
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Proposition 3.4.6. Let (A¢)cjy,1,) e a C' curve in the Lagrangian Grassmannian £(V).
Fiz 11 € £(V'). Suppose that the curve A is simple and increasing. Then, the Maslov index
of the curve A with respect to 11 is given by

prr(A) = indm(Agy, Aty ).

That s, in the particular case of a simple increasing curve, the Maslov index depends only
on its endpoints.

For a proof of this Proposition, see [15], Lemma 2.8 in Chapter 1.

Proposition 3.4.7. Given any pair A1,Ay € £(V), there is A € £(V) such that Ay N
A = AN A = {0} and satisfying S1 < Sa, where S1,S2 : A — A denote the matrices
corresponding to A1, As respectively in the (A1, A)-coordinates. In particular, given any
pair Ay, Ao € £(V'), it is always possible to find a simple increasing curve starting from A;
and ending at Ao.

Proof. Set k = dim(A; N Ag) and choose a Darboux basis e1, ..., en, f1,..., fn adapted to
the pair (A1, Ag), so that
Ay = span{ei,... ey}, Ay = span{ei, ..., ek, fut1,--- fn}-

Consider the Lagrangian subspace

A= Spa‘n{fla' . 'afkvfk+1 — €k41y- .- 7f7’L - €n}.

Then A is transverse to both A; and As. In the (Aq, A)-coordinates, A is represented by
S1 = 0, whereas Ay is represented by

sy= (% 9 ).
0 Infk

Hence the curve t + t.5, t € [0, 1], has all the required properties. O

This leads to the following alternative way to compute the Maslov index of an increasing
curve in the Lagrangian Grassmannian.

Corollary 3.4.8. Let (At)te[o,T] be a C' increasing curve in the Lagrangian Grassmannian
L£(V). Fiz Il € £(V). Then, the Maslov index of the curve A with respect to 11 is given by

N
prr(A) = indn(Ay,, Ae,,,) (3.4.1)

=1

where the partition 0 =tg <ty < -+ <tny1 =T is such that Ny, 4, ) is simple for every
i=1,...,N—1.
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3.4.2 Maslov index for increasing piecewise smooth curves

We can notice that the formula in makes sense also for discontinuous curves in the
Lagrangian Grassmannian. This allows us to extend the definition of Maslov index to this
more general setting.

Definition 3.4.9 (Maslov index of a piecewise C'! and increasing curve). Let (At)iejo,r) be a
piecewise C! curve in the Lagrangian Grassmannian £(V'), with finitely many discontinuity
times. Suppose that for every interval I C [0, 7] such that A|; € C! we have that A|; is an
increasing curve. Let 0 < t; < --- <t < T be the times of discontinuity and denote by

A;r = lim Ay, A= lim Ay, j=1,...,k

t—tj+ J t—tj—

Fix II € £(V). For any interval (t;,t;4+1) we further consider the subdivision t; = t;jo <
tj1 < .-+ < tjN; = tjy1 such that A is simple on each subinterval (tji,tj(iﬂ)), for ¢ =
0,...,N; — 1. By convention, we set Ajo = A;-" and Ajn, = Aj_+1'
The Maslov index of the curve A with respect to II is defined as

k Nj,1

A) = Z Z indrr (A, A, —i—Zde (A7, AF).
7j=1

j=0 i=0

This definition of Maslov index for an increasing piecewise C'' curve corresponds to the
Maslov index of a (globally) C! curve obtained from the discontinuous one by connecting
the subspaces A and A;r with a simple increasing curve, which is always possible (see
Remark [3.4.7] - By Proposition u we have that any simple increasing curve connecting
A] and A;r gives the same result.

Remark 3.4.10. In the following, whenever we are dealing with a discontinuous piecewise
C! curve in the Lagrangian Grassmannian, we can always replace it with a globally C*
curve having the same Maslov index.

3.4.3 Relation between the Maslov and the Morse index

Now, we go back to the setting of optimal control problems. As before, we consider an
extremal pair (@, \) and its Jacobi curve A; defined as in We state a theorem which
shows how the Maslov index of the Jacobi curve can be used to compute the negative
Morse index of the Hessian of the constrained functional J|p-1(,,). Recall that we denote
by I1 =17 M the fiber over g in 7*M and dim I = d.

The following theorem is the second fundamental results on which is based the general
strategy for proving necessary optimality conditions of second order. It is proved in a
slighter general form in [6], see Theorem 2.4. Here, we recall a statement adapted to our
purposes.
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Theorem 3.4.11. Let (i, \) be a an extremal pair for the OCP (2.3.2)),(2.3.3). Suppose
that ind™ Hess DgJ|p-1(4,) 48 finite and denote by A the Jacobi curve associated with (1, \).
Suppose that A is piecewise C* and increasing. Then, it holds that

1
ind™ (D3 J|p-1(gy)) = pn(A) = 5 [d—dim [TIn () A |- (3.4.2)

2
te[0,7

The assumption that A is piecewise C! is not necessary to prove the theorem, but
since we did not define pp for an arbitrary discontinuous monotone curve we assume it
explicitly. In the reference, the authors lift the Jacobi curve to the universal covering of
L(T5,(T*M)) and prove Equation for this lifted curve and the corresponding lifted
quantities. However, the convergence in the universal covering implies the convergence in
the Lagrangian Grassmannian. Thus, substituting the Leray index in the reference with
the Maslov index (see Lemma 2.4 in [6]), the result in the reference implies the one stated
above.

Remark 3.4.12. 1f dim ITN( ;¢ (o 77 A+ = {0}, then the term in the right-hand side inside the
parenthesis reduces to d. This takes into account that Ay = II, but the initial time does
not contribute to the Morse index. Indeed, recalling the definition of q, we have that for
any A such that ANII = {0}, we have indp (I, A) = %. Hence, if A is a simple increasing
curve starting from II and going out from II without other non-trivial intersections with

this subspace, then ur(A) = g and we have to cancel this contribution. Finally, the term

dim (H N Neejo, 1] At) is a correction that takes into account the fact that A; can have a

constant intersection with II for every ¢ € [0,T], which already does not contribute to
ur(A) and so we do not have to subtract it from ur(A).

We are now in a position to prove Theorem [3.0.1] It is a consequence of Theorem [3.4.17]
and Theorem B.1.7

Proof of Theorem [3.0.1 Let (u, 5\) be an extremal pair and let A be the corresponding Ja-
cobi curve. By Theorem we know that, under the hypothesis ind™ Hess(J|p-1(¢,)) >
r, the extended endpoint map is locally open at 4. Thus, for every € > 0 it is possible to
find u. € U close to 4 in the topology of U such that F(u.) = F(a) and J(us) = J(a) — e.
It follows that, % is not a local minimizer in F~!(g;). Finally, applying Equation (3.4.2)
in Theorem yields the desired result. O



Chapter 4

Second-order sufficient conditions:
general principles

In the previous chapter, we developed the general framework for second-order necessary
conditions of optimality, based on the constrained Hessian, the Jacobi curve, and the
Maslov index. The aim of the present chapter is to describe a complementary approach
yielding sufficient conditions for local optimality.

The underlying idea is a generalization of the classical field of extremals method from
the calculus of variations and Riemannian geometry. Roughly speaking, one embeds the
reference extremal into a family of nearby extremals whose projections fill a neighbourhood
of the reference trajectory. If this family projects regularly onto the state space, it provides
a distinguished extremal passing through each nearby point. Then, the cost of nearby
trajectories can be compared by integrating the Poincaré—Cartan form. Thus, the problem
of proving local optimality is reduced to constructing a suitable field of extremals and
verifying the local invertibility of its projection onto the state space.

In geometric optimal control, this construction applies directly to normal regular ex-
tremals, see Chapter 17 of [13]. Indeed, under the regularity assumption, the maximization
condition determines uniquely the value of the control in a neighbourhood of the reference
extremal and the corresponding maximized Hamiltonian is smooth in this neighbourhood.
Its Hamiltonian flow therefore provides the natural family of nearby extremals to which
the classical argument can be applied.

This regular setting, however, does not cover many important extremals arising in op-
timal control. For singular extremals, or for extremals containing switching points, the
maximization condition may fail to determine a single smooth Hamiltonian in a neigh-
bourhood of the reference trajectory. The classical construction of the field of extremals
therefore cannot be applied directly.

A remarkable feature of the argument is that the maximized Hamiltonian itself is not
essential. It can be replaced by a suitable super-Hamiltonian, namely a Hamiltonian whose

o1
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flow agrees with the reference extremal and which dominates the Pontryagin Hamiltonians
in the sense required by the comparison argument; see assumptions (H5) and (H6) in
Subsection The existence of such a function is substantially weaker than the smooth
regularity of the maximized Hamiltonian and makes the field-of-extremals method appli-
cable to much more general classes of extremals. A systematic formulation of sufficient
conditions based on this idea is given in [71], and the strategy has proved effective in
several different optimal control problems; see, for instance, [70, 29, |61}, 30].

In the first part of this chapter, we recall and adapt the general sufficient optimality
criterion developed in [71]. The formulation is deliberately flexible: the field of extremals
is only required to have the regularity needed for the Poincaré—Cartan argument, while its
dynamics is generated by a suitable super-Hamiltonian. The crucial remaining requirement
is the local invertibility of the restriction of the canonical projection 7 : T*M — M to the
field of extremals.

We then introduce a refinement of this criterion which, to the best of our knowledge,
has not been explicitly formulated in the literature. When the field of extremals is a
Lipschitz manifold admitting a piecewise smooth Lagrangian structure, we show that the
invertibility of the restriction of 7 can be characterized in terms of the Maslov index of the
corresponding curve of tangent Lagrangian subspaces. Although this result is essentially
a symplectic reformulation of the invertibility condition, it provides the key link with the
second-order theory developed in the previous chapter. In the applications considered later
in the thesis, the tangent Lagrangian curve can be obtained as a small perturbation of the
initial point of the Jacobi curve of the reference extremal, so that the sufficient optimality
criterion can be checked directly through the Maslov index of the Jacobi curve. The final
part of the chapter makes the relation with conjugate times and conjugate points explicit.

4.1 Sufficient conditions

The method of fields of extremals provides a geometric sufficient condition for strong local
optimality. Its basic idea is to embed the reference extremal into a suitably chosen family
of neighbouring extremals and to compare the cost of the reference trajectory with that of
any admissible competitor contained in the region covered by this family. The comparison
is based on the exactness of the Poincaré—Cartan form on the Hamiltonian flow-out defining
the field.

We formulate the construction for the free-final-time problem:

T
J(u) = /0 L(q(t),u(t)) dt — min,

subject to
q(t) = fq(t),u@),  a0)=q, oT)=q,
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where the final time T" > 0 is free. For v € U, we denote by

hu(A) = A, f(m(A), u)) = L(m(X), u)

the corresponding normal Pontryagin Hamiltonian. In what follows, we fix (a, 5\~) a reference
normal extremal pair, and let ¢ = m o A be its projection. We assume that A is globally
Lipschitz and piecewise smooth.

4.1.1 The Poincaré—Cartan form

We first recall the integral invariant underlying the method of fields of extremals. Let
I C R be an open interval and let

H:IxT"M — R

be a possibly time-dependent Hamiltonian satisfying the regularity assumptions described
above. We denote its flow by @ft.
On the extended phase space T*M x I, consider the one-form

ag =19 — Hdt,

where ¢ is the Liouville form on T*M. The form ay is called the Poincaré—Cartan form
associated with H. In canonical coordinates (p,q) on T*M, it is given by

ag =pdq— H(t,p,q)dt.

When H is only locally Lipschitz, the form apy has locally Lipschitz coefficients. Its pull-
back by a Lipschitz map and its exterior differential are therefore understood almost ev-
erywhere, or equivalently in the weak sense.

Let a € C°°(M) and consider the exact Lagrangian graph

Ly :={dqalqge M} CT"M.
The restriction of the Liouville form to £y is exact:
ﬁyﬁo = d(a o 7T)|£0'

For every t € I, set
‘Ct = q)gt(‘CO)a

and define
F:LoxI—T'MxI, F(Xo,t) = (®§,(M), 1) -

We denote its image by R
L= F(,CO X I)
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Proposition 4.1.1 (Exactness of the Poincaré-Cartan form). Assume that the Hamil-
tonian flow ‘bgt 1s well defined and locally bi-Lipschitz in a neighbourhood of L. Then

the pull-back of the Poincaré—Cartan form to L is exact: there exists a locally Lipschitz
function
S ﬁo xI—R

such that
Frag =dS

almost everywhere.

A primitive can be written explicitly. If
A = @y (M),

then one may take

S0, 1) = a(r(Xo)) + /0 (ms (H(s,\s)) —H(s,/\s)) ds.

The proof is the same as the proof of the Poincaré—Cartan integral invariant in [13,
Section 17.1.1]. Indeed, the argument is an application of Stokes’ theorem, which holds
also in the present Lipschitz setting, and uses only that the sets L; are obtained from
an exact Lagrangian manifold through a Hamiltonian flow; it does not use that H is
the maximized Hamiltonian of an optimal control problem. Consequently, it applies to
any Hamiltonian satisfying the preceding regularity assumptions. In the piecewise smooth
setting, the argument is applied on each smooth stratum of the low-out. The corresponding
primitives agree on the common strata, and therefore define the locally Lipschitz primitive
S appearing in Proposition [£.1.1]

4.1.2 The free-time field of extremals and the super-Hamiltonian

We now use the super-Hamiltonian flow to construct a field of extremals adapted to the
free-final-time problem. Let a € C°°(M) and denote by Lo the graph of its differential.
Assume that A\g = dgya € Lo. Let Hg : R x T*M — R. We assume that:

(H1) Hg is a Lipschitz continuous time-dependent Hamiltonian.
(H2) the Hamiltonian system associated with Hg admits a unique flow
7, T*M — T* M,
which satisfies the following regularity assumptions:

(H2a) the map (s,t,\) — @it(A) is Lipschitz continuous;
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(H2b) for every s,t € R, the map <I>j§,t : T*M — T*M is bi-Lipschitz, with inverse @fs

(H3) Hg(0,-) is smooth in a neighbourhood of Ao and that 0 is a regular value of its
restriction to Ly, namely
dx (Hs(0,-)|z,) # 0

We fix a relatively open connected subset
Mo C Lo Hs(0,-)7}(0)

containing \g. By the regular-value assumption, My is a smooth submanifold of dimension
d — 1. Since it is contained in the Lagrangian manifold Ly, it is isotropic.
For every t € I, define

My = ®5 (M),
We denote the union of the M; by
M =T(Mo x T) =M,
tel
and we consider the flow-out parametrization
U:MoxI—TM,  U(\,t)=D5,(\).
In general, by the Lipschitz regularity of ®,;, M is only a Lipschitz immersed manifold.
We make the following assumptions on M:
(H4) for t € I and Ao € M, we have that Hg(t, (Ao, t)) = 0.
We have two more assumption on Hg.

(H5) For \g € My, t > 0 and denoting \; = ‘I’g,t()\o), the function Hg satisfies
H(M\) < Hg(t, At).

(H6) The function Hg along the reference extremal X satisfies
Hg(t, :\t) = ha(t)(j\t) and ﬁs(t, S\t) = Ea(t) (5\75)
almost everywhere on I.

For a normal extremal couple (u, 5\), if Hg : I x T*M — R and M C T*M satisfy
hypotheses from (H1) to (H6), we say that Hg is a super-Hamiltonian function and M
is a field of extremals. The idea of replacing the maximized Hamiltonian by a super-
Hamiltonian was first introduced in [70] and successfully reused in many other situations,
see [71] and references therein. Strictly speaking, the trajectories Ay = W¥(\g,t) are not
extremals for the OCP considered above and some authors rather call the set M a field
of almost-extremals. By a slight abuse of terminology, we call it simply field of extremals
whenever it does not generate confusion.
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Remark 4.1.2 (Preservation of the zero level). Since the super-Hamiltonian may depend
explicitly on time, the inclusion of M in the zero level of Hg(0,-) does not by itself imply
that its flow-out remains in the zero level of Hg. Indeed, if

)'\t - ﬁS(ta )‘t))

then, at every smooth time,

d N
ﬁmﬁAg:@mﬁAg+ﬁﬂwﬂgP&@Mﬂ:@mﬁA&

since dyHg {ﬁ 5} = {Hg, Hs} = 0. We shall therefore explicitly assume that
Hg|pm = 0.

A useful way to verify this assumption is to identify an autonomous first integral of
the super-Hamiltonian flow. More precisely, suppose that there exist an invariant subset
3. C T*M and an autonomous Hamiltonian K : T*M — R such that

Hs(t,)\) :K()\), PSDIN
and
{Hs(t,-),K} =0.

If
My C 2N K10),

then both ¥ and the zero level of K are preserved by the super-Hamiltonian flow, and
consequently
Hg|pm =0.

This mechanism applies to the nice-singular super-Hamiltonian, which will be intro-
duced in later chapters.
4.1.3 Sufficient optimality criterion

We now formulate the sufficient optimality criterion associated with the free-time field
constructed in the previous subsection.
Letting m : T*M — M be the canonical bundle projection, we assume that

(H7) the restriction 7| is a bi-Lipschitz map onto some open neighbourhood of g.

For brevity, we denote maq := 7|p¢. The following theorem is a rephrasing of Theorem 3.10
in [71] adapted to our framework.
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Theorem 4.1.3 (Sufficient optimality criterion). Let (@i, \) be a normal extremal pair,
defined on [0,T], for the free-final-time OCP. Suppose that there exist an Hamiltonian
function Hg and an initial manifold Mg satisfying the hypotheses (H1) to (H7). Then,
the reference trajectory

q(t) = (M)

is locally strongly optimal. Suppose furthermore that the following condition holds: let (u,q)
be an admissible pair defined on the interval I' and such that the image of q is contained
in mpm(M). Let Ay be defined by q(t) = ma(Ae). If

H(At):HS(t,At), tGI/
implies
Fq(t), u(t)) = dy,mam [Hs(t, )\t)] . forae tel (4.1.1)
then q is locally strongly strictly optimal.

Proof. Let u be an admissible control competitor defined on I’ = [0,T,], and let ¢ be its
trajectory. Since w4 is bi-Lipschitz and ¢ is Lipschitz continuous, the curve

A= (a(1)),

is also Lipschitz continuous. We denote by (7(t), \o(t)) € I x My the pair such that
At = Y (7(t), Ao(t)). The injectivity of marq and the boundary conditions imply

Ao = 5\0, )\Tu = S\T.
By Proposition the pull-back of the Liouville form is exact:
U = dSpm

almost everywhere on Mg x I. )
Denoting by S the concatenation of A with the curve [0,7] 2 t — AT — t), Stokes’
theorem for Lipschitz manifolds gives

Ty X T 3
/ 9, () dt — / 95, () dt = / dSp =0,
0 0 S

since the restriction of ¥ to the Lipschitz Lagrangian manifold M is closed.
Along the reference extremal, (H4) and (H6) give

hay(\) = Hs(t, M) = 0,

Therefore,
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It follows that -
/ 05, (M) dt = J (). (4.1.2)
0
Along )\, the definition of the Liouville form gives
In (M) = (s d(2))

Since

one has
I, () = hugny () + La(t), u(®)) < He(7(8), Ae) + Lig(t), u(t). (4.1.3)
The lifted curve belongs to the zero level of the super-Hamiltonian, and hence
Hg(7(t),\) = 0.

Thus, ‘
Iz, (M) < L(q(t), u(t)) (4.1.4)

almost everywhere. Integrating and using equations (4.1.4) and (4.1.2]), we obtain

T . Ty . Ty
J(ﬂ):/o 05, (Ae) dt:/o x, (M) dtg/o L(q(t),u(t))dt = J(u).

This proves local strong optimality.
Assume now that the condition (4.1.1) holds and that

J(u) = J(a).

Then, by (4.1.3]), equality must then hold in the pointwise super-Hamiltonian inequality
for almost every t:

Py (Ae) = Hg (T(t), \r).
Indeed, if hy)(Ae) < Hg(7(t), ;) for some set of positive measure, then also J (@) < J(u).
Then, we must have H(\;) = Hs(7(t), \t) and Equation (4.1.1)) implies

q(t) = dx,mm {ﬁs (r(®), )\t)}
almost everywhere. Since w4 is invertible, this implies
A = Hg (T(t), )\t)
Differentiating A\ = W(A\o(t), 7(t)), yields
dao(t) ¥ (-, 7(8))ho(8)] + (7(1) = D Hs (r(t), M) = 0.

Since dy, ¥ (- 7(t))[Ao(t)] and Hg (7(t), \¢) are linearly independent and Hg (T(t), Ae) #0,
yields 7(t) = t and \o(t) = Xg is constant. Therefore, \; = \; and § is strictly optimal. [J
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4.1.4 Invertibility of 7\, and the Maslov index

In the previous subsection, we have seen that very little regularity is required on the sub-
manifold M to prove Theorem However, without additional structure, it is quite
difficult to check that M verify the hypothesis (H7) concerning the local invertibility of
mam. As we show in later application, if the reference extremal has a piecewise smooth struc-
ture, then M can be found so that it also have a piecewise smooth Lagrangian structure.
Namely, in the cases that we study, the field of extremals satisfy the following regularity:

(H8) M is the union of finitely many smooth d-dimensional Lagrangian submanifolds with

boundary
Ml?"'aMk:-f—l C T*Ma

where d = dim M, such that

k+1
M= M,
j=1
The interiors of the manifolds M; are pairwise disjoint and, for ¢ = 2,... k, we have

M;NM; #0onlyifje{i—1,4i+1}. Forevery i € {1,...,k}, the intersection
MiN M1 =0M; N Mip1 = MiNOMiya,

is the non-empty common boundary component of M; and M;;. Every boundary
component is a smooth (d — 1)-dimensional isotropic submanifold of 7M.

By this piecewise smoothness assumption, we coherently assume that the vector fields
Ht = Hg\mt M, and the corresponding flows @ = @st]mt M,; are smooth and have a
smooth extension in some open neighbourhood Of /\/l in T*M.

The first consequence of these regularity assumptions is that the generalized tangent
family at the points where M is non-smooth can be explicitly characterized. We use the
notion introduced in Definition [A.2.8

Proposition 4.1.4. Let A € M; N M1 be a point where M is non-smooth. Then
DM = {TA(MZ- N M) +R (aﬁz‘+1()\) +(1- a)ﬁi()\)) ] aelo, 1]} . (4.1.5)

This follows directly from Proposition[A.2.9] applied to the flow-out parametrization U,
since the two one-sided transverse derivatives are given by the corresponding Hamiltonian
vector fields. Now, let \; be an extremal defined on the time interval [0, 7] and suppose
that there are

0=ty <ty <-"<tk<tk+1:T,
such that )\’(tj,l,tj) C Mj, for j = 1,...,k+ 1. We call the t; switching times. Then,
X is non-smooth at the switching times, and is smooth otherwise. For every t such that
t € (tj—1,t;), consider the transported-back tangent space

My = (Do) Tk M. (4.1.6)
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At a non-smooth time t;, we denote by Sﬁ; and zmg the left and right limit at ¢; of 9,
respectively. In this way, 9 is a piecewise smooth curve in the Lagrangian Grassmannian
and, by Proposition [3.3.10} its smooth arcs are increasing. More formally, we have the
following result.

Proposition 4.1.5. Let the curve 9 defined in be smooth on the time interval
(tj,tj+1). Define
vl = (Hs(t,") — haw () o Py, 1,
and
bg = %Hessj\tj gog.
Let

cy ::eﬁ/ b ds,
t

and define the corresponding linear Hamiltonian flow on the fixed symplectic space T;\O (T*M)
by
Bz{ = (q)(),tj);l © Cg © (CI)O,tj)*'

Then, letting

Emj = lim 9,
J t—)t]'-l—
we have
_ pieom+
M, = By Emtj.

In particular, every smooth arc of the curve M is increasing.

Proof. For t € (t;,tj4+1), the field of extremals is generated by the super-Hamiltonian flow.
Therefore,

5, M = (8] T3, My,
By the definition of 9)?;; )
T;\tj M= (‘I)o,tj)*fm,;-

Hence

My = (Po,0); T3, M
= (50@)*_1(&)tj,t)*_l(q)%gj,t)*@o,tj)*mz-
Following the same argument as in Subsection the map

T-1 S
‘I)tj,t ° q)tj,t
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is the Hamiltonian flow generated by cpg . Since this flow fixes :\t]—, its linearization at 5\,5]. is
generated by the quadratic Hamiltonian b]. Consequently,

(;,0)3 (@ 1) = C] =B | Bl ds.
t
Substituting this identity into the previous expression yields
My = (Do), " CL (R0 ;)M = BIM.

Moreover, since

Hg(t,A) = hgey(A)

and the two Hamiltonians coincide at S\t, the function cp{ has a minimum at S\tj. Therefore,
Hess;\tj ! >0,

and hence bz > 0. Proposition |3.3.10 then implies that the curve
t —s BIoM;
J
is increasing. Thus the smooth arc t — 9; is increasing. 0

Thanks to this property, we can compute the Maslov index of 9t using Definition [3.4.9
This way, it is possible to link this Maslov index with the inveribility of the function ma4.

More precisely, let II = HXO' Let t; be a switching time. To emphasize the difference
at switching points, we denote by

My = {((f)wj)*_l/\ ‘ Ae %tj/\/l}

J

the transported-back generalized tangent family at ¢;. If V, W are vector spaces, by writing
M;; NV =W we mean that for every I € .#;,, we have MNV = W.

We also denote by
=15, (175, M)

the vertical subspace at Ae. For A € %t/\/l, we define
pa A — d5 m(A), [v] — d5, 7(v).

Define the following family of projected generalized tangent maps at S\t]. is defined made
by the family of linear maps

Os = {oa | Ae My ={agmoa| acay v}
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Theorem 4.1.6 (Maslov criterion for invertibility of the projection). Let (@i, A) be a nor-
mal extremal pair defined on the time interval [0,T], and assume that there are a super-
Hamiltonian Hg and a field of extremals M satisfying hypotheses from (H1) to (H6) and
(H8). If Mo NI = {0} or, if zero is a switching point, .#y NI = {0} and

then w|aq is a bi-Lipschitz map onto its image.

Proof. Since hypothesis (H7) is local along the reference extremal, it is enough to prove
local invertibility of w4 at every point M, t € [0,T]. Indeed, after possibly restricting M
to a sufficiently small relatively compact neighbourhood of the reference extremal, these
local inverses provide the required local bi-Lipschitz projection.

This way, it is enough to prove that the tangent spaces of M are transverse to the
vertical distribution along the reference extremal, including every element of the generalized
tangent family at the switching times.

Since the reference Hamiltonian flow CAIS(M projects onto the flow of the reference con-
trolled dynamics, its differential maps the vertical distribution onto itself. Hence

(D). 1T = I,
Suppose first that ¢ is not a switching time and that A € M j- Then
ker dj\tWM = T;\t./\/lj N II;.

Transporting this intersection back to T (T M) gives
(&)O,t)*_l (Tj\t/\/lj N Ht) =M NIL

Therefore
d3;,mm is an isomorphism <= 9, N 1T = {0}.

Now recall that, by Definition [3.4.9] the Maslov index of 9t is the sum of the contribu-
tions of its smooth arcs and of the positive Maslov indices associated with its jumps. Every
smooth contribution is non-negative because the corresponding arc of 9 is increasing. The
jump contributions are non-negative by definition. Hence

pr (M) =0

implies that every smooth contribution and every jump contribution vanish separately.
Starting from the initial transversality assumption, Proposition [3.4.6] therefore implies
that
m, NI = {0}
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throughout the first smooth arc. Indeed, any non-trivial intersection with II would give a
positive contribution to the Maslov index of this increasing arc.
Consider now a switching time ¢;. The corresponding contribution to the Maslov index
is
indyy (zm;j,mt,tj) ,
and, as observed above, it vanishes. Moreover, by the characterization of the generalized
tangent family in , the family .#;, can be parametrized as a simple increasing curve

connecting M and szg . Thus, since indp (zm;ﬂ ,zmjj > = 0 and o, NI = {0} every
element we have that ‘%\tj MM, = {0} as well. Repeating the same argument successively

on the following smooth arcs and at the remaining switching times along the whole curve.
Transporting these relations forward by (®¢ )« shows that

T;\th NII; = {0}
at every smooth point and that

7, ML, = {0}.

at every switching point. Thus the classical differential of w4 is invertible at smooth
points, while every element of the Clarke generalized differential associated with the flow-
out parametrization is invertible at switching points. O

4.2 Conjugate times and conjugate points

In this section we introduce conjugate times and conjugate points using the Maslov index
of the Jacobi curve. The definition is formulated directly in terms of the Maslov index,
while the results below provide equivalent geometric characterizations involving only the
intersections of the Jacobi curve with the vertical subspace.

Definition 4.2.1 (Conjugate time, conjugate point). Let (i, A) be an extremal pair defined
on the time interval [0, T] for the OCP ([2.3.2)), , and denote by A its Jacobi curve.
Consider the function

mA(S) = U1 (A’[()’S}) , s € (O,T]

We say that ¢ € (0,7] is a time conjugate to 0 if my is discontinuous at ¢. Moreover,
denoting by ¢ the trajectory corresponding to the extremal A\, we say that g(t) is conjugate
to G(0) along q.

Although this definition is concise, the definition of the Maslov index for a discontinuous
curve is rather technical. We therefore give alternative characterizations of conjugate times
involving only the Jacobi curve and the vertical subspace II. We first consider a time ¢ at
which A is continuous.
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For § > 0 sufficiently small, consider the subspace

N ﬂ A,

t—0<7<t

As § decreases, these subspaces form an increasing family. Since the ambient space is
finite-dimensional, there exists dp > 0 such that this family is constant for every § € (0, do].
We denote its stabilized value by

K =1InN ﬂ A, 0<6<d.

t—o6<7<t

Thus, K, consists of the vertical directions which already belong to the Jacobi curve
throughout a left neighbourhood of ¢.

Proposition 4.2.2. Let (a, :\) be a normal extremal pair and let A be the corresponding
Jacobi curve. Let t € (0,T] be a time such that A is continuous at t, and assume that
pi(Aljy) is finite. Then t is conjugate to 0 if and only if

K; CTIN A, (4.2.1)

Proof. By the monotonicity of the Jacobi curve on every interval of continuity, the function
my is non-decreasing. Moreover, its increments belong to %Z. Since pri(Aljy) is finite,
positive Maslov contributions cannot accumulate at ¢t. Hence, after possibly decreasing d,
we may assume that no Maslov contribution occurs in [t — do, ).

By continuity of A at ¢, we may further decrease dp so that Al is simple for every
d € (0,00]. By additivity of the Maslov index and Proposition we then have

ma(t) — ma(t —6) = pm (A|[t_5’t]) = indp (Ay—s, A¢) . (4.2.2)
Set K := K, . By the choice of dp, we have
K=1In () A
t—o0<7<t
for every 6 € (0,d0]. We can therefore reduce the simple increasing curve Alj_s4 by the
common isotropic subspace K. By Corollary this reduction does not change its
Maslov index. In the reduced symplectic space the common intersection with the reduced
vertical subspace is trivial, and therefore the local Maslov contribution at ¢ vanishes if and
only if the reduced space A; has trivial intersection with the reduced vertical subspace.

Equivalently,
indII(Ai_g,Af):: 0 <= IIF1A¢ ::}(;.

Combining this equivalence with (4.2.2]), we conclude that the Maslov index acquires a
positive contribution at ¢ if and only if

K; CIINA,.

This is precisely the claimed characterization of conjugate times. O
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It remains to consider the discontinuity times of the Jacobi curve. Let ¢ € (0,7) be a
discontinuity time of A, and denote by A~ and A™ its left and right limits at ¢, respectively.
Recall that both spaces are contained in the fixed symplectic space T %o (T*M). Set

A= )\t;
and transport the two limiting spaces to the switching covector by defining
K_ = (‘50,15) A_, K+ = (EI;O,t) A+.
* *

Thus,
A AT C TN(T*M).

We denote by H~ and H ' the super-Hamiltonians governing the extremal immediately be-
fore and after ¢, respectively. Under assumption (H8), the structure of the set of Lagrange
multipliers at A gives

E=AnNAY, A =E®RH ()), At=EaRH"(\. (4.2.3)

Proposition 4.2.3. Let (u, 5\) be a normal extremal pair and let A be the corresponding
Jacobi curve. Let t € (0,T) be a discontinuity time of A, and use the notation introduced
above. Then t is conjugate to 0 if and only if

dr(H=(N)  and  dyr(HY (V)
belong to different connected components of
dym (K* + Tﬁ) \ dym(E).

Proof. Since the Jacobi curve is left-continuous, the discontinuity of my at ¢ is determined
by the Maslov contribution of the jump from A~ to A™T. More precisely,

liglm/\(s) —ma(t) = ind (A7, AT).

Hence t is conjugate to 0 if and only if
indyr (A7, AT) > 0. (4.2.4)
Since ‘50,t is symplectic and maps the initial vertical space II onto the vertical space
I, =T (T:(/\)M> ,
symplectic invariance gives

indpy (A7, A%) = indgr, (A7, A7) (4.2.5)
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Set ~ R
V= dyr (A— + A+) . W= dyr(E).

By (4.2.3),
dimV — dim W = 1.

Therefore V'\ W has two connected components. The vectors dym(H~()\)) and dym(H* ()
belong to different components if and only if there exists o € (0,1) such that

dy (aﬁ+(A) +(1- a)ﬁ’(A)) e W. (4.2.6)
For a € [0,1], define

Aa=E+R (aﬁw) +(1- a)ﬁ*(x)) .

Moreover, set
Ky = FEnNIl,.

Condition (4.2.6)) is equivalent to

By Theorem such an « exists if and only if

ind, (7\—,7\+) > 0.

Combining this equivalence with (4.2.4)) and (4.2.5)) proves the statement. O




Chapter 5

Singular extremals of optimal
control problems with L! cost

5.1 Introduction

In this Chapter, we study the optimal control problem of minimizing the L' norm of the
control for a control affine system.

More precisely, we let M be a smooth manifold of dimension dimM = d and take
fo, fi,- oy fm : M — TM, smooth vector fields. Also define U to be the closed Euclidean
unit ball, that is U = {u € R™ | |u| < 1}. We take the set of admissible controls

U=L>(0,T),U) ={u:[0,T] = U | u measurable}.

The set U has a natural structure of Banach manifold with boundary. However, since in
most of the part of this chapter we consider controls satisfying |u| < 1, for our purposes
we can simply consider the structure of Banach manifold without boundary modelled on
L*>([0,T];R™). Given any two points on the manifold qg,q; € M, we want to find u € U
minimizing

T
Jwy_A (u(t)|dt — min.

and subject to the control-affine dynamic

q = fola) + Y ui(t)fi(a), (5.1.1)
j=1

q(0) = qo. q(T) = qu.
In the constrained optimization language, this optimal control problem is

min{||u | v € F~Yq)},

67
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where F': U — M denotes the endpoint map of the control system .

This optimal control problem is relevant for many applications. Indeed, the L' norm
is a natural choice for every model in which the optimal trajectories are expected to have
some inactivated arcs, that is arcs along which the control is identically switched off. For
instance, this is the case when one wants to minimize the fuel consumption of a vehicle, see
[27,|68] and references therein, which has important applications in aerospace engineering.

Another circumstance where the minimization of the L' arises is the motion of biological
systems. In [22, 37|, the movements in animals and human beings were studied and the
authors found out that such trajectories have inactivated arcs. They found that these kinds
of movements minimize the “absolute work”, which can be modelled using the L' norm of
the control.

The aim of the present Chapter is to provide effective general tools to study these
kinds of problems. As a first step, we apply the Pontryagin Maximum Principle (PMP) to
describe the extremals of these problems. As we are going to show in Section according
to PMP, any optimal solution of Problem [5.1] is the concatenation of one of the following
three types of controlled arcs:

e arcs with controls taking values at the boundary of U, i.e. |u| = 1;
e inactivated controls, u = 0;
e singular controls, taking values in the interior of U, that is |u| < 1.

We will call the first two kinds of controls regular, in opposition to the singular ones. For
such extremal trajectories many efficient necessary or sufficient optimality conditions have
been developed over the years [14} 62, (18, [55| 60, 31].

In this Chapter, we focus entirely on controls which are purely singular. We prove
a generalized Legendre-Clebsch condition, which is a generalization version of the strong
Legendre condition discussed in Section For the L'-problem the Legendre form has
a non-trivial time-dependent kernel, making it somewhere in between the usual regular
trajectories, when the Legendre form is non-degenerate, and classical singular trajectories,
when the Legendre form vanishes completely. We determine the second variation that
allows us to prove the Legendre condition for this type of extremals and reformulate it in
a ready-to-use form.

To formulate this result in a clean way, let us introduce the Hamiltonian functions

hz()\):<)\,f1>, )\GT*M, 1=0,1,...,m,

where f; are the vector fields appearing in Equation (5.1.1). Moreover, we define h, =
% > h?, which is another Hamiltonian function that will be extensively used.
Now we can state one of the main results of the chapter.
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Theorem 5.1.1 (Necessary optimality condition). Let u € U be a singular control which
s also an optimal solution of Problem . Let \(+) be its corresponding extremal solving
the Hamiltonian system of the PMP. Then

{hes {hos he}}(A@®)) >0, for ¢ € [0, 7). (GLC)

In the literature, the conditions like the one in are usually called generalized
Legendre-Clebsch conditions, or sometimes simply generalized Legendre conditions. They
play the same role of the strong Legendre but in the context of singular extremals. The
strengthening of this condition gives local strong optimality of short singular arcs.

Theorem 5.1.2 (Sufficient conditions, small time). Let u € U be a singular control for
Problem . Denote by G(-) and \(-) its corresponding singular trajectory and extremal
respectively. If

{he, {ho,hc}}(j\(t)) >0, fortel0,T], (SGLC)

then for every t € [0,T] there is some T > 0 such that q|t,t4+-] s strictly locally strongly
optimal.

Conditions like are known in the literature as strong generalized Legendre
conditions, where the word “strong” emphasizes that the inequality here is strict, while in
the equal sign is allowed. To prove this theorem, we use the method of overmaxi-
mized (or super-) Hamiltonians introduced in Chapter

In order to complete the local optimality study, we need to quantify the time 7 in
Theorem This is done via the theory of the Jacobi curve and conjugate points, which
were introduced in the previous chapters. We characterize conjugate points by a Jacobi
equation adapted to singular extremals, which we formulate in of Section Then,
we prove the following two criteria.

Theorem 5.1.3 (Necessary condition, conjugate points). Let A(-) be a singular extremal
for Problem satisfying condition and let 4(+) be its corresponding trajectory on
M. Denote by A the Jacobi curve of the extremal pair (, \). Suppose that @ is of corank r.
Let N = pr(A) — 3(d — dim Neejo,rAe). If N > r, then q(-) is not a weak-local minimizer
of Problem with respect to the L™ topology of U.

Theorem 5.1.4 (Sufficient condition, absence of conjugate points). Let u € U be a singular
control for Problem . Let 5\() be its corresponding extremal and () its corresponding
trajectory. Assume furthermore that the strong generalized Legendre condition
holds and that there are no conjugate points along the trajectory ¢(-), for t € [0,T]. Then
q(+) is strictly locally strongly optimal.

It should be stressed that Theorem [5.1.4] can be implemented numerically and used for
concrete problems as it was done in [24] for regular extremals.
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The structure of the Chapter is as follows. In Section [5.2] we describe the extremal
trajectories of our problem. We then study second-order conditions. To simplify the
exposition, we invert the order of the proofs. First, we prove the sufficient small-time
optimality result of Theorem in Section We then introduce the Jacobi equation,
prove Theorem [5.1.4] in Section [5.4] and provide examples in Section [5.5] The rest of the
Chapter is dedicated to the study of necessary conditions and the derivation of the Jacobi
equation. The reason is that the proofs of sufficient conditions are purely geometric, relying
on methods of symplectic geometry and dynamical systems. In contrast, the proofs of
necessary conditions are more technical and analytic in nature, and require a careful study
of the infinite-dimensional Hessian and the spaces of variations. Therefore, we postpone
them to the second half of the Chapter. This does not create any problem for the first part,
since only the correct form of the generalized Legendre conditions and the Jacobi equation
are needed for the proofs of the sufficient conditions. Finally, to make the main body of
the text more readable, we prove in Section a number of propositions that are required
for the proofs of the three main theorems but involve lengthy technical calculations.

5.2 Description of extremal trajectories

In this section, we fix the notation used in this Chapter. We mainly follow the notation in
[5]. We then describe extremal trajectories of Problem using PMP and separate them
into two categories: regular and singular extremals.

5.2.1 Definitions and notation

To shorten the formulas, we introduce the following notation. First, we use
hij = {hi, hj}, hijr = {hi, {hj, hi}}

to indicate nested Poisson brackets. Second, we set fr(q) = (f1,..., fm). so that the
system (5.1.1]) can be abbreviated to

d = folq) + (u, fr(q))-

We do the same for hy(A) = (h1,...,hn), and define |h7|(\) == /A3 (\) + -+ h2,()\) to
be its Euclidean norm.
Finally we will often consider differentiation along the flow of a Hamiltonian system

A=H(\).

We will often abbreviate a function h()) just to h when there is no confusion, and abbreviate
h(A(t)) to h(t), when we consider the values of h along an integral curve A(t) of the
Hamiltonian system above.
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5.2.2 Description of extremal trajectories

To solve the OCP we first apply PMP. By the notation of the previous subsection, the
Hamiltonian function h,, € C*°(T*M) in PMP can be written as:

hu:h0+<uahl>+y‘u|7 hI:(h17"'7hm)'

We study in detail only the normal case, that is, when we normalize v = —1. The abnormal
case, corresponding to v = 0, coincides with the time-optimal problem, which is already
well studied (see [9, [8]). So, henceforth we always assume v = —1 for every extremal
trajectory.

Using spherical coordinates on U, that is, by writing u = rv, 7 = |ul,v € S™1, the
Hamiltonian h, takes the form

hu - h0+’l"(<’U,h[> - 1)5

and the corresponding Hamiltonian vector field becomes

—

Eu = Eo +r{v, hp).

According to PMP, an optimal control © must maximize h, for almost every ¢. This can
only happen if v is collinear with hj. Therefore,

_ hr
|hr]’

v

which yields
hu = ho +r(lh1] = 1).

If |h7] > 1, the maximum is achieved when r = 1, while if |h;| < 1, the Hamiltonian is
maximized for 7 = 0. Therefore, if along an extremal \(t) we have |h;(t)| # 1, at each
time the value of the maximizing control is uniquely determined by

h[(t) .
u(ty = J @ HHRIOI> 1,

0, if [hr(t)] < 1.

We will call these controls reqular.

Now, we want to analyse the case |hy(t)| = 1 on the time interval [0, 7], which gives no
direct information on r since any r € [0, 1] realizes same value of the Hamiltonian. We will
call these controls singular. Notice that, if |h;(t)| = 1 only for a set of zero measure, then
the maximizing control is still uniquely determined for a.e. ¢ € [0, 7] (recall that our space
of admissible controls is L>([0,77],U)). In general we know only that |h;|71(1) is a closed
set. For simplicity of exposition, we will assume that |h;|~!(1) = [0, 7] is an interval, but
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similar conclusions hold if |h;|~1(1) has positive measure and ¢ € |h;|~*(1) is any point of
density.
The Hamiltonian vector field reads

- =
hu:h0+r|hl|7 T(t) € [O’ 1]
We define h. := &|hs|%. Notice that on the hypersurface |h;| = 1 we have he = %]hﬂg =

—
|hrl|hr| = |h1]. So, every singular extremal A\ can be described as a solution of the Hamil-
tonian system _
A= ho(A) +7(t)he(A), e L*([0,T];[0
Since we are on the surface |h;| = 1 we also have hq(t) = $|hs(t )
We can differentiate this equality in ¢:

d
0= 7 (he(t)) = {ho + rhe, he} (t) = hoc(t).
This equation does not give us any information on r. However, it puts an additional
constraint on A(t) in order to be a singular extremal. If we differentiate in ¢ the previous

equality, we obtain:

$ for all ¢ € [0, 7).

d2
Pl (he(t)) = {ho + rhe, hoc} (t) = hooe(t) + Theoc(t) = 0.
If heoe(A) # 0, we obtain the following feedback equation for the control r:
hooe hooc
r(\) =— N\ = (A). (5.2.1)
thc hccO
The second equality follows from the antisymmetry of the Poisson bracket, which gives
heeo = —heoe- Hence, the singular control is completely determined, that is
u(A) =r(AN)hr(A) (5.2.2)

and the Hamiltonian system reads
A= ho(\) + (N he(N). (5.2.3)

It is easy to check that the flow of preserves the submanifold {\ € T*M | |h;(N)| =
1, hoe(A) = 0}. In the following, we always assume that the singular control r is admissible
strictly singular, in the sense that 0 < r(t) < 1 for every ¢t € [0, T7.

In this work, we focus only on the case heqoc(t) # 0. The case he(t) = 0 can happen
as well and can be treated similarly although it is a bit more delicate. One can go on and
differentiate the equalities heoc(t) = 0 and hooe(t) = 0. Then, there are two possibilities:
either a non-trivial relation involving r is found after a finite number of differentiations,
or you obtain an infinite number of relations. In the first case, a similar analysis to
the one that we are going to show can be performed. In the second case, since T*M is
finite-dimensional, there is some k£ € N such that all the relations that we obtain after k
differentiations must be linearly dependent. Again, from this fact, one can obtain some
information on the optimality of the solutions.
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5.3 The super-Hamiltonian function and strong local opti-
mality of short arcs

We now prove the small-time sufficient optimality condition stated in Theorem[5.1.2] Recall
that, along a singular extremal, the maximizing condition does not determine the control
uniquely, since on the hypersurface |hy| = 1 every control of the form u = rhjy, with
r € [0, 1], realizes the maximum of the PMP Hamiltonian. Consequently, contrary to the
case of regular extremal arcs, the maximized Hamiltonian does not provide a Hamiltonian
flow. On the other hand, Section shows that, differentiating the identity |h;| = 1,
the singular control is determined by the relation in Equation . The purpose of
this section is to extend this dynamics to a smooth Hamiltonian dynamics in a open
neighbourhood of the reference extremal.

The construction is based on the method of fields of extremals and on the super-
Hamiltonian approach introduced in Chapter |4l For the present problem we only need a
smooth fixed-final-time version of the general sufficient criterion, which we restate below
in order to make the argument self-contained.

We denote by H the maximized Pontryagin Hamiltonian, namely

H(0) = ho(0),
(4) max (0)

where
ha(€) = (£, foq) + (u, f1(q))) — lul, L€ TFM.
Let a € C°°(M) and consider the exact Lagrangian graph
Lo :={dgalqge M} CT*M.

Let Hs € C®(R x T*M) be a time-dependent Hamiltonian and denote by ®; the flow of
Hg from time 0 to time ¢t. For £y € Ly, set

€t = q’f(ﬁo), ‘Ct = q)tS([,()),

and define
L={(tL0) [0, T| xT*M |l e L}.

Theorem 5.3.1. Let u be a singular control and let ¢ and X\ be its corresponding trajectory
and normal extremal. Suppose that there exist a function a € C°°(M) and a time-dependent
Hamiltonian Hg € C®°(R x T*M) such that, with the notation introduced above, the fol-
lowing properties are satisfied.

1. For every by € Lo and every t € [0,T], with £, = ®F(ly), it holds that Hs(t,l;) >
H(4).

2. Along the reference extremal one has Hg(t, \y) = H(\) for almost every t € [0,T].
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3. Along the reference extremal the previous inequality is a true equality: FIS(t,/\t) =

Hu(t)()\t) for almost every t € [0,T].
4. There exist open neighbourhoods V C T*M and O C M of A([0,T]) and ¢([0,T1]),
respectively, such that

idxm: £N([0,T] x V) — [0,T] x O, (t,0) — (¢, m(0)),
is a smooth diffeomorphism.
Then q is strictly locally strongly optimal.

This statement is the smooth fixed-final-time counterpart of the more general sufficient
criterion of Theorem [4.1.3

We now apply this criterion to the singular extremal under consideration. The strong
generalized Legendre condition

heoe(M) >0,  te€0,T],

is the strict version of the necessary condition stated in Theorem [5.1.1] whose proof will
be given in Section We show that this condition provides exactly the non-degeneracy
needed to construct a super-Hamiltonian satisfying Theorem [5.3.1| on sufficiently short time
intervals.

The construction proceeds in three steps. First, we choose an initial submanifold Lg
through the initial covector and contained in the hypersurface |h;| = 1. Second, using the
transversality implied by he. > 0, we construct a smooth Hamiltonian hg by extending
ho along the integral curves of he. Finally, we combine hg with the singular control r(¢)
to obtain the time-dependent Hamiltonian Hg and verify the four assumptions of Theo-

rem [5.3.71

Proof of Theorem [5.1.3, We fix a singular extremal trajectory A(t) and ty € [0,7). We
consider the restriction of the reference extremal to a sufficiently short interval [tg, to + 7].
Since the statement is local in time, we may assume that tg = 0. Set

Ao = A(0), q0 = q(0).
and all the objects constructed below are considered only in sufficiently small neighbour-
hoods of A\g and qp.
We apply Theorem More precisely, we construct a Lagrangian manifold Lo =
graph(da), a time-independent Hamiltonian hg, and a time-dependent Hamiltonian Hg

such that the four assumptions of that theorem hold on [0, 7].
Define

Y={ecT*M||hi(£)| =1}, S={eT*"M | ho.(£) = 0}.
We have A(t) € ¥ N'S. Moreover, the strong generalized Legendre condition gives
heoc(Ao) > 0.
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Step 1 - Construction of the initial Lagrangian manifold. Consider the Hamilton—
Jacobi equation

1 m
he(q, dga) = 3 equivalently Z‘(dqa, fl(q))‘2 =1. (5.3.1)
i=1

Choose a hypersurface N C M through go such that Ty, N = ker Ao, and prescribe a|y = 0.
This Cauchy datum is non-characteristic for (5.3.1]) at (go, Ao). Indeed, the differential in
the fibre directions of h. at \g is identified with

m

> hi(%) fil9o),

=1

and

<>\07th’()\o)fz‘(qo)> = |h1(M)]* = 1.
=1

Hence this vector is not tangent to IN. By the method of characteristics, after possibly
shrinking the neighbourhood of gy, there exists a € C*°(M) satisfying , ay =0,
and dga = \g. We set

Loy = {(q,dqa) | q close to qp}.

Then Ly is Lagrangian, Ao € Lo, and (5.3.1)) implies £y C X.

Step 2 - Construction and properties of hg. Since

—

hc (hOc) = thca

the vector field . is transverse to S in a neighbourhood of A\g. Thus, after shrinking that
neighbourhood, the map

(s,l0) — exp(she)(bo), Lo €S,
is a system of local coordinates. We define hg in these coordinates by
hg (exp(sﬁc)(ﬁg)) = ho(ﬁg), o € S. (5.3.2)

In particular,
hs=hg onS, {hs,hc.} = 0. (5.3.3)

The second identity follows because hg is constant along the integral curves of he. Notice
also that the flow of h. preserves X, since h, = %\h 1)
We prove the following identity, that will be used below:

de(hs —ho) =0, YleSNY. (5.3.4)
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T M

Figure 5.1: Construction of hg.

To prove this identity, we can consider the splitting
Ty(T*M) = T;S & Rhe(f), (€SNI

By definition of hg, we have that hg(¢) = ho(¢) for any ¢ € S, so, if v € T;S, then
(d¢(hs — hg),v) = 0. Moreover, we have

(de(hs = ho), he) = (dehs, he) = (deho, he) = {hs, he}(€) = {ho, he}(6) = 0,

where the first Poisson bracket vanishes by the definition of hg and the second by definition
of S.

Step 3 - Construction of Hg and verification of the hypotheses of Theorem [5.3.1

Let h A
r(t) = r(M(E)) = ho&;i

so that
u(t) = r(t)hr(A(t))

by (5.2.1) and ([5.2.2)). Define

Hg(t,0) == hg(0) + r(t)(|hs(0)] — 1). (5.3.5)

After restricting to a neighbourhood of ¥, the function |hs| is smooth. By (5.3.3) and the
identity {|h|, he} = 0, we have

{Hs(t,"),hc} =0 for every t.
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Hence the flow ®; of Hg preserves . Since Ly C X, this gives
Ly CX for t € [0, 7], (5.3.6)

after possibly reducing 7.
We now verify the four assumptions of Theorem [5.3.1

Condition (2). For every t € [0, 7], the reference extremal belongs to ¥ NS. Therefore, by

and (£335).
Hg(t,A(t)) = hs(A(t)) = ho(A(1)).

Since H = hgy on X, condition (2) follows.
Condition (3). At any point of 3, one has

. —
dh. =dlhr|, he=|hg]|.

Consequently, by ,
Hs(t, A1) = hs(A®) + () [hr|(A(1)) = Fo(A(®)) + r(#)he(A(2)).

The right-hand side is precisely A, (A(t)) by (5.2.3). Thus condition (3) holds.

Condition (1). In view of (5.3.6)), it is enough to prove that hg > hg on ¥ near Ag. Let
o € SN X be close to A\g, and set

910(5) = hs(exp(she) (o)) — ho(exp(she)(£o)).-
By (5.3.2) and the fact that ¢y € S,
9e,(0) =0, 94,(0) =0, 94,(0) = —heeo(lo) = heoe(fo).

By the strong generalized Legendre condition and the continuity of h.., we can conclude
that there is a neighbourhood Wy C T*M of Ay such that hg(f) > ho(¥), for £ € W.
Therefore, for £ € Wy N X, we have Hg(¢) = hg(¢) > ho(¢) = H(¥). Recalling that
Ly = ®7(Ly) C ¥ and after possibly shrinking £y and 7, we have that condition (1)
follows.

Condition (4). Since Ly is the graph of da, the restriction

d)\o : TA0£O — quM

F‘T)\OEO
is an isomorphism. Consider
(id x ) : [0, 7] X Lo — [0, 7] X M, (id x m)(¢, 4p) = (t,ﬂ'(@f(fo))).

Its differential at (0, \g) is given by

D(id x 7) (0.0 (5,0) = (s, dyy (V) + 5 dgm (Hs (0, Ao))) . (s,0) € Rx Ty, Lo,
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and is therefore an isomorphism. The inverse function theorem, together with the smooth
dependence of @f on (t,4y), yields the required local diffeomorphism property in condi-
tion (4), after possibly shrinking 7 and the neighbourhood defining Ly.
We have verified all the assumptions of Theorem m Therefore, qljo ) is strictly
locally strongly optimal.
O

5.4 Jacobi equation and sufficient conditions for optimality

In the previous Section we proved that, under the strong generalized Legendre condition,
short arcs of a singular extremal are locally strongly optimal. Now, we want to give a pro-
cedure to quantify how long these optimal singular arcs can be. To this aim, we introduce
a suitable Jacobi equation and the notion of conjugate points, which are analogous to the
one introduced in Section [3.3.21

5.4.1 Jacobi curve and conjugate points

As before we fix a singular extremal A(t) that satisfies the strong generalized Legendre

condition (SGLC)). Again, we denote A\g = 5\(0)

We recall the definition of the transported-back Hamiltonian function:
Hi(u, 0) = (hu — ha@)) © @ (6), weU, LeT* M, te0,T],

where 4(t) denotes the value of the singular control (5.2.2]) and ®; is the flow on T*M of
the Hamiltonian system ({5.2.3]).
Recall also the definition of Z; : Ty, ) U — Tx,(T*M):

Zoo(t) = (o), T 50| )= S i) [@ )] o) (54.1)

u=1u(t) Jj=1

We can split Ty)U = (Rhy(t)) @ (hy(t))* by defining v(t) = ¢(t)hs(t) + w(t). This
splitting separates the two qualitatively different types of control variations: the component
parallel to hy(t) changes the control in the singular direction, whereas the component
orthogonal to hy(t) changes its direction along the regular ones. To shorten the notation
we will abbreviate Z;(t) := Zihy(t). Then, using the previously defined splitting, we define

Zw(t) = Zyw(t) — Zr(t)d(t).

The term —Z;(t)¢(t) comes from an integration by parts, which is better motivated in

Section [5.6
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The next object that we introduce is the generalized Legendre form [;. Its role is analogous
to that of the classical Legendre form in the regular case. It is a quadratic form on
TanU © R defined by

_ " o(Zi-, Z1(t)) ) <w>
g (o . 7 4.
(w.6) = (w ) (o(zt-jzz(t))T o(Z1(t), Z1() ) \¢ o

where w € (hr(t))*.
Now, we introduce the Jacobi equation and the notion of conjugate time and conjugate
point, which are similar to the one given for regular extremals.

Definition 5.4.1. Let S\(t) be an extremal satisfying the strong generalized Legendre
condition and denote Il := T5 (T5 M), where Ao = A0) and ¢ = m(\g). A time T is
conjugate to 0 on X if and only if there is a non-constant solution to the following boundary
value problem

N = —Ztlt_la<Zt-, 77) for a.e. t € [0,T7, (5.4.3)
1(0) € <H0 + RZI(O)) N (RZ(0))° =24 O (1) € 0. (5.4.4)

Equation (5.4.3)) is called the Jacobi equation along the extremal X. Moreover, if T is
conjugate to 0 on A\, we say that the point ¢(7") is conjugate to ¢(0) along the trajectory
q. The multiplicity of a conjugate point is the number of linearly independent solutions of

7 ‘

Theorem 5.4.2. Let (4, 5\) be a singular extremal pair and let A denote the corresponding
Jacobi curve. Then,

Av = {n(t) € T3, (T"M) | n solves (BA3). n(0) € 157"}

We prove this result in [5.6.4], where the Jacobi equation is derived from the second
variation.
We have the following property that will be used several times.

Lemma 5.4.3. n;(t) = Z;(t) is a solution of (5.4.3).
Proof. 1f we apply the matrix in (5.4.2)) to the variation w(t) = 0 and ¢(t) = 1, we obtain

1 o(Z, -, .
(U o) ((Zf (t)ZZ{E’EB)) (i’) = 0(Zus Z1(8)) ~ o (Z1(4), Z1(8)) = 0(Z, Z4(1).

Hence, identifying I; ' with the inverse of the matrix in (5.4.2), we have

—ztz;10<zt., Z](t)) = —2,0,1) = Z;(t).
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This shows that 77(t) = Zr(t) = —Ztl;10<Zt-, Zl(t)) - —Ztlt_la<2t-, m(t)), that is

Z(t) is a solution of the Jacobi equation.

The solution Z(t) is distinguished because it is generated by the singular direction itself.
In general, it does not satisfy the final boundary condition in Definition Its appear-
ance in the initial condition HEZ’ O i intuitively explained by the fact that the singular
extremals are contained in a codimension 2 submanifold of T*M. As a consequence, a field
of extremals is also forced to be contained in a smaller submanifold, and then its tangent
space is forced to contain the direction Zr(t).

An explicit example involving the Jacobi equation written in this form is given in Sub-
section where we study a concrete example on SU(2). One can also give an equivalent
definition of the Jacobi equation using the previously introduced super-Hamiltonian Hg.
To do this, one should note that the Jacobi equation is a linear Hamiltonian equation on
T5,(T" M) with a time-dependent quadratic Hamiltonian

<U>\0 (Zt‘v 77)7 l1t_10>\0 (Zt'7 77)>

bt = 9

(5.4.5)

It should be noted that invertibility of I; is guaranteed by the strong generalized Legendre

condition (see Lemma [5.4.5 which we prove after we introduce the second variation). So

it is enough to rewrite this Hamiltonian in terms introduced in the previous sections.
Finally, we can prove Theorem [5.1.3

Proof of Theorem[5.1.3. Let Abea singular extremal for Problem corresponding to the
singular control u and let ¢ be its trajectory on M. Let N = pump(A) — %(d— dim Nyepo,77A)-
By Theorem if @ is of corank 7, we have that if N > r, then the endpoint map E is
locally open at @. In particular, v is not weakly-locally optimal. O

In this problem, there are two dynamics: the Hamiltonian dynamics associated with the
reference singular control (encoded by the flow ®;), and the smooth super-Hamiltonian
dynamics (encoded by the flow <I>f ) used to construct a field of nearby extremals. Consider
the composition

;o)

Since the two flows agree along the reference extremal, this map fixes Ao. Its quadratic part
at Ao therefore measures the first non-trivial discrepancy between the two dynamics, and,
as shown in Corollary below, this discrepancy is exactly the quadratic Hamiltonian
governing the Jacobi equation.

We want to write it as the flow of another Hamiltonian function, i.e.

t
d_yod) = eﬁ/ B ds, (5.4.6)
0
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where here we follow the notation of the chronological calculus (see Appendix |A.1]), that
is @ f;l hidt denotes the (non-autonomous) flow of h; from time 71 to time 79. It follows
by the variations formula (see (A.1.1])) that this is

() = (Hs(t,-) — H(a(t),")) o @4 (£), £e€T*M,te[0,T).

Indeed, we have

—

7= (Hs(t.) — H(u(1).) o @ = (8-0), (Hs(t.-) ~ H(@(1).))

hence, by the variations formula (see Equation (A.1.1])), we obtain
t t
b [ Gds =5 [ (00, Hsls) — (@), Hluls), ) ds =
0 0
t t
:er)/ —(q>s)*H(u(s),-)dsoa§/ (@), (Dy), Hs(s,-)ds =
0 0
t -1 t
_ (e@/ H(u(s),-)ds> oexﬁ/ fig(s,) ds.
0 0

We have the following relation with the Jacobi equation.

Proposition 5.4.4. Under the previous notations, we have that for M€Y
Hess)\o [(HS(t7 ) - H(ﬂ(t), )) °© (I)t] = <U/\0(Zt’7 77)7 lt_lg)\o(zt'vn)> n el (T*M)

This proposition is a particular case of Proposition [8.3.2] Its proof is contained in

Appendix

Finally, we note that there is an important connection between the Legendre condition
in Theorem [5.1.2] and the Legendre form ;.

Proposition 5.4.5. Given a singular extremal S\(t), we have the following equivalence:
It >0 < hee(t) > 0.
and a similar equivalence holds for strong inequalities.

The proof is a lengthy computation that we postpone to Subsection An impor-
tant corollary of this proposition is that the strong Legendre condition ensures that the
Hamiltonian b; in is non-negative. We will use this fact in the proof of Theorem 7.6.1]
presented in the next subsection.

We conclude this subsection with a corollary of Proposition
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Corollary 5.4.6. Given a singular extremal \(t), define o; as in (5.4.6) and let by be the
quadratic Hamiltonian defined in (5.4.5)). Then, it holds the following identity:

t t
<a§/ 95st> :a&/ bs ds.
0 *,X(0) 0

We omit the proof since it is obtained by the very same argument used in Corollary
3.3.13] Finally, the same argument in Remark yields that solutions to the Jacobi
equation @ starting from IIR%7(9) are in one-to-one correspondence with solutions of
£ = d;\(t)ﬁg €] starting from TTRZ1(0),

5.4.2 Sufficient condition for optimality

This Subsection is entirely devoted to the proof of Theorem The argument follows
closely the idea of the proof of Theorem 21.3 of [13].
We recall the statement of the Theorem that we are going to prove.

Theorem 5.4.7. Let S\(t), t € [0,T], be a singular extremal for Problem . Assume
furthermore that it satisfies the strong generalized Legendre condition and that
the Jacobi equation , has no non-trivial solution. Then S\(t) is strictly locally
strongly optimal.

Proof. We apply Theorem [5.3.1] using the overmaximized Hamiltonian Hg constructed in
Section As in the proof of Theorem [5.1.2] it is enough to construct a Lagrangian
submanifold £y C ¥ through A\g such that, if

L= ¢)§<£0)7 te [07 T]:

then the restriction of the canonical projection 7 : T*"M — M to L, is a local diffeomor-
phism at A(¢). We organize the construction in four steps.

Step 1 - Reduction to finding a suitable initial linear subspace.
First, we show how the problem of finding £y can be reduced to find a suitable initial
tangent space at Ag. Set

I = Ty, (T, M)
Since £, has the same dimension as M, by the inverse function theorem we have that .,
is a local diffeomorphism at A(¢) if and only if

T:\(t)ﬁt NIl = {O}, t e [O,T]

Let Lo := Tx,Lo. Since T;\(t)ﬁt = (@f)*LO and ®; is the cotangent lift of a flow on M, we
have II; = (®4).IIy. So, ds5 ™z, 1s invertible if and only if

(@) Lo N (Py),IIp = {0},  te[0,T]. (5.4.7)
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Moreover, recall that
t
<I>f=¢>toeﬁ3/ Gs ds,
0
where ¢, is defined in (5.4.6)). Therefore, condition ([5.4.7)) is equivalent to

BiLoNTly = {0},  te[0,T], (5.4.8)

t
B = (@/ @'st> .
0 *

By Corollary we have that B; coincides with the flow of the Jacobi equation. Thus
the remaining problem is purely linear: we must find a Lagrangian subspace Ly C T),X
satisfying .

Step 2 - relation with the Jacobi equation and absence of conjugate points.
Define

where

Ay = H]égz] ),

This is the Lagrangian space of admissible initial conditions in the Jacobi boundary-value
problem (/5.4.3),(5.4.4)). The absence of conjugate points implies that, for every ¢ € (0,7],

BiAg N1l = Cy, (549)

where Cy = {U e Il } Bsv = v for every s € [O,t]} is the space of constant vertical
solutions. We first treat the case C; = {0}: under this additional hypothesis, we have
BiAo NIy = {0} for ¢t € (0,T]. Hence, to find a suitable initial space it suffices to find Lo
close to Ay and transverse to Il also for ¢ = 0. To achieve this, we use the local coordinates
of the Lagrangian Grassmannian introduced in After that, we reduce the general
case Cy # {0} to the case Cy = {0}.

Step 3 - construction of L if C; = {0} for every t € (0,7].

We first explain the reduction imposed by the tangency condition Ly C T),X. Since
Z1(t) ¢ Iy for every t € [0, 7], choose ((t) € IIy such that

U(C(t)7 Zl(t)) ?é O’
and choose a symplectic subspace I'(t) C Ty,% such that
Too (T M) = T(t) & RZ; (1) & RC(1).

The subspace
Io(t) :==T(t) Ny =T(t) N A

is Lagrangian in I'(¢). This is a concrete symplectic model for the quotient by the charac-
teristic direction RZ;(¢). In the sequel, the notation By also denotes the induced symplectic
flow in I'(¢).
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It is enough to construct a Lagrangian subspace Ly C I'(0) such that

ByLo N1y (t) = {0}, t€[0,T]. (5.4.10)
Indeed, once (5.4.10]) holds, the space
Lo == Lo ®RZ[(0) (5.4.11)

is Lagrangian, belongs to T),%, and satisfies (5.4.8]).

Choose a Lagrangian subspace H(0) C T'(0) transverse to IIg(0), and set H(t) =
B;H(0). In the corresponding local Lagrangian charts, Ily(t) is represented by the zero
symmetric matrix. Since b; > 0 by Proposition [5.4.5 Proposition yields the follow-
ing monotonicity property: if Zg is represented by a positive definite symmetric matrix
So > 0 and = = B;Z is represented by Sy, then

S, >0

as long as the curve stays in the chart. Hence S; > Sy > 0. In particular, after choosing
e > 0 sufficiently small, every such curve with Sy > 0 sufficiently close to zero satisfies

BiLo NTIy(t) = {0}, t €10,¢]. (5.4.12)

It remains to show that there is Sp such that Equation (5.4.12) holds also for [e, T.
Suppose, by contradiction, that no sufficiently small positive Sy has this property. Then,

there would exist a sequence of positive definite matrices S(()k), k € N, such that Sék) — 0 as

k — 400 and times t, € [e, T| for which the corresponding Lagrangian subspaces Eg:)
IIy(t). Passing to a subsequence, we may assume that ¢ — ts € [¢,7T]. By continuity of

the linear flow and of the Lagrangian Grassmannian, this would imply

meet

B Ao N1l # {0},

contradicting (5.4.9) and the assumption Cy,, = {0}. Thus, in the case C; = {0}, one can
choose L satisfying ({5.4.10]) on the whole interval [0, T].

Step 4 - reduction of the general case to Step 3.
We now allow Cy # {0}. The family (C})¢>0 is monotone non-increasing:

CtQCCtl, 0<ty <ty <T.

We set Cg = II(0). Since this family is left-continuous and the ambient space is finite-
dimensional, it has only finitely many discontinuity times. Let

O=s9<s81 < - <S5 <81 =1
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IIo N Ag Iy N Ag
1% 1L Ly T v
- - 11
0, H @) H
(a) Good choice of Ly, corresponding to (b) Bad choice of Ly, corresponding to
So > 0. So < 0.

Figure 5.2: The positive side of the local chart gives an initial Lagrangian subspace which
does not meet the vertical space for small positive times.

be these times. Choosing complements successively, we may write
Cit=FEiy1®- D E, t € (si,8i41), i1=0,...,k.

Thus FE; is the part of the space of constant vertical solutions which disappears at the time
Si.
Choose a dual splitting in the reduced symplectic space,

H=FN&- - & F, U)\O(EZ',F]‘):O whenever ¢ # j.

The next finite-dimensional lemma is the standard iterative version of the construction in
Step 3; it is Lemma 21.3 in [13].

Lemma 5.4.8. Fiz any Lagrangian subspace Hy C T'(0) such that I_IO(O) N Hy = {0}.
Then there exist Lagrangian subspaces Hy, ..., Hy, each transverse to 11y(0), and positive
numbers

g1 > >ep >0

with the foll(_)wing property. Let Ly be the Lagrangian subspace represented by €Id in the
local chart (I15(0), Hp), where 0 < ¢ < g;. Then

1. ByLo NTIy(t) = {0} for everyt € [0, s;];
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2. ByLy N H; = {0} for every t € [0, s;], and the corresponding symmetric matriz in the
chart (I1y(0), H;) is positive definite.

Applying the lemma with ¢ = k£ and choosing 0 < € < ¢, we obtain a Lagrangian
subspace L satisfying for every t € [0,7]. Define Ly by . Then L is
Lagrangian, is contained in T),3, and satisfies .

Finally, since Lg is transverse to I, there exists a local Lagrangian manifold £y C X
through Ao with T)\,L¢ = Lo; locally, Ly is the graph of da for a smooth function a defined
near ¢p. Condition gives condition (4) of Theorem while the construction of
Hg in Section gives the remaining hypotheses. Therefore Theorem applies and
yields the strict local strong optimality of the reference trajectory. O

Notice that, in the proof of Lemma the subspaces H; are necessary because in
general there can be a non-trivial intersection B;Lg N Hy. But we want to avoid it since
we want to use the local coordinates in H™, for some Lagrangian subspace H, and this is
always possible by means of a small perturbation of the H;.

5.5 Examples

5.5.1 An example: the Heisenberg group with a drift

We are going now to show an example of Problem modelled on the Heisenberg group.
We will show that there are some nontrivial singular extremals, but, thanks to the necessary
condition of Theorem [5.1.1] one can easily rule out their optimality.

Consider R? with coordinates (,y, z). Let X, Y, Z be the generators of the Heisenberg
algebra, which can be written as

Yy
Xzax_*aza
2
xr
Y: oYz
0y + 50
Z = 0,.

The three vector fields satisfy
(X,Y] =2, (X, Z] =0, Y, Z] =0.
We consider the following control system

q¢=aX(q) +BY(q) +7Z(q) +ui(t) X (q) + ua(t)Y (q),
7(0) = qo,
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where a, 3,7 € R, uy,uz : [0,7] — B1(0) C R2. As before, we consider the cost functional
J(u) = ||u||z1. The Hamiltonian function for this problem is

H(\ u) = ho(N) + <u, h[()\)> — |ul
where
ho(A) = (A, aX(q) + BY (g) +72(q)) = ahx(A) + Bhy (A) + vhz (),
hi(A) = (hx(A), hy (N)),
and hx(\) = (A X (@), hy(A) = (A Y (@), hz(3) = (A, Z(q)).
The condition u = r% reads
(hx, hy)

\/ W& + B

Indeed, the condition |h/(t)| = 1 implies 3 = h, = 3(h% + h}) along the whole trajectory.
If we differentiate in time this equation and simplify, we obtain

(ur,u2) = r(t)

%[hc()‘t)] = hoc(Ae) = (ahy (M) — Bhx(Ae))hz(Ae) =0,
(§2wxxa]={h0+rhwhm}=:«f-%52+4«ahx.%5hynh%::0

If h; = 0 identically, then the two previous equations are trivial. In particular, we have
that heoe(t) = 0, so our theorems do not provide any information. We do not analyse in
detail this case here. However, a direct computation shows that hx(t) and hy (¢) are both
constant. This forces A(t) to be constant as well and any control r yields the same singular
extremal trajectory.

If instead hz # 0, we obtain that

(a, )
(hx,hy) = — w7 Va? + 82,

where we have chosen the negative sign for hx and hy in order to have r > 0. The formula
for the singular control u reads

u(t) = (—a, = ).
Thus, the system of equations for this control is simply
i ="7Z(q).

Notice that heoe(At) = —v/a2 + 82 < 0 if («, 8) # (0,0). So, by Theorem any piece
of this extremal is not optimal between its endpoints. On the other hand, if («, 5) = (0,0),
then the singular control is v = 0, which is also a regular control.
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5.5.2 A Martinet-type example

We are now going to show an example, modelled on the flat-Martinet sub-Riemannian
structure, for which the singular extremals satisfy the strong generalized Legendre condi-
tion. Hence, Theorems [5.1.2] and apply, meaning that these extremal trajectories are
strongly locally optimal.

Let M =R3, fy = a0, + BOy + 70, f1 = Oz, fo = 0y + %@. We consider the control
system

¢ = fo(q) +ui(t) fi(q) + u2(t) f2(q)- (5.5.1)
The brackets of these vector fields are (we define fi; = [f;, f;] and fiji = [fi, [f5, fxl])

for =0, fo2 = ax0., fi2 = 0.,
foor =0, fooz = a20,, fio1 =0,
fi02 = a0;, J201 =0, f202 = 0.

Let us also denote
px()\) = (A,&,), py(/\) = <)‘78y>7 pz(A) = <)‘78z>

So, following the notation introduced above, we have:
1
hoec = 5{/10, hi + h3} = hihor + hahg = hahos,
hooe = {ho, haho2} = hiy + hahooo,

1
heoe = i{h% + h3, hahga} = hihizhos + hihahios.

Since for singular extremals we must have hg. = 0, we have that a singular extremal must
satisfy either 1) ho = 0 or 2) hpe = 0 along the trajectory. In case 1), it follows that

heoe = h1hi2hos = ap.p?,

__hooe _—_ho2 LI, 1
heoc hihia Pz xp%

As a result,
heoe > 0 <= 7 <0,

so the generalized Legendre condition does not hold in this situation.
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In case 2), since hgy = 0 implies = 0, we have

_hooe _ hahoo2 hoo2 a’p, o

heoe  hihohige  hihioe  pe(op.)  pa

Since hy = p, and hy = p, (when restricted to z = 0), we obtain

0 < heoe = hihahio2 = apzpyp..

and the singular control is

« p
u(t) =r(h1,he) = —— (P2, py) = <—a, —ay> )
Pz Px
The Pontryagin Hamiltonian, written in coordinates (z,y, 2, pz, py, p») for this problem is
72
H(p,q,u) = aps + Bpy +p: + u1ps + u2 <py + 2pz) — |ul.

Hence, the corresponding Hamiltonian system is

jj:ul +Oé, px = —U2TPy,
y:U2+5, pyzo’

. z? .
z:u2?+’y, p, = 0.

Therefore, if z = 0, the only possibility for p is to be constant.
The trajectory of (5.5.1) corresponding to the control u starting from (0, yg, o) is

z(t) =0,
y(t) = (5— O;ZJ) t+ Yo,
z(t) = vyt + 2.

We can choose the following normalization for p: assume that a > 0 (the case a < 0
is similar). Since (hy,h2) = (pz, py), we have p2 + pz =1, so that we can parametrize the
singular extremals with (ps,p,) = (cos#,sinf). To satisfy the condition 0 < r < 1, we
have to choose cosf < —a. Finally, for any such 6, choosing p, = sign(sin(26)), we have
heoe = §|sin(26)| > 0.

To summarize, for any triple (a, 3,7) € [~1,1] x R?, a # 0, the control system
has an infinite family of singular extremals satisfying the strong generalized Legendre
condition. Their corresponding controls are constant and they can be parametrized as

for m —arccosa < § < w4+ arccosa  if a >0,
u = (—a,—atanb),

for — arccos |a| < 6 < arccos|a| if o < 0.
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5.5.3 Left-invariant problem in SU(2)

In this section we are going to illustrate an example where we use all the optimality
conditions developed in this chapter. In particular, we will write explicitly the Jacobi
equation and will find all the non-trivial solutions of this system.

Let us consider the following system:

U=U(aA+ BB+~C +ui(t)A+us(t)B), U(0) =1d,

where U € SU(2), a, 3,7 € R, (ur,us2) : [0,7] — B1(0) C R? is measurable and

A:7101’B:710—Z’C:7E10‘
2\1 0 2\i o0 2\0 -1

From direct computations, we deduce the following relations:
[A,B] =C, [B,C] = A, [C,A] = B. (5.5.2)

Therefore our system is strong Lie bracket generating. We want to minimize

T
J(u):/o |u(t)|dt.

Let Fy = aA+BB+~C, F; = (A, B) and define the left-invariant Hamiltonians as functions
living on the dual of the Lie algebra su(2)

hA(A) = <)‘7A>7 hB()‘) = <)‘7B>7 hc()\) = <)\,C>,
hO()‘) = <)‘7F0>7 hl()‘) = (hA()‘)ah‘B(A))a A€ (511{2))*

The Pontryagin (left-invariant) Hamiltonian function for our optimal control problem is

H(\u) = ho(A) + (u, hr(N) — |ul
= aha(A) + Bhp(\) +vhe () + r(<v, (ha(X), hBO\))> - 1)-

From the commutation rules (5.5.2)) it follows that

{ha.hp} =he, {hc,hat =hp, {hp,hc}=ha.
Singular extremals correspond to

\hr| =1 <= 2h,=h%+h% =1.
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The first derivative of h. is

he = {ho, he} = {ahA +Bhp +he, %(hi + hQB)} -
— (ahB - 5hA) {ha,hB} + v(hA {hc,ha} + hp {hc, hB}) _
= (ahp — Bha)hc.

We can further compute

ha = {ho+7he,ha} = —Bhc + vhp — r(t)hphe,
hp = {ho + rhe, hg} = ahe — vha + r(t)hahc,
he = {ho + rhe,hc} = —ahp + Bha — r(t)hahp + r(t)hpha = Bha — ahp.

And the second derivative of h. is

he = (aiLB — ﬁilA)hc + (ahp — ,BhA)ilc

((a® + B%)he + (rhe —7)(aha + Bhp))he,  if ahp = Bha
0 if hc =0.

If he = 0 along the singular extremal, then heoe(t) = 0 along this extremal. Moreover,
from the equation hg = Pha — ahp it follows that either hy = hg = 0, which forces
A(t) =0, or (a, B) = (0,0). In the following, we focus only on the case hc # 0. So, from

he = 0, we must have
a?+ Hhe\ 1
= (- e 1
aha + Bhp ) he
In particular, if hi + h2B =1 and ahp = Bhy, then

(a.8)
N

So, ha, hp are constant. Let us assume a? + 32 = 1, so that

(hA,hB) =+

Notice that if ahp — Sha = 0, then hc(t) = 0. So, r is constant.
In the end, the value of the singular control must be

we = r(ha, hp) = (7 - (il)) (v, B). (5.5.3)
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Let us check when this control satisfies the generalized Legendre condition. A straight-
forward computation shows that

heoe = hE(aha + Bhp) = £hi /a2 + 2.

Therefore, in order to have hco. > 0 we need to choose the plus sign in (5.5.3).
Denote u, = (uil), ug?)) and

X =aA+pB+~C+ WWA+uPB = hl(ozA + BB + heC).
C

So, to summarize, we have found that the singular control is constant and the solution
to the Hamiltonian system is
U(t) = e, p = const.

Now, we want to find the solutions to the Jacobi equation of this problem.
Let us define hi = (-8, a). Notice that P; = A+ 8B, P, = —BA+aB, and C again
form a basis for SU(2). Since we have assumed o? + 82 =1,

[P, P =C, [P,C|=P, [C P]=PF.

So, since the commutator relations are the same as (5.5.2)), we can assume v = 1,8 = 0.
Thus, we have

[:(1,0), h}_:(07]—)7
<h17}_7:[>:h’A7 <hl7i_{’1>:}_7:B'
Given an admissible variation v € ker D, E, we can represent it as follows:
v(t) = p(t)hs +w(t) = p(t)(1,0) + w(t)(0, 1),

where p(t) = (v(t), hr) and w(t) = (v(t), h{).
In order to write down the Jacobi equation, we have to compute

Zw = ()7 (v, hy).

First, we have
((I)t)ll _ etadHu*.

Let us compute this exponential in a suitable basis.
As discussed previously, h¢ is constant along the singular trajectory. In order to avoid
confusion in the following formulas, we introduce a parameter

k= hc(Xo).
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On T(T*M), we can take the basis

L . 1 L L . .
Hl :hB, H2:ﬁ(*/€h,4+hc), HgZHu* :l(hA+KJhC), 8H1, 8H2, 8[-[3.

Note that On, , On,, On, are well defined, since all of those Hamiltonians are linear functions
on the fibres. In this basis, the operator adHs = %ad(h A+ khe) acts as follows:

[ﬁ?nﬁl] = kﬁ2a [ﬁ378H1] =0,
[ﬁ37ﬁ2] = _kﬁla [ﬁ37aH2] =0,
[ﬁ37ﬁ3] =0, [ﬁ378H3] =0,

where k = 771;”2 Also

—

S o 1
[Hy, Ho] = %Hs-

So, the flow et2dHs fiyvos the vertical directions OH,, OH,, On, and on the other directions it
acts as a rotation generated by the matrix

6tadH3 —

O O O = O O
O O = O O O
o = O O O O
= O O O O O

Now, since Z;h; = etadfs (EA) and [ﬁu, EA] = 753, we have

d A -
- (Zihr) = €U (ad Hy (ha)) = ve'* ™ hp.
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So that
Zw = — L (Zhn)o(t) + (Zehtw(t) =

dt -

( ( t) tadH3ﬁB:

= (w(t) =78(t)
(t )
of

etang Hl —

Je
)
= (w(t) — v¢(t)) (cos(kt)Hy + sin(kt) Hy).

Now, to compute the r.h.s.
n € T, (T*M). We can write

the Jacobi equation, we need to evaluate o(Z;-,n), for

0 = mHy + noHy + 13 Hy + 1700, + 1500, + 150, (5.5.4)

The symplectic form in this basis is

o(Ou,,, Hg) = (dHg, 0p,) = bap,
o(0H,,0m,) = 0,
J(ﬁa,ﬁﬁ) = Haﬁ-

We can calculate the Poisson brackets in a straightforward manner

(shc(o) + ha(A)) = VI T 72,

{Hi, Ha}(No) = {hB7 2(—/<Lh,4 + hc)} (o) = \/1:_7%

1+k

{Hy, Hy} (o) = {hs, L (ha + whe) } (ho) = A(=hc(M)/r + ha(h) =0

(1+ k2)
{Ha, H3} (o) = { Z\/ﬁ

(—kha + he), %(hA + nho)} (o) = hs(Xo) = 0.

1
V1+ K2
Hence, we have

a(cos(kt)ﬁl + Sin(kt)ﬁ%ﬁ) =

= U(COS(kt)ﬁl + sin(kt) Ho, m Hy + n2Ha + 03 Hs + 1705, + 050w, + n50H;)
= cos(kt)naHio — cos(kt)n] — sin(kt)ni1 Hia — sin(kt)n;

=1+ k2(cos(kt)ne — sin(kt)n1) — (cos(kt)n; + sin(kt)n3).

Let us define 9 (t,n) == V1 + k2(cos(kt)ng — sin(kt)n1) — (cos(kt)ni + sin(kt)ns).
The inverse of the Legendre form is

_ -1
I = A (7” /-@2) R
—K YK r K

3=

3 =
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so that
- v R RCEEAN R ¢@t,n) (0
lt 10’(Zt ,?7) = (— — /{2) (KU }ﬁ) (_’7> ¢(t,7]) = — - (1>
Hence
0=—Zl o (Z,n) = (5.5.5)
= _% (W(ng cos(kt) — my sin(kt)) — ni cos(kt) — 13 sin(k:t)) (cos(kt)ﬁl + sin(kt)ﬁg).

First, we are going to find six linearly independent solutions to equation and then we
are going to determine solutions corresponding to conjugate times. If we compare equation
(5.5.5) with (5.5.4), we immediately see that n; = 3 = 75 = 13 = 0. To determine the
solutions of equation , it is sufficient to study the variables 7; and 7y keeping the
other fixed. Let us denote by n = (n1, 72,13, 77,75, 73). Elements of the subspace

span{(0,0,1,0,0,0),(0,0,0,0,0,1),(0,1,0, V14 x2,0,0),(1,0,0,0, —\/1 + x2,0) }

are zeros of the r.h.s. of , hence they form the space of constant solutions. So, by
linearity of the system, we can reduce to the study of a two-variable ODE, with (11, 72) # 0,
n* = 0,n3 = 0. Let a = cos(kt), b = sin(kt) and recall that k = (V1 + k2)/k. The
previous system can be written in matrix form:

(771> =k (“b az) (’”) . (5.5.6)
72 b —ab) \n

Notice that the matrix defining the system of equations is nilpotent:

#o)-CI0 )6

So, we can make a (time-dependent) change of variables

Gy _ e o) (m 5.5.7
()=o) () 55

and rewrite system ([5.5.6)) in these new coordinates:

@)= )6 )6 ) E)
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{&:1 — 07
€y = —k&;.

() = (—kt 1) £0) = (—k‘t&(o) "‘52(0)) |

Moreover, since the change of basis in (5.5.7) is the identity for ¢ = 0, we have £(0) =
(m(0),72(0)) and

m(t)) _ (a —b 71(0) _ (cos(kt) + kt sin(kt))n1(0) — sin(kt)n2(0)
na(t) b a —ktn1(0) 4+ n2(0) (sin(kt) — kt cos(kt))m (0) + cos(kt)n2(0)
So, we have obtained a family of six linearly independent solutions for the equation ([5.5.5|).

We still have to determine the solutions with the appropriate boundary conditions, which
are

Simplifying, one obtains

The solutions are

1(0) € (Th (Tj M) + RZ1(0)) NRZ;(0)7,

1(T) € Tog(Tyo M). (5.5.8)
Recall that Z;(0) = i_iA = _\/1in2 Hy + 7(11{2)}?3 =t coHy — c3Hs. A direct verification

shows that
(Too (T3 M) + RZ;(0)) = span{dp,, gy, Opry, ha}s
RZI(O)Z = span{HA,ﬁ;;,@Hl,c?,@HQ + 028H3,ﬁ1 — m8H2}.
Therefore,
(T (T, M) +RZ1(0)) N RZ;(0)* = span{ha, O, , 305, + c20m, }.

and T\, (T M) = span{0n,, Ou,, O, }. Here all the vector fields are intended to be evalu-
ated at \g.

We have to find the solutions for (0) € span{ﬁA, O, 30, + 20w, } and see for which
T > 0 we realize . In order to determine these solutions, for each of the three
vectors h A, 0, , c30H, + c20m,, we write it as the sum of a constant solution of and
a time-varying solution.

o If 77(0) = EA = Cgﬁg — Cgﬁg, then

n(t) = —sin(kt)co Hy + cos(kt)coHy — c3Hs.
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o If 77(0) =v1+ f@28H1 = (\/ 1+ /<;2(‘9H1 + f_jg) - FIQ, then
n(t) = (V1 + k20, + Ho) + sin(kt)H; — cos(kt)Hy =

= /1 + 20y, + sin(kt)H, + (1 — cos(kt))Ho.

o If n(0) = —vV1+ 52(038[{2 + 628H3) = (—V1+ KQ(CgaHQ + CQaH3) + 631771) — Cgﬁl,
then

n(t) = =1+ k220, + c3(H1 — /1 + K2)3p,) — c3((cos(kt) + kt sin(kt)) Hy + (sin(kt) — kt cos(kt)) Ha) =

= V14 K220, — V1 + K230, + c3(1 — cos(kt) — ktsin(kt))Hy — cs(sin(kt) — kt cos(kt)) Hy.

We see that any initial condition of the form

all_iA +asy/ 1+ Ii28H1 —a3V1+ 52(638}[2 + 026H3), a; € R,

results in a solution that has a nonzero component along ﬁg, unless a; = 0. So, since we
want to satisfy (5.5.8]), we can restrict to this case. Hence, we have to find as, a3 € R such
that

ascs (1 — cos(kt) — ktsin(kt)) + ag sin(kt) = 0,
—ages(sin(kt) — ktcos(kt)) + aa(1 — cos(kt)) = 0.

So, in order to have a non-zero solution, we must require that the determinant of the matrix
defining the system of equations with respect to as, as is zero:

(1 — cos(kt) — ktsin(kt))(1 — cos(kt)) + (sin(kt) — kt cos(kt)) sin(kt) = 0,

which simplifies to
2 — 2cos(kt) — ktsin(kt) = 0,

and applying the half-angle formula, we obtain

o (k)2 [kt kt
2sin <2> — ktsin <2> cos <2> =0.

Therefore, we have a conjugate point at ¢t = 27 /k and for ¢ that satisfies

<kt> kt
tan| — | = —.
2 2
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5.6 Second variation and the generalized Legendre condition

5.6.1 Definition of the endpoint map and the Hessian

In this section, we compute the Hessian of the extended endpoint map for the problem
We recall that the endpoint map is defined by

F:U— M, F(u)=q(T;q,u),
while the extended endpoint-map is
E:U—MxR, E(u)=(qu(T;q),J(u)).

Recall that, from Theorem that if ind™ (), v) Hess, E = +oo for a critical point
u, then we immediately know that F is locally open at u, hence u is not a weakly locally
optimal. So, our first goal is to compute the Hessian of £ and then to find a condition
that ensures ind~ (), v) Hess,, E < 4+00. Moreover, in Subsection we show that it is
possible to compute ind ™ (\, v) Hess,, F finding the solutions of the Jacobi equation, which
together with Theorem will prove Theorem

From now on we fix a critical point & € U of E and we assume that it is a singular
control of the form . Moreover, we denote by \ its corresponding singular extremal,
which is a solution of Equation . For the sake of brevity, we will also use the notation

Q = —(\,v) Hess, E.

5.6.2 Explicit expression for the second variation form

The formula of the Hessian of the endpoint map E for a general control system is computed
in [13], Section 20.3. It reads as:

T 2 3 i t
aw) - [ (—W(v(tmww% (zto). [ st<s>ds))dt,

for v € ker D, FE, where the first summand is the Hessian of the PMP Hamiltonian with
respect to the control variables. The map Z : Ty, U — T5 (17" M) was defined in (5.4.1)),
but we recall the definition here:

Zuw(t) = (o(t), [(®7)F1] (o)),

where @, is the flow on T*M of the Hamiltonian system (5.2.3)) defined by the PMP
Hamiltonian. We also recall that this quadratic form must be evaluated on the set of
admissible variations given by the kernel of the first differential. By definition, a variation
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veT,U=L>*(0,T],R™) is admissible if v € ker D,,Ep. In symplectic language, this can
be equivalently restated by the following equation (see [13], Equation (21.4)):

T
/ Zyo(t) dt € Ty, (5.6.1)
0

where Ilp = T5 (T, M) as before is the vertical fibre.

It is important to note that both the form @ and the first differential in (5.6.1) are
continuous in a weaker norm of L([0,T],R™). As a first step we extend them to this
weaker topology.

As before we separate the component of v in the direction Ay, which is the singular
control, from all the others. Namely, we write v = ph; + w, where v € ker D, EFp and
(hr,w) =0.

2 3 ~
We compute explicitly the term %(v, v). Since the only non-linear part is the

Fuclidean norm of the control, we differentiate just this part and neglect the linear term.

1 1
Let g(u) = |u| = (Z;":l uJQ) > We have 8% = uj (27; U?) ’ , and

Nl

&g - 2 . &g 2 - 2 2
Ol DDA BN S EE AN Sl DI B DI
L j=1 J j=1
We can represent the matrix associated with the Hessian of g as

Hess, g = |u| 7 Id —|u|3uu "

Let v € ker Dy Ep, v = phy + w, where (hy,w) = 0. Then, recalling the notation u = rhy,
we obtain

1 1 1 w|?
Hess, glv,v] = Tof? — 5 (T0)2 = L (52 + Juf?) — & (pr)? = 140

and in particular
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Then we obtain
T w 2 t
) = [ (" o,z )+ wlo), [ 2ot + u(s) ds) ) @
[t
0

+ / ! 73, (p(t)ZI(t), /0 t p(s)ZI(s)ds> dt+ (5.6.3)
+ /0 T% <p(t)ZI(t), /0 t st(s)ds) dt+ (5.6.4)
+ /0 T% <th(t), /0 t p(S)Z[(S)dS> dt+ (5.6.5)

+ /0 T% (th(t), /0 t st(s)ds> dt.

The form @ is not coercive in the L?-topology. To see this, we can consider the family
variations of the form w = 0 and p.(t) = p1(t/e), 0 < ¢ < 1 and for any admissible p;.
The same argument used in Proposition 20.1 in [13] shows that, since v = phy is in the
kernel of 92H, it holds that Q = O(g?) for ¢ — 0, while ||pc|| = O(¢). To obtain coercivity
we introduce as a new variable

o(t) = / p(s) ds

and integrate by parts to replace the p variable with ¢ variable everywhere. For example,
if we integrate by parts the first order condition ([5.6.1]), we get

T T 3
/0 Zuolt) dt = /O 2 (p()hs(3) + w(t)) dt =
T ' T
— $(T)Zy(T) — / S() 2 (t)dt + / Zow(t) dt = (5.6.6)
0 0

T
= ¢(T)Z1(T) +/ Zyw(t)dt € T,
0
where we have shortened
Zy(t) == —p(t) Z1(t) + Zyw(t).

Similarly, integrating by parts in the formula for @ (see Appendix [5.7) we obtain an
expression:

T T
Q(vl,vg):d)l(T)a(ZI(T), /0 Ztvg(t)dt)—i— /O (01(1), loa (D))t (5.6.7)

+ /O ', <Ztvl(t), /0  Zoos(s) ds) dt,
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where

. ( i (20 Z1()) ) |

o(Zi Zit)T o(Z1(t), Z1(t))
and [, € R(m+Dx(m+1) with 1d € R™*™,

Proposition 5.6.1. The operator in (5.6.6) and the quadratic form (5.6.7)) are continuous
on the space of variations

(A(T), 6, w) € R x L*([0,T]) x L*([0,T],R™1).

Here ¢(T) and ¢ are considered as independent variations. It is not a problem, since

the image of the map
T .
prs ( | o [ p(t)dt) ,
0 0

is dense inside R x L2([0, 7], R). We will slightly abuse the notation from now on and write
v = (w, ¢) for the admissible variations.

Proof. Since the reference extremal is fixed, the maps t — Z, t +— Z 7(t), and t — I

are continuous on the compact interval [0,T]; in particular they are uniformly bounded.
Hence, for v = (¢, w) € L*([0,T]) x L*([0,T],R™1), the map

t—s Zy(t) = —p(t) Z1(t) + Zyw(t)

belongs to L2([0, T, T5,(T*M)). Since [0, T has finite measure, it also belongs to L', and
therefore

T
v — &(T)Z1(T) + /0 Zyo(t) dt

is a continuous linear map from R x L2([0, T]) x L2([0, T],R™~!) to T5, (T M). This proves
the continuity of the first-order operator in .

The same boundedness argument gives the continuity of the quadratic form in .
Indeed, the term

T
/0 (vi(t), lyva(t)) dt

is continuous by the Cauchy-Schwarz inequality and the uniform boundedness of l;. More-

over, the operator
t
v (tb—>/ Zsv(s) ds)
0

is continuous from L% to L>, but L>[0, T] is continuously embedded into L?[0, T]. Hence,
the map above is a continuous map from L? to LZ. O
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5.6.3 Proof of Theorem [5.1.1]

To prove Theorem we restrict the form @ in (5.6.7)) to the subspace of finite codimen-
sion with ¢(T") = 0. Then, essentially we have (see Appendix for a precise formula)

T
Q) :/0 (v(t),lv(t))dt + other terms. (5.6.8)

Following the approach in |13, Chapter 20], we have to check that the form @ has a
finite negative index.

Proposition 5.6.2. If the quadratic form Q has finite negative index, then the Legendre
form Iy is non-negative for almost allt € [0,T]. Moreover, if the Legendre form l; is strictly
positive definite for almost every t € [0,T], then for every T € [0,T) there is € > 0 such
that the form @ restricted to variations supported in [1,T + €| is strictly positive definite.
In particular, @ has finite negative indez.

The proof is analogous to the proof of Proposition 20.1 of [13] and we do not repeat
it, but only give the main idea. The proof is by contradiction. We assume, that there is
a small open interval I C [0,7T] on which the Legendre form is not non-negative definite.
Then choose t € I and consider variations concentrated on a small interval [t,¢ 4 €]. This
will give us a family of quadratic forms parametrized by the parameter € > 0. A suitable
rescaling can be used to transform it into a continuous family of forms on L? functions
on the interval [0,1]. By writing down the asymptotic expansion in €, we find that the
dominating term is given exactly by the integral of the Legendre form (it is already written
as highest order term in ([5.6.8))). By assumption, at every moment of time the Legendre
form has a non-trivial subspace on which it is negative-definite. By taking any bounded
variation v, such that for a.e. moment of time ¢ it belongs to the negative subspace of the
Legendre form, we, hence, obtain a variation that for € > 0 small enough will be on the
negative subspace of the Hessian. We can multiply this variation v by any smooth function
and it will still belong to the negative subspace of the Hessian. Therefore, its Morse index
is infinite and the extremal trajectory is not optimal.

Notice that technically we need to consider the form (l;v,v) restricted to the subspace
(hr(t),w) = 0. Keeping an extra variable simplifies the exposition, and we will show that
this additional direction does not change the sign of the matrix l;. Let us now see when
ly > 0. Since r > 0 by assumption, by Sylvester’s criterion it suffices to check that the
determinant of the matrix is positive. Notice that

g\ (1d o) (4 0 Id ra
al’ « ra’ 1 0 a-—rla? 0 1

where a = o(Z;-,Z;(t)) and o = U(Z[(t),Z[(t))). Hence, the previous matrix is non-
negative if and only if

o (Zj(t), Z[(t)) —rllo(Zi-, Zi ()2 > 0, (5.6.9)
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We point out that the form /; is non-negative definite for (w,¢) € (TyrpyU N hi) x R if
and only if it is non-negative definite for (w, ¢) € Ty;)U x R. One implication is obvious.
Concerning the other one, if you take (w, ¢) € Ty;)U x R, then, writing w = 10 + phy, with
w E hIL, we have

(0 + phr,0)1:(0, )T = o (Zi(w + phy), Zihg) = o (Zy(0), Zihr) = (0, 0)1:(0, ¢)T .

Hence, assuming (0, )l (10, ¢)T > 0, we obtain that also (w, ¢)l;(w, $)T = (w0, @)l (w0, $)T >
0, as we claimed.

Let us rewrite condition ((5.6.9)) explicitly in terms of the Hamiltonians h;. Recall, that
in Proposition we claimed that [; > 0 is equivalent to hqc(t) > 0. So, to prove the
Proposition, we only need to show that ([5.6.9)) is equivalent to heo.(t) > 0.

Proof of Proposition[5.4.5, From the definition of Z;, we have
Zi(t) = (9, 1)s ((hr (M), For)).

If we differentiate in ¢, we obtain

= (@ [ D [ hoi + @D hi(Ahyi | hi+ > hi(A)ho; | =
i=1 j=1 i=1
m ~
= (D7) [ hoc+ (1) Y hi(A)hjihi
i,j=1

So, we can compute o5 <Z1(t), Z[(t)):

o5, (z,(t), Zf(t)) =05 | Yo mO) A, Foe+r(t) Y hi()hyihi | =
i=l ij=1

m
= heoc +7 Y hihihjily.
i,5,l=1
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The second sum is (every function now is evaluated in A())

2

Z hihjihjhi = Zhhlehﬂh = D D hahy | D hiba| =D D hahy
i,l,7=1 i,l=1 =1 J A =1 7

= {hihe}? = [{he, b} = |her |,
!

where h.r is the vector whose i-th component is h;. Thus, putting everything together,
we obtain

o3, (Z[(t), Z',(t)) = heoo(Ae) + (M) [her (M) 2. (5.6.10)
On the other hand, for any admissible variation v the second addendum in (5.6.9)) is

03, (Z, Z1(t) = o5, (W(B), (7 )hr), (hr(Ne), (@7 ) uhr)) =Y vi(t)hi (M) oy (hi, by) =

1,J

Thus 9

o5, (Ze, Z1 (1)) = Z Zh hij | = |hetl?. (5.6.11)
Finally, using (5.6.10) and (5.6.11)), the left hand side of Equation ([5.6.9) reads

750 (Z16), 21(8)) = vllors, (Zews ZHO)I? = heoe + rlher|? = riher* = heoe,

which proves the result. ]

5.6.4 Derivation of the Jacobi equation and proof of Theorem |5.1.3

We consider a singular extremal for which the strong Legendre condition is satisfied. In
this subsection we shorten o = T50

In Proposition [5.6.2] we saw that the second variation is positive definite on short
intervals if strong generalized Legendre condition holds. Now, we describe how we can
quantify the length of these intervals. We define

Vi = {(6(t), 6.w) € R x L*([0,T]) x L2((0,T],R™) | supp(¢, w) € [0, 1]} Nker D, E

ty == sup{t € [0, 7] | Qv s positive definite}.
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If t. < T, we say t, is conjugate to 0 along the trajectory A. The remaining part of this
subsection is devoted to proving that this notion of conjugate time is equivalent to the one
given in Definition [5.4.1

We have the following result.

Proposition 5.6.3. Let A be a singular extremal of Problem satisfying strong gener-
alized Legendre condition. Suppose that t. € (0,T]. Then Q|y,) is singular.

The proof of this fact follows very closely the proof of Proposition 21.1 in [13], so we
omit it. Now, we show how this result can be translated in a more geometric framework
and obtain the so-called Jacobi equation. Since now we are interested only on the dynamics
up to time t., to simplify the notation we simply rename t, to T'.

To derive the Jacobi equation, we look for admissible variations v in the kernel of Q):

Q(,v) =0.
On the other hand, an admissible variation must satisfy (5.6.6) or, equivalently,
T
‘7( o) (Z1(T)) +/ 2y -y dt, z/) =0, Yvell,.
0

Therefore, ker D, E1 can be identified with a common kernel of a finite number of linear
forms. Since, by assumption Q(-,v) = 0 on ker D, Er, it follows that there is v € Il such
that

T
Q- 7) = a< sy (Z1(T)) +/0 2, -, dt, u), on T,U. (5.6.12)

The equation ([5.6.12)) splits into two equations:

a(ZI(T), /0 ' zt@dt) - a(ZI(T), 1/) (5.6.13)

T T t T
/ lt(~v,@)dt+/ U<Zt'va/ Zsﬁds> dt—/ 0(Z4 v, v)dt (5.6.14)
0 0 0 0

n(t) =v— /Ot Zvdt. (5.6.15)

Since we have the equalities for the forms in (5.6.14)), we can pass to equality of the
integrands:

We denote

Li(-,0) = 0(Z¢,n(t)) for ae. t €[0,T]
Then, since by assumption I;(-,v) is an invertible linear map, we can write

o(t) = l;l(f(Zt s n(t)) for a.e. t € [0,T].
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Finally, using ([5.6.15)) we find
i) = —Z,0(t) = —ztz;lg(zt-, n(t)) for a.e. t € [0, 7).

which gives us a non-autonomous linear ODE for n. Therefore, we have derived the Jacobi
equation.

Concerning (5.6.13|), we have
o(n(T), Zi(T)) = 0. (5.6.16)

It is common to rewrite this condition using skew-orthogonal complement. Using this
notation, we can take into account both ([5.6.6) and (5.6.16|) as

n(T) € (Tly + RZ;(T)) N (RZ(T))* = 1D,

This motivates the following definition.

Definition 5.6.4. A time T is a conjugate time for 0 if and only if there is a non-trivial
solution to the following boundary value problem:

n(t) = —Ztl;10<Zt-, n(t)) for a.e. t € (0,77, (5.6.17)

n(0) € Mo, n(T) € 11577, (5.6.18)

The corresponding point w(A(7)) is said to be conjugate to 7(A(0)).

Recall that previously we have given a slightly different definition of a conjugate point
in Definition [5.4.1] But the two definitions are actually equivalent, even though Defini-
tion [5.6.4] is more convenient in practice.

Proposition 5.6.5. Definitions|5.4.1 and|5.6.4| are equivalent.

Proof. We show that solutions of Equation satisfy boundary conditions if
and only if they satisfy also the boundary conditions (5.4.4). By Lemma (5.4.3)) n(t) = Z;(¢)
is a solution of the Jacobi equation. However, Z;(0) ¢ Iy and Z;(T') ¢ Ilp. Therefore,
this solution never satisfies (5.6.18) or (5.4.4). So, if T' is conjugate to 0 there must be
some vector v € IIp such that the corresponding solution to with n(0) = v is such
that n(T) € Ilp N Z;(T)*. Hence, we must have o(n(T), Z;(T)) = 0. Since the Equation
(5.6.17)) is Hamiltonian, we will have that if and only if o(n(0), Z;(0)) = 0. O

5.7 Proof of formula ([5.6.8

Here we are going to show how to obtain ([5.6.8)) from (5.6.2]). We have just to integrate
by parts with respect to p in every integral where it appears.
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For the first integral (5.6.3)), we have

/OT p1(t)o <Z_[(t), /t pg(s)ZI(s)ds> dt =
ine.by pats /0 ' p1(t)o ( (1), $2(t) / $2(8) Z1( )d3> dt =
=~ [ ot (20 [ onto) 210 ) ar - /O ([ e (210 0s9105)) ) s

/@ (/ dtZI()>ds:
nt.By ports / Pa(s ( — $1(s)Z / ¢1(t) Zi(t)dt, Zi(s )>d

< s [ sation)
/¢1 )ba(s Zi(s)) ds / (cbl VZ1(t /@ V24 )ds)d

A similar computation for - yields

/O o <p1 ()Z1(2), /O t st2(8)ds> gt Pt /0 " ( / o st2(3)> s
/ 01 (T)o (Z(T), Zswa(s)) ds — / 01(5)0 (Z1(5), Zswo(s)) ds—

/ (/ o121 )dtng())dS—

<¢1(> /OTZua ) /¢1 o (Zaws(s
[ o (0020, [zt >ds)dt

And similarly for (5.6.5])
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/OT 7 (Z”‘” ) /ot f’2<S>ZI<s>ds) it —
i /OT el (0 Zi )t = /OTG (thl(t)» /Ot ¢2(s)Zz(s)ds> dt

So, in the end, we can write Q7 (v1,v2) = Q1(v1,v2) + Q2(v1,v2) + Q3(v1,v2), where

T (i (8). w :
Q1(vi,v2) = /0 (W + ¢1(t)d2(t) o (Zl(t)7ZI(t)) +

b1 (1)0 (Zowa(t), Z1(8)) + da()o (Zown (£), Z1(1) ) .
T t ' t
Qa(v1,02) = /0 <a <¢1(t)Zj(t), /0 ¢2(3)Zf(s)ds> o (qbl(t)Z[(t), /0 stg(s)ds> _

—0 <th1(t), /0 t qbg(s)ZI(s)dS) ) +0 <th1(t), /0 t Zswo(s) ds> dt,

T
Q3(vi,v2) =0 <¢1(T)ZI(T),/O (—2(s)Z1(s) + stz(s))d3>

One can recognize in @)1 the principal part of formula (5.6.8]).



Chapter 6

Piecewise regular extremals - part
1: main results and a non-convex
one-dimensional example

6.1 Introduction

6.1.1 Formulation of the problem and motivations

In this chapter we study the following class of optimal control problems. We first give the
precise formulation and the problems and we state the related optimality conditions. Then,
we discuss in detail a class of examples to which we apply these optimality conditions and
finally, in Chapter [7] we give the complete proofs of our theorems.

Let U C R™ be a subset having the following structure: it is the union of finitely many
smooth submanifolds U; without boundary

U=Ju,

with U; NU; =0 if ¢ # j. We denote by m; = dim U;. Moreover, let M be a d-dimensional
smooth manifold and f : M x U — TM such that f(-,u) is a smooth vector field for all
u € U and f|pxp, is smooth for every i € {1,...,n}. For qo,q1 € M, we consider the
control system

G = flq,u(?)), (6.1.1)
q(0) = g0, ¢(T) = a1, (6.1.2)

where u € L*°([0,T];U). In this Chapter, we mainly focus on the case with free final time
T > 0. However, in Section we show how the problem with fixed final time can be

109
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reduced to the free final time. For this reason, Theorems [6.1.7] and [6.1.8] are formulated
for both cases.

Let us denote by Uy = L*([0,T];U) the class of admissible controls on the interval
[0, 7] and by U = Upsollp. Moreover, given any control u € i, we denote by q(t; qo, u)
the solution of Equation with initial point gg and control equal to u. If there is no
ambiguity on the initial point, we simply write ¢(¢; u) instead of q(¢; go, ).

Let L : M x U — R be a continuous function such that for every U; the restriction
L|prxu; is smooth. We consider the cost of the form J : 4 — R defined as

T
J(u) = / Llg(t ), u(®) dt, € sy (6.1.3)
0
We want to study the following optimal control problem (OCP) with free final time

min{.J(u) [ u € &, q(-;u) satisfies (6.1.1),(6.1.2)}, (6.1.4)

and the optimal control problem with fixed final time

min{J(u) | u € Up, ¢(-;u) satisfies (6.1.1)),(6.1.2), with 7" > 0 fixed}. (6.1.5)

To motivate our framework, we provide some examples of control systems which are in
the form described before.

Example 6.1.1 (Bang-bang control systems). Let us consider a control system of the form
n n

g=> w(t)file), uweU=JU.

i=1 i=1

where f1,..., f, are smooth vector fields on M and U; = {e;}, e; being the i®'-vector of the
canonical basis of R®. We consider the time-optimal control problem, that is, we want to
minimize the final time T" to reach a point ¢; from a point gg. This corresponds to taking
L(g,u) =11in . This includes the well known case of bang-bang trajectories, whose
corresponding control are piecewise constant functions with values in U.

Example 6.1.2 (OCP with L! cost). Let us consider a control system of the form
m
i=folg) + Y _ui(t)filg), welU={ueR™|u<1}.
i=1

where, again, fo, fi1,..., fin are smooth vector fields on M. Given two points qg,q1 € M,
we consider the optimal control problem given by the minimization of the functional

T
J(u) = /0 fu(t)] dt,
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among all controls steering the system from gg to ¢;. Even though the integrand of J is not
smooth, the set of control values U can be conveniently divided into three submanifolds
without boundary: the origin Uy = {0}, the interior of the ball U; = {u € R™ | |u| < 1}
and the boundary of the ball Uy = {u € R™ | |u| = 1}. It is straightforward to check that
this optimal control problem is in the form considered above.

Example 6.1.3 (Problem of Calculus of Variations with a non-convex Lagrangian). Let
M =R? and U = R?. We consider the free control system

d=u, ¢q(0)=qo q(T)=q.

The set of admissible control over the time interval [0,T] is tr = L>([0,T]; R?). Let
L € C*(R? x R% R) be a positive and super-linear function, that is, for every ¢ € R? it
satisfies

L(g, u)

ul—+o0  |ul

:+OO

In the literature of Calculus of Variations, a function L satisfying the above assumptions
together with strict convexity is called a Tonelli Lagrangian. In our framework, we do not
assume convexity: we suppose that L is a double-well function, that is it has exactly three
distinct critical points, two of which are local minimum points and one is a local maximum
point. We want to minimize the functional

Dividing U = R into domains of convexity for L, one can obtain this non-convex problem
as a problem in the form above. In Section we discuss more details of this example in
the one-dimensional case.

In the general framework of optimal control, Pontryagin maximum principle (PMP)
provides a powerful tool for solving OCPs by characterizing necessary conditions for opti-
mality. One possible statement of PMP is given in Theorem We refer to [13] for a
wider introduction to PMP and some of its applications. However, in general admissible
controls satisfying PMP need not to be optimal, not even locally. Furthermore, even if
PMP determines uniquely the control, it does not provide any information about where
the control ceases to be the optimal solution, similarly to what happens to the solution of
the geodesics equation on Riemannian manifolds.

For some OCPs, PMP alone can be enough to find the optimal solution, but there are
many instances for which this task can be quite difficult without additional information.
For this reason, in the Sixties some first examples of necessary conditions of second order
were introduced, see for instance [51), 46, |52]. These ideas were subsequently recast in a
geometric and symplectic framework, see for instance |1 4} [3], and further developed in the
monograph [13]. In [24], a numerical implementation to check second order conditions in
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Name Symbol Definition Comments
PMP Hamiltonian hay () (N, fulq)) — L(g,u) -
PMP Hamiltonian on the j (N, fu(q)) = L(q,u),
hu()‘) -
U; u € Uj
Maximized Hamiltonian Hi(\) maxyey; hy(A) = i
over Uj hu]()\)(A)
B Along ),
Maximized Hamiltonian H()\) maxyer fn(A) = H(\) = HI()\) for
humax(A)(A) . .
t € (tj-1,t))

Transported-back
Hamiltonian vector fields at HI (<I>57 i )« H7 X
Ao 0

Constant for
t € [tj-1,]

At A =X, hy(Xo) =

heAu) | () = hawy) 0@ | hu(Ne) — HI(Ny) for
t € (tji-1,t5)

Transported-back
Hamiltonian

Table 6.1: Notation for some Hamiltonian functions introduced throughout the chapter.

an automated way is studied. More recent contributions include [14} |62], where the case of
bang-bang extremals is studied, [59], where second order conditions for weak-optimality of
broken-extremals are considered, and |16, 71, 61}, 29, |34} |33, |17], where significant advances
in second-order theory were made in many different directions.

The aim of this part of the thesis is to prove both a necessary and a sufficient con-
dition for optimality for the class of problems introduced before. The common feature
of the previous examples is that the strong Legendre condition is satisfied on portions of
the trajectory, but not on the whole time interval. Classical second-order theory applies
naturally to smooth regular extremals, see |13], Chapter 20 and 21. The purpose of this
part of the thesis is to provide a unified geometric framework for the wide class of piecewise
regular extremals, which includes as particular instances regular extremals and bang-bang
extremals, and to derive both necessary and sufficient second-order optimality conditions.

6.1.2 Second order optimality conditions for piecewise regular extremals

In this subsection we state the main results about piecewise regular extremals, which are
Theorems [6.1.7] and First, we have to set some more notation. We recall the strong
Legendre condition, both for regular arcs and at and at switching points, in a form suited
to our formulation. As before, in the present chapter we consider only normal extremal
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trajectories. We denote by
hu()‘): <)\7f(Q7u)>_L(Q7u)> )\GT*M, uel.

the normal PMP Hamiltonian function. Fori € {1,...,n}, we define hi, to be the restriction
of the Hamiltonian function h, to the submanifold U;, i.e. hi(\) = hy()\) for u € U; and
\ € T*M. Moreover, we introduce the maximized Hamiltonian functions H, H* : T*M — R
defined as

H'(\) = : H()\) = :
(W) = maxh,(A), H() = maxhy(d)

In particular, we have that H(\) = max;—1 ., H {(\). From PMP, we immediately obtain
the following Corollary (see Subsections and [2.4.3)).

Corollary 6.1.4 (Legendre condition). Let u € LUp be an optimal solution either for
Problem (6.1.4)) or for . Suppose that X is an extremal trajectory of . If for £ €
{1,...,n} we have ) 3

H(A\) = H' (M),

fort eI C[0,T], where I is an interval, then
o2ht

2 .
Ou? |y —ay A=%

<0, forae tel. (LC1)

Moreover, if for T € [0,T] and & > 0 there are £1,0y € {1,...,n} such that it holds that
HY ()\7-) = H? ()\-,—) > maxi#h&{H"()\t)} and

H(\) = H"(\) > %%?{Hi(xt)}, te(r—e,T),

H(j\t) = H€2(5\t) > ?;%X{Hi(jxt)}, te(r,7+e¢),
then
{H‘fl,H@} (Ar) > 0. (LC2)

We recall that the bilinear form in the left-hand side of is called Legendre form
and the inequalities in and are called Legendre conditions in the literature.
If the inequalities are strict, they are referred to as strong Legendre conditions and the
corresponding extremal arc is called regular.

In the book [13], extremal trajectories satisfying strong Legendre condition on the whole
time interval are studied in detail (in particular, see Chapter 20 and 21). However, in many
OCPs, see for instance Section [6.2] extremal trajectories are obtained by concatenating
many regular arcs, while is not satisfied on the whole time interval. For this reason,
we introduce following class of extremal trajectories.
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Definition 6.1.5 (Piecewise regular extremal) Let A : [0,T] — T*M be an extremal
trajectory either for Problem (6.1.4)) or for (6 , corresponding to a control @ : [0,7] — U.
We say that \ is piecewise regular if it holds that

1. there are 0 = tg < t1 < -++ <t < tg41 = T such that for t € (t;-1,;) there is a
unique £(j) € {1,...,n} for which H()\;) = H!G)()\;) and it holds that

thﬁ(j)
W <0, fora.e. te€ (tj_l,tj). (SLCl)

u:ﬁ(t),/\::\t

2. For every j = 1,...,k, we have {He(j),HK(j‘H)} (S\tj) > 0.

We call ¢y, ..., tx the switching times of the control 4. Finally, we say that the pair (@, A)
is a piecewise reqular extremal pair.

To avoid using too many indices, we denote by U; the submanifold Uy for which Equation
m holds for ¢t € (tj_1,t;), by u; the correspondmg maximizing control on U; and H’
the maximized Hamiltonian over U;.

If \is a piecewise regular extremal, there is a neighbourhood of X in T*M such that
the maximizing control

Umax(A) == argmax h,(\), A eN
vel

is a well defined piecewise smooth function (see Proposition [7.5.1] _ In particular, the flow
of H is well defined in A and is piecewise smooth and Lipschitz continuous.

Consequently, the set of Lagrange multipliers carries naturally a structure of piecewise
smooth Lagrangian manifold and, therefore, the corresponding Jacobi curve is a piecewise
smooth curve of Lagrangian subspaces. The purpose of our work is to characterize precisely
the Jacobi curve of a piecewise regular extremal pair and, as a consequence, obtain the
second-order optimality condition following the spirit of Chapters [3| and To this aim,
we introduce the following objects:

1. the flow on T*M of ﬁa, which we denote by (‘571772)71,72@1{;
2. the autonomous flow on T*M of ]—T, denoted by ;.
3. the transported-back flow ¢; is defined by
bt = zﬁa% obi 4,0 50,%_1 te(tj-i,t;), j=1,...,k+1; (6.1.6)

4. the transported-back Hamiltonian vector fields at Ao, H/ = (&55 %)*ﬁj\ 5, for j =
Lk+1,t€ (tjfl,tj);
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Notice that (5&%)*ﬁj|5\0 = (&)&w}j,l)*ﬁjho for ¢t € [tj_1,t;] since HY generates the flow
571772 for 7, € [tj_1,t;]. Hence, the vector %7 does not depend on time.

Theorem 6.1.6 (Structure of the Jacobi curve). Let (4, 5\) be a piecewise reqular extremal
pair for Problem . Suppose that (i, 5\) are defined on the time interval [0,T]. Then,
the Jacobi curve A+ [0, T] — £(T5 (T M)) of the pair (4, \) is constructed via the following
algorithm: we set Ay = 11; then, for j =0,1,...,k:

1. we have that A;; = Agjﬂ;

2. forte (tj,tjt1), Ay = BtA?;, where By := (¢¢)« is the linearization flow of the flow
o

3. fOT’ t= tj+1, Atj+1

As an immediate corollary of Theorems [3.1.7] and we obtain the following neces-
sary second-order condition of optimality for piecewise regular extremals.

= hmt_>t].+1_ At.

Theorem 6.1.7 (Necessary condition for optimality). Let (4, 5\) be a piecewise Tegular
extremal pair, either for Problem (6.1.4) or for (6.1.5). Suppose that @ is of corank r.
Then, if p(A) — (% — dim (H N (e At ) ) = 7, @ is not a weak-local minimizer with
respect to the L'-topology of 4.

Finally, the absence of conjugate points is a sufficient condition for optimality.

Theorem 6.1.8 (Sufficient condition, absence of conjugate times). Let (i, \) be a piecewise
regular extremal pair, either for Problem (6.1.4) or for (6.1.5). Suppose that there are no

conjugate times along the trajectory A. Then, q is locally strongly strictly optimal.

6.2 A one-dimensional non-convex Lagrangian example

Before going into the details of the proofs of our main results, we discuss the class of
examples introduced in Example [6.1.3] This section has two purposes. First, it shows
that piecewise regular extremals are natural optimal candidates in a simple non-convex
variational problem. Second, it illustrates that, despite the abstract definition, the Jacobi
curve and conjugate points can be computed concretely and, in dimension one, this reduces
to a simple sign condition.
Consider the free control system
i=u, (6.2.1)

where ¢ € R and v € R, i.e., using the notation introduced before, we have U = R and
U = L>*([0,T];R). The final time 7" > 0 can be either free or fixed. We fix two values
q0,q1 € R and we want to minimize the functional

T
J(u) = /0 Lq(t), u(t))dt, (6.2.2)
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L(q, )

Figure 6.1: Example of double-well functional for fixed ¢, highlighting the bi-tangent line.

subject to (6.2.1) and ¢(0) = g9 and ¢(T") = q1, where the function L € C*°(R x R;R)
satisfies the following hypothesis:
L(g, u)

1. for every ¢ € R, the function u +— L(q,u) is super-linear, that is lim =
ful=+o0 |l

+00;
2. L(q,u) > 0 for every q,u € R;
3. for every ¢ € R, 92L(q, ) has only simple zeros;

4. for every q € R, L(q,-) is a double-well function, that is it has exactly three distinct
critical points, two of which are local minimum points and one is a local maximum
point.

In the Calculus of Variations language, a function L satisfying assumptions 1. together
with strict convexity is said to be a Tonelli Lagrangian function. Here, we study this
minimization problem in dimension 1 but without the usual convexity assumption. We
refer to [56] for an introduction to Tonelli Lagrangian functions and their role in the
Calculus of Variations. We point out that Theorems [6.1.7] and [6.1.8 apply also to the case
d > 1, but a precise analysis of this case goes beyond the purpose of this thesis. Assumption
2. in the case of free final time is necessary to guarantee that inf, J(u) > —oo. In the
case of fixed time, if L is negative somewhere and inf, , L(g,u) > —oo, then by adding a
constant to L assumption 2. is always satisfied and this modification of L does not change
the minimizing controls. Finally, assumptions 3. and 4. are present just to simplify the
exposition: our arguments generalize directly to the case of integrands admitting a many
local minima and maxima.

First, we state our results about this class of examples: our first theorem says that
minimizers of this OCPs exist and, under some natural conditions, the extremal trajectories
are piecewise regular; then, we give a practical characterization of conjugate points for both
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the free and fixed final time problem. After this first part, we discuss in more detail the case

. . . . 2
of a particular Lagrangian function of the form L(q,u) = ¢(u) + V(q), with V(q) = %,

which corresponds to a “generalized” harmonic oscillator. This way, we illustrate some
intuitive ideas behind our analysis in a simpler case. Finally, we give a full proof of these
results.

6.2.1 Statements of the results

Our first result is about the structure of the extremal trajectories for this class of problems.
By PMP, we define the Hamiltonian function

hu(p, q) = pu — L(g,u), (6.2.3)

where p € R* and ¢,u € R as before. In the following, we identify R* with R by fixing a
global coordinate, so that 7*"R ~ R, x R,. The corresponding Hamiltonian system reads

q=u,

p = 8(1L(Q7 ’LL),

(6.2.4)

where control u has to satisfy the maximization principle u(t) = arg max,ecg hy(A), where
At = (p(t),q(t)) denotes the extremal trajectory. In this case, we show that there are two
competing controls, each being the maximizing one on some specific region of the plane
R, xR,. Each of these two regions corresponds, in some sense, to a convexity region of the
function L. Thus, in the terminology of Section there are two submanifolds Uy, Us
and the maximized Hamiltonian function is H(A\) = max{H'()\), H*(\)}, where the two
functions H', H? are smooth.

Theorem 6.2.1. Assume that the function L satisfies the assumptions 1. to 4. listed
above. Moreover, let H', H?> : R> — R be defined as in Equation and define ¥ =
{AeR? | H'(\) = H2(\)} and S .= {X € R? | {H', H*}(\) = 0}. Suppose that the set
SNXY = Z is discrete. Then, the following conclusions hold.

1. The set of initial values of pg € R for which the corresponding extremal trajectory is
not piecewise reqular is discrete.

2. If in addition to the previous assumptions we have that « H'(A) 4+ (1 — a)H2(X) # 0
for all a € [0,1] and all X € Z, then the minimum of the functional (6.2.2)) exists for
both the free and the fixed final time problem.

The first assertion shows that, outside a discrete exceptional set of initial covectors,
these candidates fall within the piecewise regular framework developed in the Chapter.
The second one guarantees the existence of optimal candidates in this class of problems.
After the proof of these results, we also discuss briefly what happens when these hypotheses
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fail, see Remark Notice that, for generic smooth functions H', H?, the two sets ¥
and § intersect transversally. Hence, the hypothesis on Z is satisfied generically.

The next two propositions are not specific to the double-well Lagrangians considered in
this section. They apply to every one-dimensional optimal control problem for which the
reference extremal is piecewise regular. Their role is to give a concrete characterization of
conjugate times in dimension one, where the Jacobi curve has a rather easy and explicit
description.

First of all, since we have a global chart for the cotangent space, that is T*M =
T*R, ~ R, x Ry, we do not need to transport back the dynamics to the initial point. More
precisely, the Jacobi curve in the case of free final time, since dim A; = 1, is completely
determined by the condition H (;\t) € A, and the discontinuities of A at the switching times
corresponds exactly to the discontinuities of H (S\t) Conjugate times can be characterized
by the following property.

Proposition 6.2.2 (Conjugate times in one-dimensional problems with free final time).
Let (i,\) be a piecewise regular extremal pair for problem (6.1.4) with M = R. Then,
denoting by ¢ = w(\), we have that a time t € [0,T)] is conjugate to 0 along A if and only if

o cither G(t) =0, if t is not a switching time;

e or lim sgn (q(T)) + Tlg?i sgn (q(T)) , if t is a switching time.

T—t+

For the problem with fixed final time, as explained in Section we need to introduce
an additional time variable to reduce to the free final time case (see Equation (7.2.3)). So,
as in that Section, we let ¢ = ¢(s), where s is the new time variable, so that the state
manifold is R; x R, and its cotangent space is identified with (R; xRR,) x (R; x R;). Recall
that, along the reference extremal, we take v = 0, hence t(s) = s; we therefore use the
same symbols ¢; for the switching times in the original and reparametrized time. Thus,
the Jacobi curve is a curve of two-dimensional subspaces, which can be represented in a
matrix form as

1T T2
tt
A= |1 (6.2.5)
Y1 Y2
Tl X2

where (7;,t;,yi,2;), i = 1,2 are any two vectors generating the subspace A. Here, with
a slight abuse of notation, we use again the letters ¢,7 to denote both the variables in
T*(Ry x M) and the corresponding variables in the tangent space Tiy \)(T*(Ry x M)).
Clearly, replacing the one of the two column by any linear combination of these vectors
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yields the same subspace A. In this notation, the initial subspace Ag is given by

7 (6.2.6)

o O O
S = O O

and the algorithm to obtain the Jacobi curve goes as follows:
o Af = (M0N (9 + H(X))*) + RO + H (o)) ;

o Ay = (5)(A]), s € (0,21]. Here &, = e and (®s)+ denotes its linearization in the
variable A at the point As. Moreover, (®s)(9¢|x,) = Oif5_ and (5).(07|5,) = 075,
so that the first two rows of A are constant for s € (0,#1]. Notice also that H(\)
coincides either with H'()\) or with H2()\,) in this time interval.

o Al = (A, N @+ HM, 1)) +R(D; + H(M, ), where H (X, 1) = limg oy, ¢ H(AL);
e then repeat the same procedure on the remaining part of the interval [0, 7.

In this case, the system of equations governing the evolution of A; in the interval of smooth-
ness are obtained by linearizing with respect to p,q the Equation with u equal to
the maximizing control. If T" is fixed, the conjugate times can also be characterized in a
similar fashion to what happens in the case of T free.

Proposition 6.2.3 (Conjugate times in one-dimensional problems with fixed final time).

Let (ﬁ,S\) be a piecewise regqular extremal pair for the problem (6.2.1)),(6.2.2)). Let A be
represented in matriz form as in Equation (6.2.5) and choose the representation such that

(11(),t1(s),y1(s), z1(s)) = Oy + I:_i(/\s)ﬂnd To(s) = 1,t2(s) = 0 for all s € [0,T]. Then, a
time s € [0,T] is conjugate to 0 along A if and only if

1. either x2(s) =0, if s is not a switching time;

2. or lim sgn(z2(s)) # lim sgn (z2(s)), if s is a switching time.
S—s+ S—>8—

Moreover, using again these coordinates, the right limit of A at a switching time t; can
be computed as follows: the first column can be chosen equal to Oy + H(A¢; 1) and, letting
I:_i(:\tj_) = limg ¢, ﬁ(j\s), the second one is equal to

0r +alf (M) — H(R 1) + (yQ(m) o). (et ma(t) ) ~ 1
T i~ it .’EQ(t] ’ U(ﬁ(j‘t]‘—)7ﬁ(5\t]+))
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For every piecewise regular extremal in one-dimensional OCP, Propositions [6.2.2] and
provide an explicit test for the absence of conjugate points. Therefore, whenever the
corresponding sign condition rules out the presence of conjugate times on (0,7, Theorem
[6.1.8yields strong local optimality of the trajectory. Conversely, if the Jacobi curve acquires
sufficient Maslov index, for instance, in the corank-one case after the first conjugate time,
Theorem [6.1.7] excludes local optimality.

6.2.2 Generalized harmonic oscillator

Before going into the details of the proof of the results exposed in the previous Subsection,
to give some intuition behind our arguments we discuss a particular example modelled on
the classical harmonic oscillator.

For this model, we can carry out exact computations, which also allows us to compare
the free final time and the fixed final time cases. More precisely, we find that switching times
are never conjugate to 0 in the free final time problem, while conjugate times may occur
along regular arcs. In the fixed final time problem, the additional time variable changes
the Jacobi curve and switching times may contribute to conjugacy according to the sign
condition in Proposition We point out that most of the analysis in the remaining
part of this Subsection can be extended without substantial changes to any Lagrangian
function of the form L(q,u) = ¢(u) — V(q) + C. Our particular choice is mainly due to
expository reasons: in this case computations are particularly simple and can be carried
out exactly, simplifying greatly the presentation although retaining the main ideas behind
the arguments for the general case.

We consider L(g,u) = ¢(u) — V(q) + C, with V(¢q) = %, C >0 and
o [ b az
%(U_%)2+%7 u > %7

is such that ¢ is globally C2 and ¢(u) > u — 5 for u € (3,2). We notice that L does not
satisfy the assumption L > 0. In order to retain the existence discussion within the global
framework of Theorem 4.1, we modify the potential V' outside a sufficiently large compact

set. More precisely, fix R > 0 and choose a function Vg € C*°(R) such that

¢
Ve(g) =5 forlgl <R,
and such that Vg is bounded from above on R. Since ¢ is bounded from below, one can
choose a constant C'gr > 0 such that
Lr(q,u) = ¢(u) — Vg(q) + Cr >0 for every (¢,u) € R%

The Lagrangian Lp is super-linear in the control variable and has the same double-well
structure with respect to u as ¢. Hence it satisfies the hypotheses of Theorem 4.1.
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In the following, we carry out the computations using the explicit expression

If the reference extremal and the portion of its phase portrait considered below are con-
tained in {|¢| < R}, then the Hamiltonian vector field associated with Ly agrees there with
the Hamiltonian vector field of the oscillator model. Consequently, all the computations of
the extremal flow, the Jacobi curve, and the conjugate times remain unchanged along the
reference extremal. The globally modified Lagrangian L is used only to ensure that the
existence statement follows from Theorem 4.1.

The PMP Hamiltonian function of this problem is hy(p,q) = pu — L(q,u) = pu —
o(u) + V(q) — C, and, letting ¥(p) = maxyecr pu — ¢(u), the maximized Hamiltonian
function H = maxycR hy, is

2 2
H(p,q) =4(p) +V(g) = %Jr ‘p2l‘+q2 -C.
Indeed, by the super-linearity assumption on L, we have that the maximum of h,, is attained
at a critical point and 9,hy(p, q) = 0 if and only if p = ¢(u). Hence, a direct computation
shows that hy(p, q) reaches its global maximum for v = p — % fp<landu=p+ % if
p > 1. For p = 1, the line y(u) = u — % is tangent to the graph of ¢ both at u = % and
at u = % So, defining ui(p) = p — % and ug(p) = p+ %, the maximized Hamiltonian is
the maximum of the two Hamiltonians H!(p, q) = Py (py (P, @) and H?(p,q) = Py () (P @)
First, we focus on the structure of the extremal trajectories, showing that most of them

1
Py
@

p=1

Figure 6.2: Graph of H(p,q) = % + “’%1 + % — 1 for fixed q.

are piecewise regular, and we find the conjugate points. Then, in the last part of the
subsection, we prove existence of the minimum for the OCP.

By PMP, an extremal trajectory satisfies the Hamiltonian equations p = -9,V (¢), ¢ =
Op¥(p), which reads

if p(t) <1, or P="%

if p(t) > 1, (6.2.7)
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and the set of switching points is ¥ = {(1,q) | ¢ € R}. The Poisson bracket {H*', H?} is
easily computed:

OH'OH? OH! OH? 1 1
1 2 = — = _— - — —_ = —
{H*,H*}(p,q) = o 04 90 0p (p 2)(1 <p+2)q q.

Thus, the set S = {(p,0) | p € R} and the set Z=3XNS = {(1,0)} is discrete.

Since the system is one-dimensional and by PMP the maximized Hamiltonian is
constant along extremal trajectories, the solutions of A = H (M) are contained in the level
sets of H (see Figure , that is, the system is integrable. In particular, switching
points cannot accumulate and an extremal trajectory fails to be piecewise regular only if
the Poisson bracket {H!, H?} = 0 at the switching point. This is possible only at the
point (p,q) = (1,0), which is contained in the level set H(\) = % — C. Explicit solutions of

ﬁ2
g
N
Figure 6.3: Phase portrait of H(p,q) = % + ‘p_Tll + % — 1. In this case, the vector fields

m.H' and 7, H? have the same sign at switching points, thus switching points are never
conjugate.

these equations are easily computed: if p(0) < 1, then the first smooth arc of the solution
satisfies § = —q, p= —p+ % having solution

q(t) = q(0) cost + (p(O) — ;) sint, p(t) =—q(0)sint + (p(()) - ;) cost + % (6.2.8)

If instead p(0) > 1, then

q(t) = q(0) cost + <p(0) + ;) sint, p(t) =—q(0)sint + <p(0) + ;) cost — %

Then, when passing from one regular arc to the next one, one can find an analogous formula
by replacing the initial conditions (p(0), ¢(0)) with the initial point of the new regular arc.
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Now, we fix any piecewise regular extremal A and we want to determine its Jacobi
curve. We begin with the case of free final time. As already pointed out, the Jacobi curve
is A\p = (1,0)" and for t > 0

A = Rﬁ(p(t),q(t)) _ Rﬁl(p(t),q(t)) =R (—q(t),p(t) - %) if p(t) < 1,

RA2(p(t), q(t) = R (~q(t),p(t) + 3) i p(t) > 1,

and extended such that A; is left-continuous at the switching times. If we apply Proposition
m we see that for p(t) ~ 1 we have that ¢ is positive and it follows that switching times
are never conjugate times. This is also seen clearly from the picture (see Figure : at the
switching point, we have A, +AJ; =R? and Ay, ﬂAz; = {0}, so mx(Ay, +Az;)\7r*(Atj ﬁA;’;) =
R\ {0} and t; is conjugate if and only if 7, H 1(5\t]_) and m, H 2(5\tj) have different signs,
which is never the case in our example. Thus, conjugate times can occur only along regular
arcs on which p(t) < 1, since on an arc with p(t) > 1 one has

and hence ¢ cannot vanish. 3
Let (a,b) be a time interval such that A|(,) is a regular arc on which p(¢) < 1, and
write

AMa) = (Pas Ga)-

Setting s = ¢ — a, the solution on this arc is obtained from ([6.2.8) by taking (p(0),¢(0)) =
(Pa, qa)- Therefore,

. 1 . 1
Q(t):p(t)_iz_QaSHls“_ pa—§ COS S.

By Proposition 4.2, the conjugate times in the interval (a, b) are precisely the times t = a+s
such that

1
—qasins+<pa—2>coss—0, 0<s<b—a.

If (qa,pa — 3) # (0,0), let s, € (0,7] be the first positive solution of this equation. Then
all the conjugate times on the same regular arc are of the form

t=a+ s, + km, ke NU{0},

provided that ¢ € (a,b). After a switching time, the same computation applies by taking
as (Pa, qq) the initial point of the next regular arc. This completes the discussion about
conjugate points in the case of free final time.

Let us analyse conjugate points for the fixed final time problem. As described before,
in this case we have to add a variable to the state space (and, consequently, another one
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to the cotangent space), so that the Jacobi curve is a curve of two-dimensional subspaces.
The initial space is given by . We assume, for simplicity, that on the time interval
[0,%1] the maximized Hamiltonian is equal to H!, on [t1, %3] is equal to H?, then on [t2, 3]
is again H' and so on. The case with the reversed order can be dealt with similarly. Then,
following the convention introduced before, the right limit of A at ¢ = 0 can be represented
as

0 1

1 0

Ay = )
9 Tpo-12

0—3 0

where Ao = (po, qo) is the initial point of the extremal trajectory. For t € (0,t1), the first
two rows are constant, while the last two rows evolve according to the equation obtained
by linearizing (6.2.7): we have that g; = —92V (q(s))zi, i = 951(p(s))ys, which reads

Yi= T 19 with <y1(0)> - ( —do ) <92(0)> _ (‘po—ll/2>
T = Yi, z1(0) Do — % z2(0) 0

For py # %, the solutions are

1 1

—mslns, yQ(S):—mCOSS.

xa(s) =

and (y1(t1), z1(t1)) = H (p(t1), q(t1)). For po = %, the resulting Jacobi curve is continuous
at t = 0 and the solutions are z5(t) = 0, y2(t) = 0 constant. We see immediately that, if
po # %, s = km are conjugate times.

We have now to characterize switching times that are also conjugate times. The Jacobi
curve is determined up to time ¢;:

0
1

(
I (tl) xg(tl)

Denote by n2(t) = (y2(t), 22(t))T. By Proposition the right limit of A at ¢; is

0 1 =
AF Oxt, (H2>772) —1
n=11 0 ,  Where a = e
N O')\tl(Hl,H2)

H? Oz(ﬁl —ﬁ2)+7]2
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where H L H? are evaluated at At, and 2 is evaluated at ¢1. We have that

H' —H* = (_01> Lo, (H2 (M) m(t) = —q(ta)za(t) — gm(tl)

After some simplifications, the formula for AZ reads

0 1
1 0
Al =
—q(t1) Y2 (t1)
3 C3y2(t) 1
2 2 q(t1) q(t1)

In particular, by Proposition [6.2.3] ¢1 is conjugate to 0 if

z2(t1) <—3y2(t1) _— > <0

2 q(t1) q(tr)

If po = %, then z5(t1) = y2(t1) = 0 and the previous inequality holds true. Otherwise, since
—q = J(ﬁl, I;TZ) > 0, it reduces to za(t1)(3y2(t1) + 2) < 0, and, replacing the formulas for
9 and yo, this condition reads

3PO2 sinty costy + 2Fysint; <0,

2po—1
3

where Py = —ﬁ. Letting 8 = arccos
this inequality if

, a direct computation shows that t; satisfies

1. t; € [m,27] if po < —1;
2. theff,mU2r —0,2x] if —1 <pp < 1.
Finally, since p(t1) = 1, from Equation (6.2.8) ¢; must satisfy

1 1
—q(0)sint; + (p(O) — 2) costy = 3

Thus, putting together these conditions one can find whether ¢; is conjugate to zero de-
pending on p(0) and ¢(0).

We are left to prove that the minimum for the OCP exists. To this aim, one can
show that the set of extremal trajectories for the OCP with ¢ coincides with the set of
extremal trajectories for the OCP with the convexification of ¢. More precisely, we define
¢%(u) =u— 3 for £ <u <3 and ¢%(u) = ¢(u) otherwise.
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Proposition 6.2.4. Under the assumptions of Theorem a curve A : [0,T] = R, xR,

is an extremal trajectory for the OCP (6.2.1)),(6.2.2) with L(q,u) = ¢(u) —V (q) if and only
if X is also an extremal trajectory for the OCP with L(q,u) = ¢ (u) — V(q).

Sketch of the proof. Since the maximizing control for the OCP with L(q,u) = ¢(u) — V (q)
does not take values in the interval where the convexity of ¢ fails, any extremal trajectory
for the OCP with L(q,u) = ¢(u) — V(q) is also an extremal trajectory for the OCP with
L(g,u) = ¢“(u) — V(g). On the other hand, an extremal trajectory (p(t),q(t)) for the
OCP with L(q,u) = ¢“(u) — V(q) is not an extremal trajectory for the problem with
L(q,u) = ¢(u) — V(q) only if p(t) = 1 for some non-trivial time interval. But this is not
possible since p(t) = 1 forces ¢(t) = 0 in the same time interval and we have H'(1,0) # 0,
H2(1,0) # 0. O

For ¢, the existence of a minimizing trajectory follows by applying the direct method
of the Calculus of Variations. By the previous Proposition, a minimizing extremal for the
problem with L = ¢¢ — V is also an extremal for the problem with L = ¢ — V. Since the
minimum of the problem with L = ¢¢ — V is less than or equal to the infimum for the
problem L = ¢ — V', we obtain that this infimum is indeed a minimum coinciding with the
minimum of the problem with L = ¢¢ — V.

6.2.3 Proof of Theorem [6.2.1]

The remaining part of this Section is devoted to the proof of the results stated in Subsection
0.2.1]

We apply PMP to the OCP defined by Equations , . That is, letting
A= (p,q) € T*R ~ R?, we define the Hamiltonian function h,(p,q) = pu — L(q,u) as in
and we want to determine the value of u maximizing h,(p, q) for fixed p and ¢q. By
the super-linearity of the function L, for fixed (p, q), we have

i) = laf ({5 ) = HED) < (1 - HED) s o

Thus, the maximum point of the Hamiltonian h,(p, q) with respect to u is a critical point:

Ouhyu(p,q) = 0, equivalently p = 9, L(q,u).
Geometrically, if ug is a critical point of u +— hy(p, ¢), then the affine function
Ypuo (w) = p(u — uo) + L(g; uo)

is tangent to the graph of L(q,-) at ug. Thus, for fixed p,q € R, to find the value of the
control maximizing h,(p, ¢) it suffices to find ug such that the line y,, ., is tangent to L(g, -)
at the point wuyg.
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Step 1 - The two maximizing branches. By assumptions 3 and 4, for fixed (p,q)
the equation p = 9, L(q, u) has either one or three solutions, apart from the limiting case
in which one of the solutions is double. When three distinct solutions are present, the
two outer ones correspond to strict local maxima of u +— hy(p, ¢), whereas the middle one
corresponds to a local minimum.

Therefore, by the implicit function theorem, there exist maximal open sets O, Qs C R?
and smooth functions

U; Zgli — ER, 1=1,2,

such that u;(p,q) < ua(p,q) whenever both are defined, and u;,uy are precisely the two
local maximizing controls.

A/)I('(j) 8uL(q,u

A

AN

u1(p, ) ua(p,q) w

P2(q)

Figure 6.4: The graph of 9, L(q,-) and the value of the slope of the bi-tangent line.

The domains of these two branches have a simple form. Indeed, there exist smooth
functions p1, pe : R — R, with pa(q) < p1(g), such that

Q1N (R x {q}) = (=00, p1(q)) x {q}, and Q2N (R x {q}) = (p2(q), +0) x {q}.

To prove this, fix ¢ and consider the values p;(q) and pa(q) corresponding respectively to
the local maximum and the local minimum of the function v — 9, L(q, u), see Figure
Their smooth dependence on ¢ follows from the implicit function theorem and assumption
3. Define

H'(N) = hy,0)(N), A€ Q, i=1,2,

and take any smooth extension of H® for A ¢ ;. For p < p2(q), the only local maxi-
mum is u;(p,q), and it is necessarily the global maximum. Similarly, for p > pi(q), the
only local maximum is wus(p, q), and it is the global maximum. Then, we have H()\) =
max{H'(\), H(\)}. Define £ = {\ € T"R | H'(\) = H2(\)}.

Step 2 - The set X is a graph. We want to prove the following: for every ¢ € R, there
is a unique value p € (pg (@), p1 (q)) such that H'(p, q) = H?(p, q), which depends smoothly
on q.
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D QN (R x qQ):

- p
(FP>H] 1 e | 2 0
3= {Hl — ]_[—Zl
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q q2 q
! 2N (R X q1)
(b) Structure of the extremal trajecto-
(a) Graphical illustration of Step 1. ries in the phase space.

Writing explicitly H'(p, ¢) = H?(p, q) and taking into account that, by our assumption,
we have u; < ug, this equality is equivalent to

L(Qa Uz(p, Q)) - L(Q7u1(p7 Q))
u2(p, ¢) — u1(p, q)

that is, the two straight affine lines

u— p(u—ui(p,q)) + L(g,ui(p,q)) and  w> p(u—wua(p, q)) + L(g, u2(p, q)),

coincide. Notice that this is equivalent to saying that the line tangent to the graph of
L(q,-) at ui(p,q) coincides with the tangent at us(p,q). By the double-well shape of the
graph of L(g,-), this can happen only for a single value of p, which depends smoothly on
q. This proves that X is a graph.

Step 3 - The maximizing Hamiltonian. As a corollary of the previous step, we
determine precisely the maximized Hamiltonian. For fixed ¢ € R and denoting by p.(q)
the unique p € R such that H'(p, q) = H%(p, q), by continuity of the functions H', H? we
have that

H'(p,q) if p <p.lq),

H*(p,q) if p > pu(q).
This gives the PMP description of the extremals. Away from X, an extremal satisfies

H(p,q) =

HY()\) in {H'> H?},
H2(\) in {H?> H'}.

A= (6.2.9)
At points of X, both controls are maximizing. In particular, every extremal trajectory is
contained in a level set of the maximized Hamiltonian H. More precisely, H is constant

along each regular arc and its value is preserved when the extremal switches from one
branch to the other, that is, system (6.2.9)) is integrable.



6.2. A ONE-DIMENSIONAL NON-CONVEX LAGRANGIAN EXAMPLE 129

Step 4 - Transversality at non-degenerate switching points. Let A € ¥. Along
an arc generated by either H' or H?, one has

%(Hg()\t) — Hi(M\)) = {Hy, Ha}(\y). (6.2.10)
Consequently, if {Hj, Ho}(\) # 0, then both Hamiltonian vector fields Hy and H, are
transverse to ¥ at A. Thus an extremal reaching \ crosses the switching set transversally,
and the corresponding switching time is isolated.

Furthermore, the maximizing branch changes when Hy — Hy changes sign. Therefore,
at every switching point outside

Z={\eXS:{H, H}(\) =0},

the strong switching Legendre condition is satisfied.

Step 5 - Finiteness of switching times and piecewise regularity. We can now prove
point 1. in Theorem [6.2.1} First, we prove that switching times cannot accumulate when Z
is discrete. Assume by contradiction that a non-constant extremal trajectory has infinitely
many switching times ¢; converging to some t,,. Since A is continuous, the switching points
A(tj) converge to A(ts) € X. Moreover, consecutive switching arcs alternate between the
regions {H; > H,} and {H, > Hy}. By (6.2.10), the corresponding values of {Hi, Hy}
have alternating signs. Hence,

{Hi1, Ha}(A(to)) = 0,

and therefore
AMtso) € 2.

Since Z is discrete, the only possible accumulation configuration would be a piecewise
smooth spiral around the point A(to). This is impossible because the dynamics admit
the first integral H: every extremal remains in a single level set of H, whereas a spiral
converging to an isolated attracting equilibrium would force H to be locally constant near
that equilibrium. Thus switching times cannot accumulate. It follows that every non-
constant extremal has only finitely many switching times.

Moreover, on every open interval between two consecutive switching times, the maxi-
mizing control is unique and satisfies

d_%uhu(p, q) = —&?LUL(q,u) < 0.

At a switching point outside Z, the strong switching Legendre condition follows from the
transversality argument above. Hence an extremal can fail to be piecewise regular only if
it meets Z.
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Fix qp € R. Since Z is discrete and the system is integrable, the set of initial covectors
po € R for which the extremal with initial condition

A(0) = (po, 90)

meets Z is discrete. Therefore, outside a discrete set of initial covectors, the corresponding
extremal trajectory is piecewise regular.
It remains to prove the existence assertion in Theorem 4.1.

Step 6 - Existence of minimizers. Let L%(gq,-) denote the convexification of L(q,-)
with respect to the control variable. The construction above shows that the maximized
Hamiltonian associated with L coincides with H. Indeed, the common tangent line of
slope p*(q) determines the affine portion introduced by the convexification, and the maxi-
mizers remain on the two outer branches where L¢ agrees with L.

The direct method in the Calculus of Variations yields the existence of a minimizing
control u€ for the problem associated with L.

If u is such that L (q(t),u"(t)) = L(q(t),u(t)) for every t € [0,T], then, since L¢ <
L, u® is a minimizer also for the original functional L, and so point 2. of Theorem
follows.

Suppose, by contradiction, that L€ (q(t),u(t)) < L(q(t),u®(t)). Then, denoting by A¢
the extremal for L¢ corresponding to the control u¢, we must have that there is some non-
trivial time interval for which )\tc € X, since outside this set the Hamiltonian systems for the
extremals of LC and L are the same. This implies that A, = a(8) H*(\¢) + (1 —a(2)) H2(\y),
for some function « satisfying «(t) € [0,1]. But then the same computation as the one in
Equation forces {H', H?}(\Y) = 0 on this time interval, i.e. \; € Z. So, since
Z is discrete, \; is constant. But this is not possible since, by assumption aH T+ —
a)H2(\) # 0 for all @ € [0,1] and all X € Z.

This completes the proof of Theorem [6.2.1 O

Remark 6.2.5. Notice that if {H', H?}(\) = 0 at a switching point, i.e. A € Z, then we
have three cases:

e cither H'(X) = H2()) = 0, in which case X is an equilibrium point and the only
possible extremal trajectory passing through A is the constant trajectory;

e cither one among H'(X) or H2()) is zero and the other one is non-zero, so that there

is still one unique way to extend any extremal trajectory passing through the point
A;

e or both ﬁl(j\) # 0 and ﬁ2(5\) # 0: in this case the extremal trajectory passing
through the point A is not uniquely determined after this point, because one can
choose both the vectors H'(X) and H2()) to extend the trajectory, that is A is a
branching point;
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Even though the case {H', H?}(\) = 0 could be studied with our approach, a detailed
analysis of these degenerate cases goes beyond the purposes of this thesis.

6.2.4 Proof of Proposition [6.2.2]

In this Subsection, we prove Proposition [6.2.2] Fix a reference piecewise regular normal
extremal pair (@, \).

We point out that in the following computations we only need that the state manifold
M is one-dimensional and we do not require the structure introduced in the problem
,. So, the results contained in this subsection apply to any one-dimensional
control system of the form (6.1.4) or (7.2.2).

This characterization in the free final time case could be obtained as well by an ele-
mentary argument. Nonetheless, in our opinion it is a good illustration of our theory.

Proof of Proposition[6.2.2. As already pointed out in Section the cotangent space
is trivial, T*M ~ R* x M, so we have a global chart and we do not have to transport
all the dynamics back to the initial point. Consequently, the tangent space T (T*M) is
also identified with R* x R. The Lagrangian Grassmannian £(T5 (T*M)) ~ £(R* x R)
identifies with one-dimensional linear subspaces of R* x R, i.e. RP! ~ S1. As a convenient
set of coordinates, we can choose to identify 75 (Ty M) =~ [0, 1]7 and 15, (Tyo M) ~ [1, 0.
Here we denote with the squared brackets [-, -] points on the projective space RP! and with
the round brackets (-,-) points in the space R* x R. In these coordinates, the canonical
symplectic form is given by
a((0,1)7,(1,0)") =1,

and vectors rotating in the clockwise direction are given a positive orientation: to show
this, we parametrize points in S! in a slightly unusual way, that is we set

S = {(sinf,cos0)" | 0 € [0,27)},

so that the point corresponding to § = 0 is the vertical subspace [0,1]T and as 6 increases
the point (sin @, cos ) moves clockwise. We have to show that vectors moving clockwise
are given a positive orientation. Take any function 6 : (—¢,e) — R such that 6 > 0, we
have

o ((sinn costn) . | (sin0(0),cost(0)”) =
0

t—
=0(0)o ((sin 6o, cos6p) ", (cos By, — sin HO)T) =60(0) >0,

as we wanted to show.

The Jacobi curve is the curve A : [0,7] — RP! given by Ag = [0,1]T and A; = Rﬁa(t)
for ¢t > 0. Indeed, since dim M = 1, the condition Hﬂ(t) € A(t) completely determines the
Jacobi curve.
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In particular, if ¢ is a switching time and we denote by h_ and ﬁ+ the Hamiltonian
vector fields generating the maximized flow before and after ¢ respectively and supposing
h_ =r_(sinf_,cos0_)T and hy = ry(sinf;,cosf,)T, with r+ > 0 and 61 € [0,27), we
have that

o(h—,hy) =r_rysin(@y —0_).

Hence, we have o(h_,hy) > 0 if and only if sin(6y — 6_) > 0, that is 6, € (6_,0_ + )
mod 2.

Now, we want to characterize conjugate times. Suppose first that the curve A is con-
tinuous at ¢ € [0, T]. Recall that, in this case, t is a conjugate time if and only if Equation
holds. If i_iﬁ(t) is not constant in time, then the left-hand side is {0} and, since both
A and IT have dimension 1, this condition reduces simply to Rﬁﬂ(t) = [0,1]". This happens
if and only if W*fla(t) = 0, that is ¢(t) = 0.

If instead t is a switching time and using the same notation introduced above, we have
that m«(A¢ + A) = R and 7.(A; N A) = {0}. Thus, ¢ is a conjugate time if and only
if m,h_ and 7.h belong to different connected components of R \ {0}, that is they have
opposite sign.

This concludes the proof. ]

6.2.5 Proof of Proposition [6.2.3

In this Subsection we prove the characterization of conjugate points in the case of fixed
final time, see Proposition As explained in Section we have to consider the
extended state space R x M, where the first R corresponds to the added time variable.
The purpose of the following calculation is only to track the second coordinate z2 of the
Jacobi curve (see notation introduced in Proposition [6.2.3)): away from switching times,
x9 = 0 detects conjugacy, while at a switching time the relevant information is whether 9
changes sign.

Thus, the cotangent space is T*(R x M) ~ (R* x R) x T*M. First of all, we have to
write the Hamiltonian system with the time as additional variable:

t(s) =1+ v(s), 7(s) =0,
q(s) = (L+v(s))u(s). p(s) = (L+v(s))0qL(q(s), u(s))-

We immediately notice that the right-hand sides of the equations for £ and 7 depend on nei-
ther p, ¢ nor u. Thus, in the linearized system, i.e. the Jacobi equation, the corresponding
linearized variables are constant for s € (¢;_1,t;).

Proof of Proposition[6.2.3. Again, for simplicity of exposition, we deal with the simpler
case of one single switching time, but repeating the same argument one obtains the same
result for any finite number of switching times.
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We recall briefly the structure of the Jacobi curve: we have that Ao = 0, ®Il. Then, the
discontinuity at 0 is computed as Aj = Agt+H1(’\0). If H' () is vertical, that is 21 (0) = 0,
then AJ = Ag. Otherwise, denoting by H'(s) = H'Y(X\) = [0,0,51(s),21(s)] T, we have

0 1

A(T _ 1 0
y1(0)  —1/2:1(0)

.261(0) 0

Then, for s € (0, 1], we have that the 7,¢ components are constant and the p, ¢ components

evolve according to the linearized flow (®1), (which was defined in (6.1.6))). Thus, we have

0 1
1 0 _
A, = =[a+d1(s) 0, +n(s)], sen]
yi(s) ya(s
z1(s)  xa(s)
where 7(s) = (@;)*[—%(0), 0]". Then, using a similar notation, we define A;> = A?erHQ(tl)

and Ay = (92). A/ for s € (t1,t2], and then repeat the same algorithm for all the subsequent
regular subintervals.

If the vector field H'(s) is non-constant in s, from & + H'(s) € A, it follows that there
are no constant vertical vectors contained in As.

First, suppose that the Jacobi curve is continuous at s € [0,7]. We can easily see that
the vector 0y + ﬁﬂ(s) is never contained in RJ; @11, since its projection on the d; component
is always non-zero. Moreover, every linear combination of 0y + l_iﬁ(t) and O, + n(t) with
non-zero coefficients cannot be in RO, @ II as well. Then, following our notation, the only
possibility for s to be a conjugate time is if xo(s) = 0.

If the Jacobi curve is not continuous at s, that is s = ¢;, then we can compute the
Maslov index indr(As,, Af) of the curve (see Section .

The following computation shows that the Maslov index is non-zero at a switching

. . . + _ AO+H2(t1)
time if and only if the fourth component x5 changes sign. We know that A = A}/ .

Denoting by H2 = [0,0,w, 2] ", we have to find gt = a(8; + H'(t1)) + 9> +n(t1) € Ay, such
that o(n™,0; + H%(t1)) = 0. Writing explicitly, we obtain (we omit the dependence on 1,
since it is fixed):

o000+ %) = o000+ ') 4 0+ 1,04+ B?) = o (A2 14 o %) =0
Solving for « yields
a=—2U_° (6.2.11)
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Notice that o can be computed using only the projection of Ay, in T5, (7*M). So, the
1
right limit of the Jacobi curve is
0 1
_ 1 «
A?_ = f)t +H2(t1) 77+(t1) =
' w(ty) ayi(t) +y2(t)
Z(tl) aul(tl) + CCQ(tl)

We can simplify the expression of the second column by subtracting a(d; + H?2 (t1)):

AL =10+ H2(t) 0t (t) — (0, + H (1))

0 1
1 0

w(ty) a(yr(ty) —w(t1)) + ya(t1)
2(t1)  a(xi(ty) — 2(t1)) + x2(t1)

We compute now the Maslov index. Recall that indp(Ay,, A;) =ind* q+ % ker q, where
q: ((Ay, + AL NID/(Ay, VA NII) — R is defined by q(v) = o(v1,v2), with v; + vy = v.
We have that q is a quadratic form defined on the one-dimensional space (A4 + A;) N1II.
The space Ay, + A; is given by

Mo+ A% = [o+ A1) 0+ B2(1) 0, + ()] -
We have to find v € R3; & 11 such that
v=B1 (9 + B 1)) + B2 (0 + FH2(01)) + 85 (0r +m(tr))

for (81, B2, 83) # (0,0,0). Clearly, in order to eliminate the component in the direction 0,
we have to choose

p1 = —Pha.

Since at a genuine switch we have 1 (t1) —z(t1) # 0, it follows that we must choose 83 # 0.
In particular, up to rescale v, we can always suppose 53 = 1. Hence

v=_p <ﬁ1(t1) - ﬁQ(t1)> + 0y + n(th).

The condition v € 0,®Il is equivalent to 31 (ﬁl(tl) - ﬁz(tl)) +n(t1) € I = span{(0,1)T}.
This reads,

Br(zi(tr) — z(t1)) + a2(t1) =0 <= B1 = z(mfz—(tals)l(tl)



6.2. A ONE-DIMENSIONAL NON-CONVEX LAGRANGIAN EXAMPLE 135

Finally, we can compute q(v)

q(v) = o(Bu(@ + H') + 0, +n, ~p1(0, + H)) =
= —Bio(H' H?) — p1 — pro(n, H?) =
= —Bo(H', H?) + p1(c(H? ) - 1).

Finally, the time ¢1 is conjugate to 0 if and only if ind (A4, , A;g) > 0. So, t1 is not conjugate
to 0 if q(v) < 0, which is equivalent to

(U(ﬁ27 77) — 1)

J(ﬁl,ﬁ2) :6%_6104:/31(61_04)>07

Bt — B

where « is the same as in (6.2.11) and we have used the fact that U(ﬁl,ﬁQ) > 0. We
compute the product za(t1)z2(t1+) (for the sake of readability, we omit the s and denote

xo(t1+) by T2 ):
ToXo4 = 1’% + Oéxg(.%'l — 2) =
= B%(wl - 2)2 —af (1 — 2)2 =
= B1(B1 — a) (@1 — 2)*.

Thus, ¢; is not a conjugate time if and only if x9(¢1) and z2(t;4) have the same sign, as
we wanted to show. ]






Chapter 7

Piecewise regular extremals - part
2: proofs of main results

In this chapter, we apply the general principles developed in Chapters [3]and [] to piecewise-
regular extremals. Our main purpose is to prove the second-order necessary and sufficient
optimality conditions stated in Chapter [6]

The chapter is divided into two parts. The first part is devoted to the necessary
optimality condition, whereas the second concerns the sufficient optimality condition.

We begin by introducing a Banach manifold structure on a suitable class of admissi-
ble controls that are close to a fixed reference control in an appropriate topology. This
construction provides the functional-analytic framework needed to define the extended
endpoint map, both for problems with free final time and for problems with fixed final
time, which are considered in Sections and respectively. We then focus on the
free-final-time problem. In Section we compute the first and second differentials of the
extended endpoint map. The fixed-final-time case can be treated by analogous arguments
and is therefore not developed in detail. Building on these computations, in Section [7.4
we derive the characterization of the Jacobi curve stated in Theorem The necessary
optimality condition of Theorem then follows by applying the general criterion given
in Theorem B.0.1]

The second part is devoted to sufficient optimality. In Section we study the regu-
larity of the Hamiltonian flow generated by the maximized Hamiltonian. This regularity
allows us to construct a field of extremals satisfying the hypotheses introduced in Chap-
ter [dl Combining this construction with the absence of conjugate points, in Section [7.6] we
prove the sufficient optimality condition stated in Theorem

137
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7.1 The endpoint map

The aim of this Section is to introduce the endpoint map associated with the problem
(6.1.4). To this aim, we build a structure of Banach manifold on control competitors of
a given reference control. Relying on this Banach manifold structure, in Section [7.3.2] we
compute the derivatives of the endpoint map.

The purpose of the next construction is to obtain a local parametrization of a class
of admissible control competitors whose corresponding extremal is in a neighbourhood of
the reference one. T'wo kinds of variations have to be considered. First, the control may
vary inside the same smooth submanifold of U. Second, the switching times themselves
must be allowed to change. The first type of variation is described by local coordinates on
the sets U;, whereas the second is encoded by a time reparametrization. Combining these
two ingredients yields a Banach manifold of controls on which the endpoint map becomes
smooth.

Now, we make this construction rigorous. We take (time-dependent) local coordinates
on each Uj in a neighbourhood of @(t), depending on A¢, such that @(t) = 0. This way, we
can identify an open neighbourhood of @(t) in U; with an open neighbourhood V; C RAim Uj
of 0 € R1™Uj for every j = 1,...,k + 1. Hence, any other control u € L>®((tj—1,t5); U;)
close enough to a’(tj,l,tj) can be identified with a control function with values V; for
t € (tj—1,t;). Using these coordinates, we can rewrite the Hamiltonian system as

S\ZH%(X), t e (tj_l,tj), 7=1,...,k+1.

We now introduce the time-reparametrization variable, whose purpose is to encode varia-
tions of the switching times. Let v € L>°(R) be a function such that v(t) > —1 and we
denote by v; = V|(tj71,tj). The control system with time reparametrization v is
A=+, te(tjit), j=1,....,k+1
The Hamiltonian lift of system (/6.1.1]) with time reparametrization v is
A= (L+y )N, ult) € Vit € (b1 ty), j=1,....k+1, (7.1.1)

where here we are using the identification of a neighbourhood of 4(t) in U; with V. The
cost functional with time reparametrizations is given by

T
J(v,u) = /0 (1+v(t)L(q(t;v,u),u(t)) dt, (v,u) €U,

where we are omitting the dependence on the initial point gg since it is fixed.
We define the space of admissible controls with time reparametrizations on the interval
[0,T] as

U={,u)|velL*(]0,T];(—1,+00)), u e L>([0,T];V;) for t € (t;—1,t;)}.
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Moreover, for ¢t € [0,7T], we denote by U; == {(v,u) € U | supp(v,u) C [0,¢]}. Notice that,
U has a structure of Banach manifold modelled on the Banach space

12210, ) R) x (17210, 1] RU™UL) o L2([tg, TR Ukin)).

As this choice of control variations plays a central role in all the rest of the Chapter, it
is worth spending a few more words to clarify the structure of this space:

e if y(t) = 0fort € [0, 7], then the control u in the right-hand side of ([7.1.1)) corresponds
to a control whose value u(t) is in the same submanifold U; where also 4(t) is. In
particular, if v(¢) =0 for ¢ € [0,T], u is close to 4 in L

e if v(t) # 0, then the control (v, u) in ([7.1.1)) corresponds to the control v € ilT+fT o(s)ds
0

admissible for the system (6.1.1)) defined by v(t + fot v(s)ds) = u(t). In particular,
v(t) and @(t) can be in different submanifolds of U. This fact allows us to change the
switching times and the resulting control v is close to @ in L' but not in L.

Introducing time reparametrizations is crucial for several reasons: first of all, the manifolds
U; may be reduced to a single point (see Example and in this case there is no variation
of the control which is close to the reference one in the L norm. Second, we can keep
T > 0 fixed, while still considering trajectories with different ending time. Furthermore,
time reparametrizations allow us to consider controls with values in a submanifold different
from Uj;, but having at the same time a nice parametrization.

Indeed, the space U is a much smaller space than 4. Of course, to obtain necessary
conditions for optimality we can restrict to consider control competitors in a smaller set.
The remarkable fact is that, as we are going to show, this class of variations is rich enough
to obtain sufficient conditions for local optimality as well.

We define the endpoint map on the cotangent bundle to be the map & : U — T*M
defined as

T
(v, ) :@3/(1—1—1/@))5”(,5) dt o X,
0

and we denote by A(t; Ao, v, u) the solution of (7.1.1]), with the convention that if (v, u) € Uy
we stop the evolution of the system at time t. Finally, we introduce the endpoint map on
the base manifold M to be the map E:U — M, E(v,u) = 7(E(v,u)):

T
E(v,u)=mo (ﬁ/ (1+ V(t))ﬁu(t) dt o Xo.
0
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7.2 Optimal control problems with fixed final time

In this section, we show how the problem with fixed final time can be rephrased as a
problem with free final time. In particular, we state the Theorem about the structure of
the Jacobi curve for the fixed final time problem, which is not given in the previous chapter.

The idea of reducing the fixed final time problem to the free final time one is classical.
Instead of prescribing the terminal time, we introduce the physical time as an additional
state variable. The resulting problem has free final time with respect to the new time
parameter s, while the original fixed-final-time constraint is recovered by imposing the
terminal condition t(S) = T'. This reformulation allows us to apply directly the free-final-
time theory.

Let U be as in Section We consider the control system on the manifold M

q(t) = f(a(),u(®)), a(0) =qo0, o(T) =q, t€[0,T], (7.2.1)

where f,u,qo,q1 are defined as before, and T > 0 is fixed. Similarly, we take the cost
functional

We want to study the problem

min{J(u) | ¢(-;u) satisfies (7.2.1))}. (7.2.2)
Again, we can apply PMP, obtaining the Hamiltonian system

where hy(A) = (A, f(q,uw)) — L(q,u), for X € T*M, uw € U, ¢ = w(A\). We want to
define an endpoint map similar to the one introduced in Section [7.1 To this aim, we
introduce an extended control system on M x R, where we add the time ¢ as a new
state-variable. In addition to the control u, we consider also time reparametrizations as
admissible trajectories. More precisely, on the extended state manifold M = M x R we
consider

q(s) = (1+v(s)) f(a(s), u(s)),
t=1+uv(s),
(4(0),£(0)) = (90,0), (a(5),4(5)) = (¢r, T), s €10,5].

Denoting by 7 = (dt,v), for v € T(q,t)]\/i, the new Hamiltonian is <%ﬂ(,/7u)(7', A) = (1+

V) (hu()\) + 7'). We can introduce a Hamiltonian system in T*M analogous to the one in
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Equation ([7.1.1]), but where we keep this new time variable:

As = (1 + V(S))ﬁu(s)()‘s)v
=0, (7.2.3)
t=1+uv(s),
As in the case of free final time, we consider a piecewise regular extremal pair (i, \) and
we study optimality of the corresponding trajectory ¢ = mo X on M.

Along the reference extremal we have v = 0, so that ¢(s) = s and S = T. Therefore
the switching times are the same in both parametrizations. The only substantial difference
with the free-final-time case is that the Jacobi curve now lives in the tangent space of the
extended cotangent bundle T* M, and the initial vertical space and jump transformations
must be modified accordingly. Notice that, by PMP, hﬁ(s)(j\s) is constant, hence for the
reference extremal with v(s) = 0 we have that %”ﬁ(s)’o(j\sms) = 0, which reads 75 =
—h@(s)(j\s). As before, we can fix time-dependent coordinates in U such that @(s) = 0
for all s € [0,7] and parametrize the value of controls close to @(s) by means of these
coordinates. Therefore, the endpoint map of this system is

T — ~
Blvv) = o& [ (14 0() (0 + g ds o (o, 7,0),

where here 7 : T*M — M is the canonical bundle prOJectlon In particular, we see that
the partial derivative of A with respect to v is O + h u(s), While in the case of free final

time was simply hu(t). Thus, the formula for the jumps at the switching points is simply
determined by replacing H/ ! with 9, + Hi L.

Theorem 7.2.1 (Structure of Jacobi curve, fixed final time). Let (@i, \) be a piecewise
regular extremal pair for the Problem with fized final time. The Jacobi curve A for this
problem is a curve of Lagrangian subspaces in S(T(XO’T()’O) (T*M)) is obtained as follows:
we set Ag = II ® RO;, then, for j =0,1,...,k we set

+ A +HITL,
1. At], =S At; ;

2. Ay = (¢£+1)*A;’; for s € (tj,tj41].

Here ¢} were introduced in Equation Notice that the right-hand side of two
equations for 7 and t in does not depend on the state variables A, 7, ¢, hence the
corresponding linearized variables are constant of the linearized dynamic. In particular,
the linearized flow (¢s). extends naturally to this case.
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7.3 Differential and Hessian of the endpoint map

In this section, we derive a formula for the differential and the Hessian of the endpoint map
introduced in This formula is then used in Section [7.4] to prove Theorem about
the structure of the Jacobi curve corresponding to a piecewise regular extremal. First, we
recall some formula of symplectic geometry which is needed in our computations. Then,
we deduce the formula for the Hessian from the general one recalled in in which the
contributions of the time variations is separated by the one coming from control variations.

7.3.1 Useful formulas

In this subsection, we recall two elementary identities that will be used in the computation
of the Hessian. Let M, Uy, Us be smooth manifolds and let f*: M x U; — TM be smooth
maps such that fi(-,u) € Vec(M) for every u € U;, i = 1,2. For u € Uj;, define the
fiber-linear Hamiltonian

RL(N) = (X, fi(r(A),u)),  AeT*M. (7.3.1)
We denote by ¢ the tautological, or Liouville, one-form on 7% M.

Lemma 7.3.1. Let u; : T*M — U;, i = 1,2, be smooth maps satisfying

%h“ ) —0,  AeT'M
u u=u;(\)

Define hi(\) == hii(/\)()\),z’ =1,2. Then

Ox(R1(N) = hE(N), i=1,2,

and

DAL I ) = oa (B (), B (V).
Proof. By definition of the Hamiltonian vector field, for every fixed u € U; we have
dyhl = o (-, R).
The chain rule gives

on’

L Oh
oA

dyh' =
u=u;(\) u

@) d)\ui .
u=u;(\)

The second term vanishes by ([7.3.1]), and therefore
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Hence A A
Since R, is fiber-linear, it follows that

DA(FL(N) = B,

which proves the first identity.
Concerning the second identity, the conventions of Section [2.2] give

IR —> TS 57
[h',h?] = {h',h*} = o (h', h?).

The Hamiltonian
A ox (R (N), R2(N))

is fiber-linear. Applying the first identity to this Hamiltonian yields the conclusion. O

7.3.2 Differential and Hessian of the endpoint map

Let
O=to<t1 < - <tp <tpp1 =T

be the partition associated with the piecewise regular extremal pair (4, 5\), and set
I'Z:(tjfl,tj), j=1,...,k+1.

We use the local control coordinates introduced in Section in which the reference
control is represented by u(t) = 0 on every interval I;. For brevity, we denote the tangent
space to the control manifold at the reference control by

V = T(070)u.
Every variation w € V is written as
w = (6,v),

where (6,0) is called a time variation and (0,v) is called a control variation. For later use,
we introduce the subspaces

Vr ={w eV |suppw C [0,7]}, 0<7<T,

and
Vo ={w eV |suppw C [, 7]}, 0<Tm <m<T.

Let :150,75 denote the Hamiltonian flow of the reference extremal, so that

A = Bg4 (o).
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We transport the lifted endpoint map back to the initial cotangent space by setting
G(v,u) = ;Iv)a%ﬂ (Ev,w)),
and define the corresponding map on the base manifold by
G =mog.

In particular, }
G(0,0) = Ao, G(0,0) = qo.

For ¢ € I;, define the transported-back Hamiltonian
he(A, v u) = ((1+ v)hi — h%) o 507,5()\).
Its Hamiltonian vector field is

}_{t()\, v,u) = (E)(Itl)*((l + V)E{L - i_ié)

Do (V)

The variation formula of chronological calculus gives

T—p ~
G(v,u) :ﬁ/o he (-, v(t),u(t)) dt o Ao.

For w(t) = (6(t),v(t)), define

and

u=0

Recalling the transported-back Hamiltonian vector fields H7 introduced in Chapter @ we

have
X [0(t),v(t)] = 0O)H’ + Zw(t),  te ;.

We introduce the notation
tj ) tj
0, — / o) dt, = / Zuolt) dt.
ti—1 ti—1
The first-order formula of Chapter [3| now gives

T k+1 T
DGlw] = ds UO Xt[w(t)]dt} =d; Zejﬁufo Zy(t)dt| . (7.3.2)
j=1
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Pairing this identity with Ao and using Lemma we obtain

k+1 k+1

<)\0,DG Z/ 0(t)hi (M) dt+2/ ahj [v(t)]

The first integrand is the value of the Hamiltonian along the reference extremal, while the
second one is the contains the term with the derivative of the control variables. Thus,
arbitrary localized control variations recover the fact that optimal controls must be critical
points of the PMP Hamiltonian function, and arbitrary time variations recover the zero-
Hamiltonian condition for the free-final-time problem. Since (4, ;\) satisfies PMP, the
covector Ao annihilates the image of DG.

It follows from ([7.3.2)) that

k+1 T
ker DG = ¢ (0,v) €V | > O +/ Zw(t)dt € Ty 3,
i=1 0

where

HO = TS\O (T;o M) .
For brevity, we set

K = ker DG, Kr =KNV;, Kriry = KN Ve 1.

We now turn to the second differential. Unless otherwise specified, all derivatives of h,
and h; appearing below are taken with respect to (v,u) and evaluated at (Ag,0,0). The
general formula proved in Chapter [3| yields the quadratic form

_/OTDth dt/ /JAO ), Xefw () dsdt, weV. (7.33)

Its restriction to K is the second differential of the extended endpoint map:
Qlx = D*J — X\ D?G.

The Legendre form D?h; in (7.3.3) depends only on control-control contributions. In-
deed, the transported Hamiltonian is affine in v, and therefore

D?h[A(t),0)* = 0.

Moreover,
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Consequently,
D?h[w(t)]? = D*hefu(t)]?. (7.3.4)

The following identity allows us to separate the mixed time-control terms interval by
interval.

Proposition 7.3.2. For every j =1,...,k+1, every t € I;, and every v € ToU;, one has

—[v } (At) = 0. (7.3.5)
u=0

T35, (ﬁj, Zw) = 0. (7.3.6)

Proof. In the local coordinates fixed in Section the reference control is identically zero
on I;. By the first order condition, we have that a(t) is a critical point of Al ()
ol <
A
ou ()

=0, tGIj.

u=0
Differentiating this identity along the reference extremal and using

A = R} ()
gives (7.3.5)). Since &)07,5 is symplectic, transporting the two Hamiltonian vector fields back
to Ao gives ((7.3.6]). O

We first compute the term in ((7.3.3) with the double integral in the case of a single
switching time. Assume therefore that £ = 1, so that

I = (0,t1), Iy = (t1,7).

For pure time variations, the contributions for which s and t belong to the same interval
vanish by skew-symmetry: for t, s € Iy,

73, (X:[60(5),01, X,[6(1),0]) = 0(s)0(1)o, (H', H") =0,

and similarly if ¢, s € I, we have o3 (X5[6(s),0], X¢[6(t),0]) = 0. Hence,

T t T tl R .
//axo(XS[H(S),O],Xt[H(t),O])dsdt—/ / 0(s)0(t)ors, (HL, 72) ds dt
0 0 t1 0

291@205\0(7‘21,7‘22).

(7.3.7)
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The control-control contribution is simply

/OT /Ot 05, (Zsv(s), Zyo(t)) ds dt.

For the first mixed contribution, Proposition [7.3.2] eliminates the regions contained in
Il X Il and IQ X IQ. Thus,

//O‘AO ,0], X4[0, v(t)]) ds dt = /t1 /t1 % . Zyo(t)) ds dt

— @10’5\0 ('H y nv)'
Similarly,

[ [ o5, (oot X00(0,00) st = 0305, (0l H?). (735)
Combining (7.3.4) and (7.3.7)—(7.3.8), we obtain

T
—/ D?hy[u( dt—/ / O')\ (Zsv(s), Zyo(t)) ds dt

_@1920')\ (H H ) @10-)\ (H 7771;) 920-)\ (771)7% )

The formula for finitely many switching times follows by decomposing the triangle
{(s,t) € [0, T | s < t}

into the regions I; x I, with ¢ < j. On each diagonal region I; x I}, the time-time contribu-
tion vanishes by skew-symmetry and the mixed contributions vanish by Proposition [7.3.2]
Every region I; x I; with ¢ < j gives the same four cross terms as in the one-switch
computation. Consequently,

T
—/ D?hy[u( dt—/ /JA (Zsv(s), Zw(t)) ds dt

- > 6005 (H',HY) (7.3.9)
1<i<j<k+1

- > (@i, H) + Ou, (H0d) |

1<i<j<k+1

This is the required decomposition of the Hessian into the pointwise control term, the non-
local control-control interaction, the interaction between time variations on distinct arcs,
and the two mixed time-control interactions.
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Finally, for 0 < 71 < 7o < T, we define the quadratic form
T2
Qryoma (1) = — / D2y [w(t)]2 dt
T1

- / N / o5, (X[w(s)], X[w(D)]) dsdt,  w € Vi r.

The quadratic forms () and @, -, will be used in the next section to construct the L-
derivative and the Jacobi curve of the piecewise regular extremal.

7.4 Jacobi curve of a piecewise regular extremal

In the previous sections we introduced the endpoint map and computed its differential
and Hessian. Building on these results, in this section we prove the characterization of
the Jacobi curve of a piecewise regular extremal pair (i, 5\) stated in Theorem We
then give an interpretation of the regular arcs of the Jacobi curve analogous to the one
developed in Subsection [3.3:2] with the appropriate initial conditions and jumps produced
by the time variations at the switching points.

7.4.1 Proof of Theorem [6.1.6

The proof combines the working characterization of the Jacobi curve in Proposition [3.3.5]
with the recursive construction of Lemma|3.3.6] Proposition allows us to separate the
contribution of the time variations from that of the control variations on each interval of
regularity. More precisely, the time variations determine the right limit at the initial point
of each regular arc, while the subsequent evolution is governed by the Jacobi equation for
regular extremals.

For the reader convenience, we recall some notation and restate precisely the result.
For t € (tj-1,t;), let by : T5 (T M) — R be the quadratic Hamiltonian

1

be(n) = —5 <0'5\O(Zt n), Ly o, (Z -,17)>, (7.4.1)

where Z; was introduced in (3.2.1)), IL; is the Legendre form introduced in (2.4.2)) and we
use the convention that both Z; and L; for ¢ € (t;_1,t;) are defined on Ty, U;. Moreover
we define B; to be the flow
t
Bt:@ bs ds, tE(tj_l,tj),j:L...,k—i-l.
ti—1
Theorem 7.4.1. Let (i, \) be a piecewise reqular extremal pair for problem (6.1.4). Denote
by (At)icor) the Jacobi curve associated with (4, \). Then, A is a left-continuous piece-
wise smooth curve in the Lagrangian Grassmannian of T;O (T*M), with discontinuities at



7.4. JACOBI CURVE OF A PIECEWISE REGULAR EXTREMAL 149

0,t1,...,t,. It is determined recursively by the following algorithm. We set Ag = 15, and,
for every j =1,...,k+ 1, the following properties hold.

1. For everyt € (tj_1,t;], one has Hie A¢. In particular, the right limit at t;_y is
ﬁj - . Z — .
A = A = (Mg 0 (9)7) + RAY

2. For every t € (tj_1,t;], the space A¢ is generated by the solutions of the Cauchy
problem on T3 (T M)

(t) = Zil; s, (Ze,n(t)), n(tj-1) € Af . (7.4.2)

If By denotes the flow of the right-hand side of (7.4.2)), then Ay = BtA;;_l.

Proof. We compute the Jacobi curve recursively by means of the following algorithm. For
each time interval (t;_1,t;),j=1,...,k+1:

1. we compute A¢(Vj), t € (tj_1,t], where V; = V4., © Vp is the subspace of varia-
tions generated by Vy,_,, that is, all admissible variations supported in [0,#;_1], and
Vo = span{]l[tjilyt]}, the time variations supported in (¢;_1,t). This is done apply-
ing Lemma @, with Vi = V,,_, and V5 = V. In particular, we will find that
A(V)) = Agil, that is, A¢(Vj) is constant for ¢ € (tj_1,t;). Notice that, since Q-
depends only on the integral of the variations of time on the intervals (¢;_1,t;), we
can restrict to consider 6 constant on some subinterval of (t;_1,%;).

2. We compute Ay, t € (tj_1,t;], from the previous approximation A¢(V}). This is done
by using the splitting V; = V; @ W;, W; being the set of control variations supported
in (tj_1,t;). Since A¢(Vj) is constant for t € (¢;_1,t;) and time variations commutes
with control variations, it is possible to characterize solutions of Equation (3.3.1))
as solutions of a suitable Jacobi type equation, following the same strategy that is
applied to the case of a regular arc.

We first prove points 1. and 2. in the Theorem’s statement on the interval (0,¢;] and
then explain how the same construction is iterated on the subsequent intervals of regularity.
We begin with point 1. By definition,

Ao =Tl =T; (T M) C T; (T*M).
Fix t € (0,t1) and consider the one-dimensional space of time variations
Vp = span { (]l(o,t)a 0)} .

We compute Ay (Vp) from Ag by applying Lemma Since the quadratic form Q); depends
only on the integral of the time variations, as follows from Equation ([7.3.9), it is enough
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to consider time variations that are constant on a subinterval of (0,¢1). For wy,ws € Vp,
the pointwise second-order term vanishes because D*hg|y, = 0, while the term inside the
double integral vanishes because

o5, (Xswi(s), Xpwa(r)) = T3 (7—[1, 7{1) =0.

Consequently,
Qt(w1,w2) =0, w1, we € Vp.

Moreover, the right-hand side of Equation (3.3.3)) is

t t
/ T35, (777 Xswg(s)) ds = / T5, (77, ’Hl) ds = ta;o (17, ’Hl), n € Ag. (7.4.3)
0 0

Since (#')4 has codimension one in T5,(T"M) and Ag has dimension d, Grassmann’s
identity gives
dim (AO N (721)4) e {d—1,d).

Suppose first that this dimension is d. Then Ag C (#!) and, since A¢ is Lagrangian,
H!' € Ag. This implies that (7.4.3) also vanishes and Therefore,

A = A =1L
Hence, Lemma yields A;(Vp) = II. Suppose instead that
dim (AO N (721)4) —d-1.

Then there exists m € Ag such that o5 (H',m1) # 0, and there exist d — 1 linearly inde-
pendent vectors 7o, ...,nq € Ag such that

0'5\0(7‘(1,771'):0, 1=2,...,d.
Thus 79, ..., ny annihilate the right-hand side of (7.4.3). In addition, the choice n = 0 and

w1 = 14 in Equation (3.3.2) satisfies Equation (3.3.3), because both sides vanish on Vj.
Lemma therefore yields

A¢(Vy) = span {7-71,7727 ces >77d}-
Combining the two possible dimension cases, we obtain

M) = (TN (7)) + RA = A, e (0.0,
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We now add the remaining admissible variations. Let W; C V, be any space of variations
containing Vj. Proposition implies that the time variation commutes symplectically
with every additional variation, namely

T30 (Xsw(s), Xswy(s)) = T3, (Xsw(s),ﬁl) =0, s € (0,1),

for every w € W; and wy € Vy. Hence the vector H! satisfies Equation (3.3.1)) also when
the test variations range over W. It follows that H! € A;(W;). Passing to the generalized
limit over the finite-dimensional approximations gives

Hle A, te(0,t]

In particular, H e A(J{ , and point 1 is proved on the first interval.

We now prove point 2 on (0,¢1]. Fix t € (0,¢1] and denote by W the space of control
variations supported in (0,¢). We have already shown that the time variations generate
the constant Lagrangian subspace

M(Vp) = Af = AJ' ="

The crucial point is that the contribution of the time variations can be incorporated
entirely into this new initial condition before adding the control variations. Indeed, Equa-
tion shows that the pointwise part of the second variation has no mixed time-control
terms, while Proposition [7.3.2] gives

a;o(ﬁl,st) =0, v € TyUy.

Hence, also the mixed time-control contributions in the double integral defining )y vanish.
Since ()¢ vanishes on pairs of time variations, for 8; € Vy and v; € W; we obtain

Qe (01 + v1, 02 + v2) = Q¢ (v1,v2).

Therefore, once the equations corresponding to the time variations have been used to re-
place II with A(J)r , the remaining equations involve only control variations and are identical
to those arising for a regular extremal arc. This allows us to repeat the proof of Theo-
rem m with the initial vertical space replaced by Ag .

More explicitly, we have to determine 7y € Ag and v € W; satisfying

t
Qt(v,w) = /0 a5, (10, Zsw(s)) ds, w e Wi

Setting
n(s) =mno +/ Zyv(r)dr,
0
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the computation from Equation (3.3.5) to Equation (3.3.6) applies without modification
and gives
_]Ls (’U(S), ) - 05\0 (77(8)7 Zs ) =0.

The strong Legendre condition then yields
77(3) = ZsLs_lo'S\O (Zs '>77(3)), 77(0) € A(—)i_
The converse implication follows exactly as in the final part of the proof of Theorem [3.3.9
every solution of this Cauchy problem determines a control variation satisfying the preced-
ing equation. Consequently,
71
Ay = BfAf = BT, t € (0,t1].
Finally, Proposition also shows that the constant curve
n(s) = H'

solves the Jacobi equation, since its right-hand side vanishes. This is consistent with point 1
and with the inclusion H! € A; for every t € (0,1].

It remains to iterate the construction. Consider first the interval (t1,%2] and let Vj
be the space of time variations supported in (¢, t2). These variations determine the new
initial condition at t; for the Jacobi equation on the second regular arc. Since H! € Ay
and

71 472
7% ('H s H ) #0,

the inclusion Ay, C (H2)% is impossible. Since (H2)% has codimension one, it follows that
dim (Atl n (ﬁ2)4) —d-1.

We may therefore choose d — 1 linearly independent vectors 7s, ..., 74 in this intersection.
As on the first interval, Q¢(w1, wa) = 0 for all wy, w2 € Vp, and the pair n = 0, w1 = 1y, 4,)

satisfies Equation (3.3.3]). Lemma then gives
/2
A(Vp) =AY, t € (t1,ta].
In particular,
AF = AJE.
The same commutation argument used on the first interval shows that

H2e Ny, te (bt

Finally, applying again Proposition [3.3.5|again to add the control variations, and repeating
the derivation above, shows that A; on (¢1, t2] is generated by the solutions of (7.4.2)) with
initial condition in Azg.
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Repeating the same two steps on every interval (¢j_1,t;] proves both assertions of
the theorem for j = 1,...,k 4+ 1. On each interval the Jacobi curve is generated by
the flow of a linear differential equation and is therefore smooth. Its value at t; is the
endpoint of the smooth arc defined on (t;_1,t;], while the time variations determine the
right limit A;; . Hence the curve is left continuous and its only possible discontinuities occur
at 0,¢1,..., . ]
7.4.2 Hamiltonian characterization of the regular arcs

We now give a characterization of the smooth pieces of the Jacobi curve parallel to the one
obtained for regular extremals in Subsection [3.3.2] First, we prove that regular arcs of the
Jacobi curve of a piecewise regular extremal are increasing.

Corollary 7.4.2. Let (11,5\) be a piecewise reqular extremal pair and let A be its Jacobi
curve. Then the restriction of A to every interval (tj—1,t;) is increasing.

Proof. The strong Legendre condition implies that IL; is negative definite on each interval
(tj—1,t;). Hence the quadratic Hamiltonian b; in (7.4.1)) is positive definite on each interval
(tj—1,tj). The conclusion follows from Proposition [3.3.10] applied to

A= BAf .

To compare the Jacobi equation with the maximized Hamiltonian dynamics, define
Hy = (H — ha) o Doy,  t €[0,7T]

The corresponding Hamiltonian flow compares the maximized flow with the flow generated
by the reference control after both have been transported back to .

Proposition 7.4.3. For every j =1,...,k + 1, the following identities hold on (t;—1,t;).

1. The transported-back flow ¢ is generated by Hy, namely

t
br = XD H, ds.

tj—1

2. The function Hy vanishes to first order at Xo and its Hessian is the quadratic Hamil-
tonian of the Jacobi equation:

1
H¢(Xo) =0, d5,Hi =0, by = 5 Hess;, Hy.
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3. The linearization of ¢¢ at No is the flow of the Jacobi equation:
(¢1)« = B

Proof. The definition (6.1.6)) and the variation formula for non-autonomous flows give

o~ o~ t o~
Bylod, .,  odgy , =& / (H — hagsy) o Bo.. ds,

ti—1

which proves the first identity. Along the reference extremal, the control 7(t) maximizes h.,,
so H and hg(;) have the same value and the same first differential at A;. After composition
with &)07,5, this gives

Hi(Ao) =0,  d5 H; =0.

The computation of the second differential is exactly the regular-arc computation of Propo-
sition applied on (t;_1,t;) after translating the initial time and transporting the
dynamics to T5 (T M).

Finally, a similar strategy combined with the argument used in Corollary yields
also point 3. in the statement. ]

Remark 7.4.4. Equation (7.4.2) is written on the fixed symplectic space T5 (7" M) because
the entire dynamics have been transported back along the reference flow. An equivalent
formulation is obtained in the moving spaces T5 (7M). Define

Et = (®O’t)*At.
On the interval (t;_1,t;), the space Z; is generated by the solutions of

) =dg HEM)], &) €5,

where .

2
H ()\tj,1 )
ti—1

— —
—_ =

‘_‘tjfl

= (B0, N H v, )7) +RE (N, ),

Thus, the Jacobi curve is obtained by alternating the linearized Hamiltonian evolution on
each regular arc with the jump prescribed at each switching point.

7.5 The maximized Hamiltonian flow and the field of ex-
tremals

In the previous sections of this Chapter we found the structure of the Jacobi curve as-
sociated with a piecewise regular extremal and, as a direct consequence, we obtained a
second-order necessary condition for optimality. The purpose of the remaining part of this
Chapter is to prove a second-order sufficient optimality condition.
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In this section, we show that, in the case of a piecewise regular extremal, the maxi-
mized Hamiltonian produces a piecewise smooth flow in a neighbourhood of the reference
extremal, and then it can be used naturally as a super-Hamiltonian function. This allow
us to prove that the set of Lagrange multipliers in this case has a structure of Lipschitz
(piecewise-smooth) manifold and also to produce a suitable field of extremals, which will
be used to prove the sufficient optimality condition.

7.5.1 The maximized Hamiltonian and its flow

Let (a, 5\) be a piecewise regular extremal pair for the optimal control problem (6.1.4)), and
let

hu(A) = A, f(7(A), u)) = L(m(X), u)

be the corresponding normal PMP Hamiltonian. We retain the notation introduced in
Definition the switching times are

O=to<t1 < - <t <tpy1=1T,

and, on the interval (¢;_i,t;), the reference control belongs to the smooth submanifold
Uj. In the following Proposition, we prove that the strong Legendre condition determines,
locally around the reference extremal, a smooth maximizing control u;, that is a smooth
function from a neighbourhood in T*M of a smooth arc of A to Uj such that

HI() = hay ) (V).

Given a piecewise regular extremal A and a neighbourhood of its image N C T*M, we say
that the set ' '
N = (N EN | HI () > max (V)
i#j

is a regular region for A inside NV, while we say that the set
S ={AeN|H/(\) = HT'(\)}

is a switching set of A inside N. We recall that, since all the relevant dynamics are confined
in a relatively compact neighbourhood of A, we assume, without loss of generality, that all
the vector fields under consideration are complete.

Proposition 7.5.1. Let (u, 5\) be a piecewise reqular extremal pair. There exist a neigh-
bourhood N' C T*M of the image of A and an autonomous flow ® on N with the following
properties:

1. on every regular region Nj for 5\, there is a unique smooth mazimizing control u; :
N; — Uj, that is a smooth function realizing

H()‘) :Hj()‘) :hu]()\)()‘)7 /\6'/\/}7
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2. the switching sets X; are smooth hypersurfaces containing S\tj, and both HY and HI+!
are transverse to ; at every point;

3. the maximized Hamiltonian H is locally Lipschitz on N and smooth outside the union
of the switching hypersurfaces;

4. in N'\ (UleZj), the mazximizing control

Umax(A) = argmax hy, ()
uelU

is uniquely defined and smooth, while on ¥; the two adjacent controls u;(\) and
uj+1(N) realize the same maximum;

5. the Hamiltonian flow of H, denoted by ®, is obtained by concatenating the smooth
Hamiltonian flows of the H7 at their first intersections with the switching hypersur-
faces. The map (t, \) — ®4(\) is Lipschitz on its domain, and every map ®; is locally
bi-Lipschitz, with inverse ®_;. Every extremal trajectory sufficiently close to X is an
orbit of this flow. In particular,

H(®i(N) = H(N). (7.5.1)
Proof. We first work on a compact subinterval I of (¢;_1,?;). Along the reference extremal,

PMP and the strong Legendre condition give

9%hy,
Ou?

Ohy

0.
ou <

u=a(t), )\ZS\t

=0,
u=0(t), A=A

The implicit function theorem therefore gives a smooth feedback u;(A), defined on a suffi-
ciently small neighbourhood in T*M of \|; satisfying

Ohy

N =0

u=u;(A)

After reducing the neighbourhood, the Legendre form remains negative definite, and hence
u;()) is the unique maximizer on the submanifold U;. The strict separation of H? from the
other H® along every compact subinterval, together with continuity, shows that H7 also
realizes the maximum over the whole control set in a neighbourhood of the corresponding
reference arc. Moreover,

dH? (X) = dhy, () (),

because the derivative with respect to the control vanishes at u;()). Consequently,

HI(A) = ;) (V).
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We now consider a switching point S\tj and set
Gj=H"" - H.
By the strong switching condition, we have { HJ, HI!} (S\tj) # 0. In particular,

ds, Gj #0.

and the implicit function theorem shows that X; = G;l(()) is a smooth hypersurface near

At;. Furthermore,
aGy |7 = {7, B} 20, dGy [HIF] = (B HY Ao,

so both adjacent Hamiltonian vector fields are transverse to X; at S\t].. By continuity, the
transversality persists in a sufficiently small neighbourhood of the switching point.

Let ®7 denote the smooth Hamiltonian flow of H7. For \ close to S\tj_l, the first
intersection with ¥, is determined by the equation

G (®1(\) =0.

Let gj(s,\) = G (@é()\)) Since Osg(t; —tj—1, 5\,5].71) = {Hj, Hj+1} (S\tj) # 0, the implicit
function theorem provides a smooth hitting-time function 7;(A). The local trajectory is
obtained by following ®’ up to time 7;(A) and then following ®/*! from the hitting point.
Repeating the construction at the finitely many switching hypersurfaces defines the local
flow @ in a neighbourhood of the whole reference trajectory.

Thus, by this construction, (t, ) — ®¢(A) is Lipschitz continuous. The same construc-
tion performed backwards gives ®_;, and therefore every ®; is locally bi-Lipschitz. Since a
nearby extremal must satisfy the maximizing condition on each regular region, uniqueness
of the maximizing feedback and of the crossing times shows that it coincides with an orbit
of ®. Finally, on an arc governed by H7 one has

S (@,(0) = (], BT} (2,0) = 0.

At a switching point the two adjacent Hamiltonians have the same value. Therefore the
conserved values on consecutive arcs agree, which proves ((7.5.1)). [

Corollary 7.5.2. The mazimized Hamiltonian H is a super-Hamiltonian for (4, :\)

Proof. Let a € C*°(M) satisfy )
)\0 = dqoa,
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and suppose that 0 is a regular value of the restriction of H to the exact Lagrangian graph
£y = {dqalq € M} .
If M is a relatively open connected subset of
LN H0)
containing g, then the flow-out
M ={D,(Ag)|No € My, t €I}

satisfies hypotheses (H1)—(H6) of Chapter [4 Indeed, the regularity and local bi-Lipschitz
properties follow from Proposition[7.5.1} the super-Hamiltonian inequality holds with equal-
ity, and ([7.5.1)) implies that H vanishes on the whole flow-out. Along the reference extremal,
PMP gives

~ ~ — o~

H(X\) = haw (M), H(M) = hagy (M)

for almost every t. O

Thus, the only hypothesis of the sufficient criterion which remains to be verified is the
local invertibility of the projection of M onto M.

7.5.2 Structure of the set of Lagrange multipliers

We now apply the preceding construction to the set £ of normal Lagrange multipliers
introduced in Definition Our aim is to show that in the case of a piecewise regular
extremal, the set of Lagrange multipliers satisfies the hypothesis (H8) in Chapter In
particular, it is possible to find a field of extremals satisfying that assumption. Let
. *
=T, M
be the initial vertical fiber and set

Lo=TINnH0).

Locally around the reference extremal, PMP and the uniqueness statement in Proposi-
tion identify £ with the flow-out of Ly:

L= {(I)t<)\0>‘)\0 S ﬁo, te I} . (7.5.2)

We first consider the regular case.
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Proposition 7.5.3 (Structure of £ near a regular extremal). Let (i, \) be a regular ex-
tremal pair. Assume that

H(Xo) ¢ T, Lo

Then there exists a neighbourhood Oz C T*M of the image of X such that £ N 05 is a
smooth immersed Lagrangian submanifold of dimension d. If

A= ®(No), Xo € Lo,

then
TNL = dy, By (Th, Lo) + RA(N). = dy, & (TAOEO + ]Rﬁ()\o)> . (7.5.3)

Proof. The transversality assumption implies that 0 is a regular value of H|;y near Ao,
hence Ly is a smooth (d — 1)-dimensional submanifold of the vertical fibre II. Since II is
Lagrangian, Lg is isotropic. Consider the flow-out map

E:,CQ XI—>T*M, E()\Q,t):q)t(/\o).

Its differential is
A(rg,)E(V; 8) = dr, e (v) + sH(Pi(Ao)).

At (Xo,0), the transversality assumption implies that this map has rank d. After reducing
Loy and the time interval, the same holds in a neighbourhood of the reference flow-out, and
hence = is an immersion. Equation (7.5.2]) then gives the smooth immersed structure of £

and the tangent-space formula ([7.5.3]).
It remains to prove that the tangent spaces are Lagrangian. If v € T\, Lo, then

ox (U,FI(AO)) — dH(o)[v] = 0,

because Lo C H~*(0). Thus
T)\0£O =+ Rﬁ(/\o)

is a d-dimensional isotropic subspace, and therefore it is Lagrangian. Since every smooth
Hamiltonian flow preserves the symplectic form, the image in ((7.5.3) is Lagrangian as
well. 0

We now turn to the piecewise regular case. The local description of the switching flow
obtained in the proof of Proposition already contains the coordinate construction
needed below. We shall therefore refer to that proof whenever the same hitting-time
argument is involved, and only record the additional geometric information specific to the
flow-out of L.
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Proposition 7.5.4 (Structure of £ near a piecewise regular extremal). Let (@i, \) be a
piecewise reqular extremal pair, with switching times tq,...,t,. Assume that

H'(Xo) ¢ T5, Lo
Then there exists a neighbourhood O; C T*M of the image of X such that £ N 05 is a
d-dimensional Lipschitz immersed manifold. It admits a decomposition
k+1
£no; =],
j=1

where every L; is a smooth Lagrangian submanifold with boundary and the interiors of the
L; are pairwise disjoint. Consecutive pieces meet along the smooth (d — 1)-dimensional
1sotropic submanifolds

Ij=L;NLj11 CXy, 7=1,...,k.

In the relative topology of Os, their boundaries are

0Ly =T,
8£j:Fj_1UFj, 1=2,....k,
OLys1 = Th.

At every smooth point A € L;, one has
HI(\) € THL,.

If X e T'j, then
TL; = ThI; ® RHI(N),
ThLjp1 =Tyl @ RETT(N),

and consequently
T,\ﬁj N T)\ﬁj+1 = T)\Fj.

Finally, the generalized tangent family of L at X € I'; is

ne= | (TArj +R (aﬁf )+ (1— oz)ﬁj+1()\))> . (7.5.4)
a€l0,1]

In particular, both Hi(\) and HITY(X) are transverse to r;.
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___________________________________________________________

Figure 7.1: Graphical representation of Proposition

Proof. Away from the switching hypersurfaces, the statement follows from Proposition
applied on the regular arcs of the reference extremal. It is therefore sufficient to describe
the gluing near each Ay,.

Let £; denote the smooth incoming Lagrangian piece. Since H is tangent to £; and,
by Proposition transverse to X;, the intersection

Fj:,CjﬂZj

is a smooth submanifold of £; of codimension one. Hence dimI'; = d—1, and I'; is isotropic
because it is contained in the Lagrangian manifold L.

The hitting-time construction in the proof of Proposition [7.5.1] restricted to the flow-
out of Ly, gives the local parametrization

dl(n), s<0,

@j : Fj X (—5, (5) — L, @j(% 3) = .
o), s>o0.

(7.5.5)

As proved there, after reducing ¢ and the neighbourhood, ©; is bi-Lipschitz onto its image
and is smooth on each half-cylinder. This proves the local Lipschitz manifold structure.
The transversality of H/ and H/*! also yields

I\I'; = T)\ﬁj N T)\ﬁj—i-l

Finally, the same piecewise smooth parametrization (7.5.5)) gives the the generalized
tangent. Its generalized differential consists of the convex combinations of the two one-
sided differentials in the transverse variable, while the differential in the I';-directions is the
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same on both sides. Definition therefore gives ([7.5.4). Since there are finitely many
switching times, the local constructions can be patched after choosing disjoint switching
neighbourhoods, which completes the proof. ]

Remark 7.5.5 (Structure of fields of extremals). The proof of Proposition uses only
the piecewise Hamiltonian structure established in Proposition the transversality of
the switching hypersurfaces, and the isotropicity of the initial section contained in H~1(0).
It does not use the fact that the initial section is contained in the vertical fiber Ty M.
Consequently, if My is the codimension-one isotropic section of an exact Lagrangian graph
introduced after Proposition then its flow-out M has the same piecewise smooth
Lagrangian structure and the same tangent-cone description as £. This is the field of
extremals to which the sufficient criterion will be applied in Section

7.6 Sufficient condition for optimality

The aim of this section is to prove Theorem We recall its statement for the reader’s
convenience.

Theorem 7.6.1. Let (4, :\) be a piecewise regular normal extremal pair. Assume that there
are no conjugate points along the trajectory q(-,w). Then, the trajectory q(-,w) is locally
strongly strictly optimal.

The proof is based on the sufficient optimality criterion developed in Chapter [4, see
Theorem According to this criterion, it is enough to embed the reference extremal in
a field of extremals generated by a suitable super-Hamiltonian and whose projection onto
the state space is locally invertible.

Most of this construction has already been carried out in Section More precisely,
Proposition [7.5.1]shows that the maximized Hamiltonian H generates a locally bi-Lipschitz
piecewise smooth Hamiltonian flow ® in a neighbourhood of the reference extremal. More-
over, Remark[7.5.5]shows that the flow-out of any admissible initial exact Lagrangian graph
has the piecewise smooth Lagrangian structure required in Chapter @] Consequently, the
maximized Hamiltonian and the corresponding flow-out satisfy hypotheses (H1)—(H6)
and (H8) of Theorem

The only remaining point is therefore to choose the initial exact Lagrangian graph so
that the projection of its flow-out satisfies hypothesis (H7). We first show that this choice
can be reduced to the choice of the tangent space of the initial exact graph. We then study
the evolution of this tangent space and, by Theorem [4.1.6] we relate Maslov index of this
curve to the invertibility of 7 restricted to the corresponding field of extremals.

The argument is presented for the free-final-time problem. The fixed-final-time case
follows by applying the same construction to the extended free-time problem on M x R
introduced in Section [7.2l
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Step 1: reduction to the choice of the initial tangent space.
As before, set
=T, (T M).

We have to find a € C°°(M) such that the corresponding fields of extremals satisfies the
hypothesis (H7). Again, to check the invertibility of the projection, we can apply the
inverse function theorem, so that it suffices to find the good initial tangent space to the

manifold. .
More precisely, for fixed Ao € Ty M and Lo € &(T5 (T*M)), a function a € C>°(M)
such that a(qp) = 0 and

dgya =Xo,  Ly={dga|qe M}, T3 % = L.

is determined uniquely as an equivalence class of the 2-jet at ¢y. Thus, the problem of
finding a and % is reduced to finding L.

Since the reference trajectory is non-constant on its first regular arc, the Hamiltonian
vector field generating this arc is not vertical:

H' ¢ 1L
Hence, after taking L sufficiently close to II, we also have
H' ¢ L. (7.6.1)

Since Lg is Lagrangian, Equation ([7.6.1) implies that 0 is a regular value of the restriction
of H to %. Indeed, if

dS\O (H’iﬂo) =0,
then

7% (U,H1> =0, v € Ly,

and therefore

H ! € Lé = Ly,
which contradicts Equation (7.6.1)). .

Let My be a relatively open connected neighbourhood of A\ in
LN H -1 (0),

and let M be its flow-out under the maximized Hamiltonian flow. The tangent space of
the initial section is

T5, Mo = Lo N (7%[1)Z .

The tangent space of the full flow-out at the initial point is consequently

M = T5, M = (Loﬁ (721)4) +RAL.
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Thus, Lo denotes the tangent space of the initial exact graph, whereas 9y denotes the tan-
gent space of the field of extremals obtained after imposing the zero-Hamiltonian constraint
and flowing in the Hamiltonian direction.

By the results of Section the field M constructed in this way satisfies all the
assumptions of Theorem except possibly hypothesis (H7). It remains to choose Ly
so that the projection

TM = T|m
is locally invertible along the reference extremal.

Step 2: evolution of the tangent spaces.
We now describe the linear evolution of 9. Recall that the switching times are

O=to<ty < - <t <tgpp1=1T.
Fort e (tj_l,tj], let

t
B, = exp / by ds
tji—1

be the linear symplectic flow introduced in Section [7.4 The dependence of B, on the
regularity interval containing ¢ will always be understood.
Starting from

+ . _ rH!
My =My = Ly
we define recursively

mt = Btm+

tji—1?

tG(tj_l,tj], j=1...,k+1.

At every switching time ¢;, the outgoing space is
- o V4 o
;=i = <smtj n (7 ) + R

The following regular arc starts from the outgoing space 9)?;; .
At a regular time, we set

Bt(LO) = {mt} .

At a switching time ¢;, define
Ej = Qﬁtj N 9)?;5

The generalized tangent family at ¢; is

By, (Lo) = {Ej TR (a?-_[j T (1- a)ﬁj“) la e o, 1]} .
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Proposition[7.5.4]and Proposition[7.4.3|show that this recursion describes the transported-
back tangent spaces of the field. At every regular time,
(@51)_ 3, Mm =0,

At a switching time, the transported-back generalized tangent family is precisely B, (Lo).
The same construction starting from Ly = II gives the Jacobi curve. Indeed,

M = ' = AJ,
and Theorem yields
B.(II) ={A}, € (0,T]\ {t1,... ti}-

At a switching time,

J

B, (1) = {(At]. mA;‘]‘,) +R<aﬁj +(1 —a)?—?”l) la e o, 1]}.

The recursive construction involves only finitely many continuous linear symplectic
flows, extension operations, and compact families parametrized by « € [0,1]. Conse-
quently, the set-valued evolution (¢, Lo) — B:(Lo) has a closed graph in the region under
consideration.

At a smooth point of M, the differential of 7 is invertible if and only if the corre-
sponding tangent space is transverse to the vertical space. At a switching point, the same
condition must hold for every member of the generalized tangent family. After transporting
everything back to T5 (TM), hypothesis (HT) is therefore reduced to

LN = {0}, te[0,7], L € By(Ly). (7.6.2)

Thus, the construction of a suitable field of extremals is reduced to the finite-dimensional
problem of choosing an initial Lagrangian subspace Lg for which Equation ([7.6.2)) holds.

Step 3: the case without constant vertical solutions.
For t € (0,T], define the space of constant vertical directions by

Ct =1IN ﬂ AT-

0<r<t

The characterization of conjugate times given in Section [4.2] implies that the absence of
conjugate points is equivalent to

LNII= (4, t e (0,77, L € B:(1I). (7.6.3)
We first consider the case

c,={0}, te(0,7).
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In this case, Equation shows that the Jacobi curve and all the intermediate spaces
at the switching times are transverse to Il for every positive time. The obstruction occurs
only at the initial time, since Ag = II.

We make the following claim, which is proved afterwards.

Claim 7.6.2. There is ¢ > 0 such that for any neighbourhood N C £(T5 (T*M)) of I1
there is Ly € N\ {I} such that

LQHZ{O}, t e [0,5), LGBt(Lo)‘
In particular, the claim implies that there exists ¢ > 0 and a sequence of Lagrangian
subspaces
L((]n) — II, asn — 4oo,
such that
Lnll={0}, telo,e), LebB (Lg">) :

for every n € N.

We now show that, from the Claim and the assumption that there are no conjugate
times and no non-zero constant vertical directions, the same transversality property holds
on the whole interval for all sufficiently large n. Suppose, by contradiction, that this is
false. After passing to a subsequence, there exist times

tn € [, T
and Lagrangian subspaces
Ln€B,, (Lg">)
such that
L, NI # {0}. (7.6.4)
By compactness of [e, T, after extracting a further subsequence we may assume that
th — oo € [, 7.
The Lagrangian Grassmannian is compact, so we may also assume that
L, — L.

Thus, by we have that Lo, NII # {0}. The closed-graph property of the evolution
B gives

Ly € Btoo (H)
This implies that t. is a conjugate time, which contradicts our assumptions.

Theorem therefore shows that every element of the generalized differential of 7w
is an isomorphism along the reference extremal. Equivalently, ma is a local diffeomorphism
in a neighbourhood of the reference extremal.

Thus, in the case of no constant vertical solutions, the proof is reduced to the previous
Claim.
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II
N
@) A H
(a) A suitable choice, corresponding to (b) An unsuitable choice, corresponding
So > 0. to Sy < 0.

Figure 7.2: In dimension one, the positive side of the local chart gives an initial Lagrangian
subspace whose evolution does not meet the vertical space for small positive times.

Proof of the Claim. To prove the claim, we use the local coordinate of £(T5 (T*M)). Fix
a Lagrangian space A such that IIN A = {0} and use the corresponding local (II,A)
coordinates in A", in which I is represented by the zero symmetric matrix. We can choose
A so that T € A, Since A" is open, there is some ¢ such that also B,5H7'zl e A for
te0,el.

Fix any neighbourhood N of II. If L € N and S is the symmetric matrix representing L
in these coordinates, then, without loss of generality, we can assume that N is represented
by the set of matrices {—d0Id < S < 0Id}.

Choose Lg represented in this chart by a positive definite symmetric matrix

So = dold > 0.

By Proposition [3.3.10, the curve B;(Lg) is increasing. Thus, B¢(Lg) belongs to A" for
t € [0,e), provided that dy is small enough. Denoting by S; its representing symmetric
matrix, monotonicity gives

St > So > 0. (7.6.5)

Equation ((7.6.5) implies that no member of B;(Lg) intersects II on this interval. This
completes the proof of the Claim. O

This completely proves Theorem in the case Cy = {0} for t > 0.
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Step 4: reduction by the constant vertical directions.
We now consider the general case Cy # {0} for ¢ > 0. By definition, the family (Ci)¢>0
is monotone non-increasing:

CtQCCtl, 0<t1 <ty <T.

Every strict inclusion decreases the dimension. Since the ambient space is finite-dimensional,
the family (C})¢~o takes only finitely many distinct values.

Choose times

O=s9<s1< - <8p=1T
such that Cy is constant on every interval (s;_1,s;]. We can decompose the vertical space
as
H=Ey®E @& En
in such a way that
Ct:Ez®®Ema tE(Si_l,SZ‘], Z:177m
Set
o =15, (T*M).
Choose a Lagrangian subspace
Ag € £(X0)
such that
Ao NIl = {0}
We can decompose Ag as
A=FydoF @ - ®F,
so that
0—5\0 (E“FJ)ZO, 17&.77

and every F; @ F; is a symplectic subspace.

For each i, choose an isomorphism

Jit By — F
such that the bilinear form
(v, w) — o5, (v, Tiw)
is symmetric and positive definite. We then set
T =T0® - ®Tp: II — Ay.

In particular, the graph of €J is a Lagrangian subspace for every ¢ € R and lies on the
positive side of the chart (II, Ag) when ¢ > 0.

The following lemma constructs the initial subspace iteratively. At each step, the
constant vertical directions are removed by symplectic reduction, so that the argument of
Step 3 can be applied in the quotient.
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Lemma 7.6.3. There exist Lagrangian subspaces
Aq, . A € £(X)
transverse to Il and positive numbers
g1 > >2em>0

with the following property. For( < e < g;, let Ly(e) be the Lagrangian subspace represented
by €7 in the chart (II, Ag). Then:

1. every L € By(Lo(¢)) satisfies

LnNII= {0}, t €[0,s;

2. every L € By(Lo(¢)) is transverse to A; fort € [0, s;], and its representing symmetric
form in the chart (I, A;) is positive definite.

Proof. We argue by induction on 1.

In the computations below, B; denotes the linear symplectic propagator on a regular
arc or on one of the smooth monotone curves inserted at a switching time. Every member
of the generalized family B;(Lo(¢)) is reached by one of these propagators. Consequently,
the argument applies both to the regular tangent spaces and to all the intermediate spaces
at the switching times.

The case i = 0 corresponds to the initial choice made in the proof of the Claim. After
reducing the upper bound for € if necessary, the initial spaces are transverse to both II and
Ay, and their representing forms in the chart (II, Ag) are positive definite.

Assume now that the conclusion holds up to time s; for some ¢ € {0,...,m —1}. We
prove it on the larger interval [0, s;11].

For t € (si, $i+1], the space of constant vertical directions is

Ct:EZ+1®"@Em-
Set
Ei :Eo@@El,
Eé :Ct:EH_lEBEBEm
Choose a decomposition

such that Ef @ F| and E} & F} are symplectic and mutually symplectically orthogonal.
Fix 0 < € < ¢; and denote by
Mo(e)
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the unique member of By(Lo(g)). Since the vectors in EY are constant vertical solutions on
(8i, Sit1], every propagator occurring on this interval fixes F}:

ByE} = EJ.
It follows that its symplectic orthogonal is invariant as well:
By (Ep)” = (B5)".
With the preceding decomposition,
(EY)" = B, & By F].
Consider the symplectic quotient
= (EY) /E

and the reduced vertical space B
II; .= 11/ Ej.

The invariance relations above induce a symplectic evolution on i,
The reduction of the initial tangent space is

Mo (e) = (zmo(g) N (Eé)‘) /E}.
More generally, if L € By(Lo(¢)), its reduction is
L= (L N (Eé)‘) /E}.
By Equation , every member of the reference evolution satisfies
LNl = E), t € (si,Sit1], L € B(I).
Therefore, after passing to the quotient,
LNI; ={0}, te (s, si41]-

Thus, the reduced evolution has no non-zero constant vertical directions on this interval.
We can now apply in f]l the sequential argument used in Step 3. After decreasing ¢; to
a number
0< e < e

we obtain

LNII; = {0}, t e (Si, Si+1], L e Bt(Lo(«S)), 0<e<eitr- (7.6.6)
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We lift Equation (7.6.6) to ¥y. Fix a member
L= Btmo(S) S Bt(Lo(e)).
Since II C (E5)#, we have

LNT = BMy(e) N By (By)° NI

= B, (smo(e) N (Eé)‘) ML

Equation (7.6.6) implies that
LNII C E).

On the other hand, the induction hypothesis gives
Mo(e) N Ey = {0},
because F) C II. Using the invariance of E}, we obtain

LN Eé = Btmto(€) N BtEé
= By (gﬁo(ﬁ) n Eé)
= {0}.

Combining Equations (7.6.7)) and ([7.6.8), we conclude that

LNII= {O}, t e (Si, S,’+1], L e Bt(Lo(E)).
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(7.6.7)

(7.6.8)

Together with the induction hypothesis, this proves the first part of the lemma on [0, s;41].

It remains to prove the second part. The family

{L ‘ L e Bt(Lo(E)), te [O, Si—i—l]a 0<e<L 5i+1}

is compact and every one of its members is transverse to II. Consequently, we can choose
a Lagrangian subspace A; 11 sufficiently close to IT which is transverse to every member of

this family.

In the chart (IT, A;), we choose A; 11 to be represented by the negative definite form

—41d, 6 > 0.

Let S be the positive definite symmetric matrix representing one of the spaces under
consideration in the chart (II,A;). The same space is represented in the chart (IT, A;41)

by

S = (S 467 1d) " =65 (5Td+ S) L.

In particular,
S > 0.
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In the special case S = <ld, this formula becomes

€

I
S C1+4¢/d

Id > 0.

Every regular arc and every connecting curve is increasing. Hence, as long as the curve
remains in the chart (II, A;41), its representing matrix satisfies

S, > 0.

Since A,1; is transverse to the whole family, the chart is valid on [0, s;+1]. Positivity at
the beginning of each new arc therefore implies

St >0, t e [0, 5i+1]-
This proves the second part of the lemma and completes the induction. O

Apply Lemma [7.6.3] with i = m and choose
0<e<en.
The corresponding initial Lagrangian subspace Ly(e) satisfies
LN1I = {0}, t € 10,7, L € Bi(Lo(e)).

Since ¢ can be chosen arbitrarily small, Ly(g) can be taken in any prescribed sufficiently
small neighbourhood of II.

The field of extremals constructed from Lg(e) therefore has no non-zero common vertical
directions and its curve of transported-back generalized tangent spaces has zero Maslov
index. By Theorem the projection w4 is locally bi-Lipschitz in a neighbourhood of
the reference extremal and hypothesis (H7) is satisfied.

All the remaining hypotheses of Theorem were verified in Section The
transversality of the Hamiltonian vector fields to the switching hypersurfaces gives the
strictness condition at the switching points. It follows that ¢ is locally strongly strictly
optimal.

The fixed-final-time case follows by applying the same construction to the extended free-
time problem introduced in Section This fully completes the proof of Theorem [7.6.1]



Chapter 8

Second-order optimality conditions
for nice extremals

This chapter is a further step in the second-order optimality analysis developed in the pre-
ceding chapters. Our aim is to extend the theory of piecewise regular extremals introduced
in Chapters [0] and [7] to trajectories containing singular arcs, combining the regular and
singular constructions developed separately in the previous parts of the thesis.

We keep the general setting and notation introduced in Chapter [6l Recall that a
piecewise regular extremal \ : [0,T] — T*M admits a finite partition

O=to<ty < - <tp <tgpp1 =T

such that, on every interval (¢;,t;41), the Pontryagin maximization condition determines
a unique smooth maximizing submanifold and the strong Legendre condition holds. The
corresponding maximized Hamiltonian vector field is therefore smooth along each interval,
while having jumps at isolated switching times. In Chapters [6| and [7, we described the Ja-
cobi curve by alternating its smooth Hamiltonian evolution with explicit discrete dynamics
at the switching times and derived both necessary and sufficient optimality conditions.

Important classes of optimal trajectories fall outside this framework because the de-
generacy of the maximization condition may occur on a whole time interval rather than
at isolated switching times. This is not merely a technical possibility. Already in simple
problems, such as the Dubins car, singular arcs are unavoidable for certain endpoint con-
figurations: in particular, connecting points that are sufficiently far apart requires optimal
trajectories containing a singular segment. Therefore, any general theory must be able to
accommodate such trajectories. Second-order analysis of trajectories containing singular
arcs has been the subject of a substantial literature; see, among others, [70, |64, 61, |63}, 29,
30, 134, |19].

The singularities considered in this chapter are the simplest possible degeneracies arising
within the framework of Chapter [6] Roughly speaking, along a first-order singular arc

173
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exactly two smooth Hamiltonians among the H7 that are simultaneously maximizing. The
Pontryagin Maximum Principle therefore no longer determines the maximizing dynamics
completely. This is the main difference with the piecewise regular setting, where the
maximizer is uniquely determined away from isolated switching times.

The chapter is conceptually divided into two parts. The first part is devoted to the
second-order analysis of a single first-order singular arc. It extends the approach developed
in Chapter || for the singular L' problem. The main novelty is that we no longer rely on
the particular control-affine and L' structure considered there. Within this setting, we
derive the corresponding second-order necessary conditions, derive the Jacobi equation,
and introduce a suitable super-Hamiltonian whose linearization reproduces this dynamics.
Thus, this first part provides the singular analogue of the constructions used for regular
arcs in the preceding chapters.

The second part combines the analysis of singular extremal arcs with the piecewise
regular theory of Chapters [6] and []] We call nice extremals the extremals obtained by
concatenating finitely many regular arcs and first-order singular arcs.

We first characterize the Jacobi curve of a nice extremal by combining the piecewise
regular evolution with the evolution along first-order singular arcs. Then, by applying
Theorem [3.0.1] we obtain the corresponding second-order necessary optimality condition.
We finally turn to sufficient optimality, where the new difficulty is the construction of a
field of extremals through regular—singular junctions. Following the approach used in [61],
we construct an appropriate super-Hamiltonian near these junctions and combine it with
the regular and singular constructions developed earlier. For nice extremals containing at
most one singular arc, this allows us to prove that the absence of conjugate points implies
strong local optimality. We believe that the restriction to one singular arc is technical, and
we expect the same result to hold for nice extremals containing an arbitrary finite number
of singular arcs. This final part is still a work in progress.

8.1 Analysis of first-order singular extremals

In this section, we introduce the notions of first-order singular extremal arcs and of nice
extremals, which are the main focus of this chapter. In particular. we derive a feedback
formula for controls corresponding to first-order singular extremal arcs.

The construction developed here combines the two classes of extremals studied in the
preceding chapters. In Chapter we considered singular extremal arcs for which the
Pontryagin Maximum Principle does not determine the control and a feedback formula
is recovered by differentiating the singularity relations. In Chapters [6] and [7] instead, we
considered piecewise regular extremals for which a unique maximizing Hamiltonian governs
each open arc, while changes of maximizing Hamiltonian occur at isolated switching times.
The extremals studied in the present chapter may contain both regular arcs and intervals
along which two different Hamiltonians are simultaneously maximizing. On these latter
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intervals, the relative weight of the two maximizing Hamiltonians plays the role of the
singular control and is determined through a differentiated switching relation, similarly to
the singular feedback of Chapter

First, we recall our setting. Let U C R™ be the disjoint union of finitely many smooth
submanifolds without boundary,

q(t) = f(q(t), u(t)), (8.1.1)

with boundary conditions
9(0) =q, qoT)=q, (8.1.2)

where qo,q1 € M, u € Up = L>®([0,T];U), and f : M x U — TM satisfies the regularity
assumptions of Section As in Chapters[f] and [7] the final time may be either fixed or
free. We write 4 = (U Ur and denote by q(+; qo,u), or simply by ¢(-;u), the trajectory
corresponding to w.

Let L : M x U — R satisfy the assumptions of Section [6.1.1)on every M x U;. The cost
functional is

T
J(u) = /0 L(q(t; u), u(t)) dt.

We consider both the free- and the fixed-final-time formulations. The optimal control
problem with free final time is

min{J(u) | u € U, q(-;u) satisfies (8.1.1) and (8.1.2)} . (8.1.3)

For a fixed final time 7" > 0, the corresponding problem is

min{J(u) | uw € Uy, ¢(-;u) satisfies (8.1.1) and (8.1.2))} . (8.1.4)

Under the preceding assumptions, the set of admissible velocity—cost pairs need not be
convex. As a consequence, the minimum in the OCPs (8.1.3) and does not exist in
general. For this reason, we now introduce a relaxation of the previous problem, for which
existence of the minimum is guaranteed by Filippov’s theorem.

For every ¢ € M, define the extended set of admissible velocities at g:

Alq) = {(f(q,w),L(q,w)) |ue U} C Ty;M x R.

The appropriate relaxation of the integral-cost problem is obtained by replacing A(q) with
its convex hull.
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Set
d = dim M, N =d+2,

and introduce the simplex

Ay = {'v = (v1,...,vy) € [0, 1]V

=1

By Carathéodory’s theorem, every element of co.4(q) can be represented as

N
Zvl(f(Q7ul)ﬂL(Qaul))v CAS AN? w € U.
=1

For T > 0, define the class of relaxed controls

ﬂ’IFl — Loo([O,T],UN % AN)a urel — U LL;?I.

T>0
We write a relaxed control as
uz(”lv"'v”]\/)? v:(vlv"'av]\f)‘
The relaxed dynamics is
N
q(t) =Y u(t)f(a(t), w(t)), (8.1.5)
I=1
with boundary conditions
q(0) =qo,  q(T)=aq. (8.1.6)
The corresponding relaxed cost is
J(u,v) = / > u(t)Lig(t), w(t)) dt. (8.1.7)
0 =1
Then, the relaxed problem with free final time is
min {j(u,v) ‘ (u,v) € & ¢ satisfies (8.1.5)) and (]8.1.6D}. (8.1.8)
For a fixed final time T" > 0, we consider
min {7(u,v) ‘ (u,v) € 49, ¢ satisfies (B.1.5) and (|8.1.6|)}. (8.1.9)

Admissible trajectories for the original problems are contained in the relaxed ones by
choosing one of the the v; equal to 1 and all the other equal to 0. Under the standard
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compactness, regularity, and completeness assumptions ensuring existence for convex op-
timal control problems, the relaxed problems admit minimizers. Moreover, by a standard
argument, see for instance Theorem 8.2 in [13], any admissible trajectory for the relaxed
control system can be uniformly approximated by an admissible trajectory of the

original control system (8.1.1)).

Recall the definition of the normal Pontryagin Hamiltonian
hu(X) = (X, fg,u)) — L(q,u), A e T M.
Recall also the notation

Hi\) = u H(\) = w(N).
(A) gg;fh (), () rgeagh (\)

As in the preceding chapters, we restrict the discussion to normal extremals. The normal
Hamiltonian of the relaxed problem is

N
P () =D vihay ().
=1

Since this Hamiltonian is affine in the v, we have

Paw(A) = max by (A) = H(A).
Inax fruo(A) = maxhu(A) = H(A)
vEAN

Consequently, if (u,v) is maximizing at A, then
u>0 = hy(A\)=H(\).

In other words, every control appearing with positive weight must be a maximizing control.

We now restrict the analysis to relaxed extremals for which exactly two different Hamil-
tonians among the H’ are simultaneously maximizing. More precisely, assume that along
a reference extremal trajectory X there exist two distinct indices jo,j1 € {1,...,n} such
that H()\,) = HP%(\;) = H’'(\;) After possibly a relabelling, the relaxed dynamics and
cost take the form

q(t) = v(t)f(q(t), uo(t)) + (1 = v(£)) f(q(t), ua(t)), (8.1.10)

and

L(q,uo,v,u1) = vL(q,up) + (1 — v)L(q,u1), (8.1.11)
where v(t) € [0, 1].

Whenever the strong Legendre condition holds

onli -
902 (M) <0,
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for ¢ = 0,1, the implicit function theorem locally determines the maximizing control as a
smooth function ;(\), and the corresponding function H*(\) = h%i( )\)()\) is smooth. We
introduce the notation

HY = {H' HY},  HY* = {H' H*}.

Definition 8.1.1 (First-order singular extremal arc). Let (g, 9,41, A) be a normal ex-
tremal of either the relaxed free-final-time problem or the relaxed fixed-final-time
problem , written in the reduced form . We say that 5‘“71,72} is a first-order
singular extremal arc if there exist two distinct indices jo, j1 € {1,...,n} such that

ﬂO(t) € Ujm ﬂl(t) € Uju
for almost every ¢ € [r1, 2], and the following conditions hold.

1. The Hamiltonians H7° and H’! are simultaneously maximizing along the arc:

H?(\) = H'(\) = H(\),  t€[n,ml.
Moreover, they are the only maximizing Hamiltonians for ¢ € [y, T2]:

HO (X)) = H'(\) > max H*(\).
k¢{jo.j1}

2. The strong Legendre condition holds on both Uj, and Uj;:

O2hji

o <0, i=0,1,
u

u=1u;(t), )\25\15

for almost every t € (71, 72), where
@i (t) = i, ().
3. The first-order non-degeneracy conditions
HPoPIL(N) <0,  HWo()\) <0 (8.1.12)
hold for every t € [11, T2].

The first condition describes the failure of the maximization condition to select a unique
Hamiltonian evolution. We say that the two functions H70 and H7' are the active along
the extremal X\. Moreover, we call the points 5\70 and 5\71 the incoming and, respectively,
outgoing regular-singular junctions of the extremal A. The strong Legendre condition nev-
ertheless determines uniquely the maximizing control inside each of the two submanifold
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Uj, and Uj,. The only variable that remains undetermined by the Pontryagin Maximum
Principle is therefore ©. The last condition allows us to be recover the value of ¢ by differ-
entiating the equality of the two maximizing Hamiltonians. We now derive this feedback
and the Hamiltonian dynamics generated by it. To simplify the notation, we consider a
purely first-order singular arc on [0,7] and relabel the two maximizing Hamiltonians as
HY and H'. Thus,

H(\) =H'\) =H(\), telo,T).

Proposition 8.1.2 (Singular feedback). Let A be a first-order singular extremal arc asso-
ciated with the two mazimizing Hamiltonians HY and H'. Then
H'()\) =0, te[o,T] (8.1.13)
Moreover, v is uniquely determined by
110 5\
o) = —o ) ___
HOOl()\t) +H110()\t)

and satisfies v(t) € (0,1).

telo,1, (8.1.14)

Proof. Along the relaxed extremal, the maximization with respect to ug and uy gives
Ae =0t H (M) + (1 —9(6) H' (\).

Since HO(\;) — H'()\;) = 0, differentiating with respect to ¢ yields

0= (H"—H') (A)
= 0(O){H", H® = H'}(Ae) + (1= o(t){H", H = H'}(A)
= —H(\).

This proves (8.1.13)). The first differentiated relation is again at least Lipschitz in t since
it does not contain ¥(t), so we differentiate it once more and obtain

0= %HOl(S\t)
= 5O H™ (\) — (1= 5(8) H'(%)

— 5(t) (Hom(;\t) i H”O(S\t)) — HYO(R,).

By (8.1.12)), the coefficient (HOOl(S\t) + HHO(S\t)) is strictly negative, and (8.1.14)) follows.

The same inequalities also give
B HllO(S\t)
HOOL(),) + HU1O(),)

001 (S\t)

= = — > 0.
HOOL(),) + H110(},)

o(t) >0, 1-9(t)
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The preceding calculation explains the terminology first-order singular. The equality
H® = H' expresses the fact that the PMP Hamiltonian is constant with respect to the
control v, its first derivative gives the additional control-independent relation H%' = 0, and
its second derivative determines the control v. Geometrically, Equation implies
that both H° and H! are tangent, along the reference arc, to the level set {H° = H'}.
Moreover, the strict inequalities in imply that the two vector fields are transverse
to the level set {H"' = 0} in opposite directions.

The Hamiltonian flow used in the subsequent second-variation computations is the flow
generated by the reference control. More precisely, we consider the Hamiltonian function
(denote u = (g, 1) for brevity)

heat). o) (A) = D) hg, iy (N) + (1= (), () (N
Then, a reference first-order singular extremal satisfies

B HllO(S\t)
HOOl(S\t) + HHO(S\t)'

At = g o) (M) (t) (8.1.15)

We denote by &)s,t the Hamiltonian flow generated by Equation . This is the
reference Hamiltonian flow that will be used to transport the first and second variations
back to T5 (T M).

The feedback formula also defines an autonomous Hamiltonian dynamics that preserves
the singular locus. By continuity, after shrinking a neighbourhood O of the reference arc,
we may assume that

H®'(\) <0,  H"'\) <o, A€ O. (8.1.16)

On O, define the smooth singular feedback

HllO A
vs(A) = HO0L()) —|—(H)110()\)

and the singular feedback Hamiltonian
Ho(\) = vs(\)HO(\) + (1 — vs(N)HY(N).

Let
Y={AcO|H'N=H'WN}, S={Nc0O|H"(\) =0}

Since
Hy = H' 4+ v (H° — HY),

its Hamiltonian vector field satisfies

Hy\) = vsNH' V) 4+ (1 —vs(A\)HY(N),  Aex.
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In particular, the reference extremal is also an integral curve of H,. A direct computation
gives
Hy(H° - HY) = -H" on3,

and
Hy(H") = 0, H"' — (1 -0 )H'""=0 onSNX.

Therefore, > NS is invariant under the Hamiltonian flow of Hg. Moreover, by (8.1.16)), the
differentials of HY — H! and H°' are independent along the reference arc, then ¥ NS is a
codimension-two submanifold of T*M near that arc.

Example 8.1.3 (The Dubins car). A classical example illustrating the preceding construc-
tion is provided by the Dubins car; see, for instance, [13, Section 13.5]. On the state space
M =R? x S', ¢ = (x,y,0), consider the time-optimal control system

& = cos b,
7 = sin 0, u € Uy U Uy, Up = {—1}, Up = {1}.
0 =u,

The relaxation of this bang-bang control system gives the model with angular velocity
in [-1,1]. In the reference, it is shown that every trajectory connecting any two points
sufficiently far apart from each other is obtained by concatenating a circular arc, a straight
segment, and another circular arc is a concrete example of a nice extremal:

regular arc — first-order singular arc — regular arc.

Thus, this shows that even in very simple control problems first-order singular trajectories
arises naturally.

Definition 8.1.4 (Nice extremal). A normal extremal X : [0,7] — T*M of either the

relaxed free-final-time problem (8.1.8) or the relaxed fixed-final-time problem (8.1.9) is
called nice if there exists a finite partition

0:t0<t1<-"<tk<tk+1:T

such that every restriction

)\’(tj7tj+1)
is either a regular extremal arc satisfying the strong Legendre condition or a first-order
singular extremal arc in the sense of Definition [8.1.1

Remark 8.1.5. We make explicit a consequence of the preceding definition. Suppose, for
instance, that a regular arc associated with a maximized Hamiltonian HY is followed at
time t; by a first-order singular arc, and relabel the second active Hamiltonian on the
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singular arc as H'. The switching from the regular to the singular arc occurs when the
regular extremal reaches the equality set

Y={H"=H'}.
Moreover, by Proposition [8.1.2] at the initial point of the singular arc one also has
01y \ _
H™(\;) =0.

Hence the regular Hamiltonian HY is one of the two Hamiltonian that generates the singular
arc. In particular, instead of crossing the hypersurface ¥ through an ordinary regular
switching, the extremal can remain tangent to ¥ and continue according to the singular
control determined above, which combines the Hamiltonian vector fields HO% and H!. The
analogous statement holds when a first-order singular arc is followed by a regular one:
the outgoing regular Hamiltonian is one of the two Hamiltonians active on the preceding
singular arc.

This definition contains the piecewise regular extremals of Chapters [6] and [7] as the
special case in which every open arc is regular. When the extremal consists of a single
first-order singular arc, its analysis follows the same general scheme used for the singu-
lar extremals of Chapter singular feedback, generalized Legendre condition, super-
Hamiltonian, Jacobi equation, and conjugate times. The genuinely new situation con-
sidered in this chapter is the concatenation of regular and first-order singular arcs. Its
second-order analysis combines the singular constructions of Chapter [5| with the switching
and concatenation techniques developed in Chapters [6] and

The remainder of the chapter studies first the second variation and the Hamiltonian
geometry of a purely first-order singular arc and then extends these constructions to nice
extremals by concatenating the corresponding regular and singular contributions.

8.2 Second variation of first-order singular extremals

In this section, we develop the second-order analysis of a first-order singular arc. The con-
struction closely parallels the one carried out in Section for the singular L' problem:
starting from the endpoint map, we compute the second variation and, by applying an
integration by parts, we transform it to obtain a coercive form. We then introduce the
corresponding augmented space of variations and identify the generalized Legendre form,
corresponding to the leading term of the second variation. Finally, under the strong gen-
eralized Legendre condition, we derive the associated Jacobi equation and characterize the
Jacobi curve along the singular arc. The main difference with Chapter [5|is that the present
construction must simultaneously account for variations of the controls on the two active
submanifolds and for the singular direction.
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8.2.1 Endpoint map and admissible variations

As in the previous section, we fix a first-order singular extremal arc on [0, T}, relabel the
two active submanifolds as Uy and Uj, and write the reference reduced control as

U = (fbo,ﬂl), ﬁi(t) e U;, 17(15) S (0, 1).

In the following discussion, we keep the final time fixed. This is sufficient for the second-
order necessary conditions, since, by Proposition time variations commute with con-
trol variation if there are no switching points.

As in Section [7.1] we use time-dependent local coordinates on the submanifolds U;. For
1 =0,1, let d; = dim U; and choose smooth families of charts

ki(t,-) : Vi c R% — U, Ki(t,0) = w;(t).

After shrinking the sets V; and a neighbourhood of v in L*°([0,77]), we obtain a Banach
manifold Using of controls

u = (uo,ul), ul(t) = Ei(t,gi(t)), U(t) € (0, 1),

modelled on
L([0, T]; R%) x L°°([0, T]; R) x L>=([0, T]; R%).

We identify wu; with its coordinate representative & whenever no confusion is possible.
Unlike the construction for piecewise regular extremals, no time-reparametrization variable
is introduced: the controls vary only inside the two maximizing submanifolds and in the
direction of v.

Now, we introduce the endpoint maps, the extended endpoint maps and their lifts,
similarly to what is done in Section For (u,v) € Using, let q(-;u,v) be the trajectory
with ¢(0; u,v) = qo satisfying . Recall also the definition of J in (8.1.7)). Define

E(u,v) = (F(U,U),j(u,v)), (8.2.1)

The fixed-endpoint competitors form the level set F~'(g;), and the maps in by
their definition are smooth.

Recall also the Hamiltonian dynamics in and the corresponding flow 65715. Fix-
ing the initial covector g, define the corresponding Hamiltonian lift and its transported-
back version by

T
E(u,v) = @/ P(u(s) o(s)) @S © Ao,
0

G(u,v) = <I>571T o &(u,v),
G(u,v) =moG(u,v),
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These maps satisfy
mo& =F, E(u,v) = A, G(u,v) = Ao, G(ua, ) = qo.
Finally, the tangent space of control variations is
V= TiapUsing = L=([0, TEWy), - Wei= TayyUo @ R @ Ty Un-
By our choice of coordinates, we can identify W; ~ Ré+1+d  We write
w = (wp,w,wy) €V,
where w;(t) € Ty,;)U; and w is the infinitesimal variation of v. For later use, set

Vi ={w €V |suppw C [0,t]},
Vap ={w eV |suppw C [a,b]}, 0<a<b<T.

8.2.2 First and second variation of the endpoint map

We now compute the first and second variations of the endpoint map introduced in the pre-

vious subsection. As in the previous chapters, the entire dynamics is transported back along

the reference Hamiltonian flow and regarded within the fixed symplectic space T5 (T*M).
Recall that the reduced relaxed Hamiltonian is

gy = Vhoy + (1 —v)hy, .
For every t € [0,T], define the transported-back perturbation Hamiltonian by
ht(Aa uop, v, ul) = (h(uo,uul) - h(ﬁ,f))) o E)O,t(A)'

By construction, 3
ht ()\07 ﬂo(t), 6(1:)’ al (t)) =0.

Moreover, the variation formula of chronological calculus gives
T — ~
G(u,v) = 6715/ hs (-, uo(s),v(s),ui(s)) ds o Ao.
0

Let
g = O’;\O, II := T;\O(T;OM).

For i = 0,1, we introduce the transported-back reference Hamiltonian vector fields
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whose difference is the distinguished singular direction
At = ﬁtﬂ — ﬁtl.
The variation-to-tangent maps are defined by

o~ 0RO
Z{wo = 0(t) (q’o,%)*(rTu [wo]

u=to(t), )\:S\t

and
o\ ye1y O
Ziwy = (1—19(t)) (‘I’o,tl)*g[wl]

u=1u1 (t), )\:;\t
Thus, for a variation
w = (wp,w,wy) €V,

we set
Xi[w(t)] = Z%wo(t) + w(t) Ay + Z}wi (t).

The first-order term in the chronological expansion gives

Consequently,

In particular, we obtain

K = ker (D5 Gly) = {w eV ‘ /OT X[w(s)]ds € H} .

185

(8.2.2)

(8.2.3)

(8.2.4)

The first differential also recovers the fact that the control is a critical point of the
PMP Hamiltonian along the reference extremal. Indeed, pairing (8.2.3)) with A\ and using

the transported Hamiltonian representation yields

<5\07D(a,a)G[w]> = /OT (17@) %}iﬁ (M) [wo(t)]

+ w(t) (h?lg(t) - h%(t)) (At)
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Since ((@, ), :\) is a normal extremal pair, Ao annihilates the image of D 4,5 G. Arbitrary
localized variations in the three control components therefore give
ohl -
L) =0, 1=0,1, (8.2.5)
u u=1i; (t)

and 3 3
Ry (M) = hag, 1y (M),
for almost every t € [0,7]. These identities coincide with the maximization conditions on
the submanifolds U; and with the simultaneous maximizing condition H%(\;) = H'(\;) =
H(\).
We now turn to the second variation. For w,w’ € K, define the Hessian by

Qw,w') = <5\0,Hess(aﬂ;) G(w,w')> = <(5\T, —1), Hess (g3 E(w,w’)>. (8.2.6)

As usual, we denote by Q(w) the associated quadratic form. The general second-variation
formula of Chapter [3] gives the following extension of () to the whole space V:

T T t
— 2 w 2 — g wils t|w S . <y
Qw) = /0 Dy [w(t)] de /O /0 (Xauw(s)], Xofu(t)]) ds dt (8.2.7)

Its restriction to K is precisely the scalar second variation defined in .

It remains to describe the Hessian D?h; in the first integral of (8.2.7). Let w =
(wo,w,w1) and w' = (w),w’,w}). Differentiating the affine relaxed Hamiltonian and eval-
uating along the reference extremal gives

9210

D*hy[w, w'] = o(t) 52

By (8.2.5)), the last two lines vanish. Therefore,

2,0 _
= (1) L (3 o 1))

2711
(1= 50) Gt G

2

Dzht [U)(t)]

u=1g(t)

u=11(t)
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Equivalently, introducing the ordinary Legendre forms

210 2Rl
LY := —o(¢t) 8852 (\o) . L{ = —(1-19()) %52“(&) . (8.2.8)
we have
—D*h[w(®)]? = LO[wo(t)]? + L [wi ()] (8.2.9)

The forms LY and L} are positive definite by the strong Legendre condition on the two
active submanifolds. However, the pointwise term contains no contribution in the direction
w, because both the relaxed dynamics and the relaxed cost depend affinely on v. The
Goh transformation introduced in the next subsection is precisely aimed at recovering the
missing coercive term in this singular direction.

8.2.3 Goh transformation

The expression in is degenerate in the variation w corresponding to the control v,
because the pointwise Hessian does not contain any quadratic term in this direction. We
remove this degeneracy by performing a Goh transformation.
Let
w = (wp,w,wy) €V,

and introduce the primitive
(1) = / (s ds. (8.2.10)
The transformed variation is :
C(t) = (wo(t),d(t), wi(t)) € Wi, (8.2.11)

where

Wi = Th00yUo @ R @ T, (1 Un.
We define the desingularized variation-to-tangent map
2y (wo, 9, w1) = Zwy — VA + Zlwy. (8.2.12)

Here and below, A; denotes the derivative of the Lipschitz curve t — A, defined for almost
every t € [0, 7.
Since w = ¥ and ¥(0) = 0, integration by parts gives

/ X, [w(s)] ds = 9(t)A, + /0 2,¢(s) ds. (8.2.13)

Consequently, the endpoint-preserving condition in (8.2.4) becomes

t
K: = {w eV ﬁ(t)At +/ ZSC(S) ds € H} .
0
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The first term in (8.2.13)) is the boundary contribution generated by the transformation,
while the integral contains only the distributed variables (.
We now transform the second variation. For every ¢ € [0, 7], define the linear forms

af (wo) = o (Z{wo, Ay), ai(w1) = o (Zwi, Ay), (8.2.14)

and the scalar coefficient _
o =0 (A, Ay). (8.2.15)

The symmetric bilinear form I; on W; is determined by

Iy [(U)Oa 197 w1)7 (’U}é, 19/7 wll)] = I[‘[t)[w[)v UJ6] + ]L% [wl? wll]
+10'ag (wo) + Yay (wp)
+9'a; (w1) + Jai (w))
+ Ott1919/.

(8.2.16)

In particular,
2

L), ¢(1)] = LY [wo(t)])® + L [wi (1)]
+20(t)af (wo(t)) + 20(t)a; (w1 (1))
+ apd(t)?

Proposition 8.2.1 (Goh-transformed second variation). For every w = (wp,w,w1) € V,

with ¥ and ¢ defined by (8.2.10) and (8.2.11)), one has

Qw) =01y (ar, | "z a)+ [ L. )] det

. . (8.2.17)
—i—/o o <ZtC(t),/O Z((s) ds> dt.
Proof. Set
Y; = ZPwo(t) + Zlwi(t), B = 9(t)As.
By (8.2.2) and (8.2.12)), '
Xie[w(t)] = By + Zi((t).
Moreover, yields
/ Xs[w(s)|ds = By +/ Z((s (8.2.18)

Using the skew-symmetry of o, the double integral in (8.2.7)) can be rewritten as

[ [ ot s asa = [ (xituto). [ Kwtsnas) a
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Substituting (8.2.18) in the formula (8.2.7)) and integrating the term containing B; by parts,
we obtain

T rt
- / / o (Xs[w(s)], X¢lw(t)]) dsdt
0 0

— 9(T)o <AT, /OT 2((1) dt) (8.2.19)

+ /0 ' [ 9(t)? + 20(¢)af (wo(t)) + 20(t)af (wi(t))] dt

T t
4 / - (ztg(t), / 2,0(5) ds) dt.
0 0
Combining (8.2.19) with (8.2.9) gives (8.2.17]). O

Formula (8.2.17)) separates the transformed second variation into a boundary term, the
local form Iy, and a Volterra-type symplectic term involving only the desingularized map
Z;. For variations in V, the terminal value 9(T) is the trace of the primitive ¥. In the next
subsection, these two quantities will be regarded as independent variables in the natural
completion of the transformed variation space. The algebraic structure and positivity of
the local form [; will be analyzed afterwards.

8.2.4 Augmented second variation

For a variation in V, the primitive introduced in belongs to W1°°([0,T7]), satisfies
9(0) = 0, and its terminal value J(T) is determined by the function ¢J. Formula (8.2.17),
however, depends continuously on ¥ and on its terminal value when these two quantities
are regarded as independent variables. We now introduce the corresponding completion,
which is the natural space for the construction of the £-derivative and of the Jacobi curve.
Using the time-dependent coordinates fixed in Subsection [8:2.1] we identify the spaces

W, with Réot1+dr and get R
V=R x L*([0,T; W,). (8.2.20)

An element of V is denoted by

ﬂj\: (§T7<)7 Cz(w07’l97wl)'
The scalar Y7 and the middle component ¥ of { are indepen/d\ent in (8.2.20)). In particular,
no trace of the L2-function ¥ is prescribed at 7. We equip V with the Hilbert norm

T
071 = 1os? + [ 1P (8.2.21)
The Goh transformation defines a linear map

TGoh Y — 9,
w = (w07w7w1) — (ﬁ(T)a (woaﬂa ’LUl)),
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where 9(t) = fotw(s) ds. We denote its image by Vgon.

Lemma 8.2.2. The subspace Vgon s dense in V.

Proof. Tt is sufficient to show that any pair (97, 9) € Rx L2([0, T]; R) can be approximated,
with respect to the norm in (8.2.21)), by a pair of the type (J(T'), 9), where J(t) = fg w(s)ds,
for some w € L?([0,T];R). Choose 1, € C°((0,T)) such that v, — ¥ in L?([0,T]). Let
Brn € WE([0,T]) be supported in [T — 1/n,T] and satisfy

/BTL(()) =0, BH(T) = dr, H/BTLHL2 — 0.
Then
ﬂn = wn + ﬂn
belongs to WLOO([O,T]),'satisﬁes U,(0) = 0 and 9,(T) = Y7, and converges to ¥ in
L3([0,T)). Setting w, = ¥, we obtain the required approximation. O

For every ¢ € [0, T, define the extended first-variation operator

Ay iR x L2([0, ], Wy) — Ty (T™M),

. t (8.2.22)
A0 Q) =0+ [ 205 s
0
For a variation w = (wp,w,w;) € V, formula (8.2.13)) gives
t
A, (0(t), Clog) = /O X, [w(s)] ds. (8.2.23)

The augmented endpoint-preserving space up to time ¢ is therefore

K= {(0T,<) e R x L2([0,T); W) ( Ar(9r,¢) € H} .

We write A = ET. In particular, (8.2.23]) implies
Taton(K) = Vaon N K.
We next extend the transformed quadratic form. For (d7,¢) € R x L2([0,T]; W;), set

Qn.0) = oro (ar. [ 2ce)as) + [ 1[c6).c9)] s

+/0Ta (ZSC(S),/OS Z.((r) dr) ds.

For every variation w € V, Proposition yields
Q(w) = Q(TGonw).

The restriction of @ to K will be called the augmented second variation.

(8.2.24)
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Proposition 8.2.3. For every t € [0,T], the operator A\t and the quadratic form @ are
continuous on their respective domains. Consequently, K is a closed subspace of finite
codimension.

Proof. The curves A, ZY, Z}, A, and [; are bounded on the compact interval under
consideration. Hence there is a constant C' > 0 such that

1ZsC(s)]l < Cl¢(s)]

for almost every s. It follows from the Cauchy—Schwarz inequality that

‘ /O " Z.0(s)ds

This estimate proves the continuity of A\t. The local term in (8.2.24]) is continuous by the
uniform boundedness of I;. The same estimate gives

/OTO' <ZSC(5), /OS Z,:((r) dr) ds

The boundary term is bounded by Cld7|||¢||z2(j0,77)- Therefore,

< OVHClzqosy. 0.1,

< Cl¢llZ2(0.9)-

Qr, Q] < ¢ (1021 + <32 oy ) -

which proves the continuity of @ Finally, K is the inverse image of the finite-dimensional
subspace II under the continuous map Ay, so it is closed and has finite codimension. [

Proposition 8.2.4 (Invariance of the £L-derivative). Let ((@,0), A) be a first-order singular
extremal pair. If their Jacobi curve over the space of variation V is well defined, then it
coincide with the Jacobi curve obtained over the space of variations V.

This is a direct consequence of Lemma and point 4. in Remark

The augmented construction separates the terminal contribution J7A7 from the dis-
tributed contribution generated by Z;. This separation is essential in the subsequent con-
struction of the Jacobi curve, because the terminal variable produces the one-dimensional
extension in the direction A;, while the distributed variables determine the continuous
Jacobi evolution.

8.2.5 Generalized Legendre condition

The Goh transformation isolates in (8.2.17)) the pointwise symmetric form I; on W;. This
form contains the ordinary Legendre terms associated with the two maximizing submani-
folds and the additional direction generated by the primitive ¢ of w. We now analyze its

algebraic structure and relate its positivity to the first-order non-degeneracy conditions
introduced in Definition B.1.1]
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Definition 8.2.5 (Generalized Legendre condition). The symmetric form /; introduced
in (8.2.16|) is called the generalized Legendre form of the first-order singular arc. We say
that the generalized Legendre condition holds if

Iy >0 (8.2.25)
for almost every t € [0, T]. We say that the strong generalized Legendre condition holds if
L[¢,¢] >0  (ew, (8.2.26)

for almost every t € [0, T7.

With respect to the order (wg, ¥, w;) fixed above, the generalized Legendre form has
the block representation

LY &) 0
h=1(a?)" ar (a)
0 a L}
Here the linear forms ay,a; and the scalar a; are those defined in (8.2.14) and (8.2.15)),

while LY, L} are the ordinary Legendre forms in (8.2.8). We recall the following matrix
decomposition:

.
A a 0 Id A 'a 0 A0 O Id A 'a 0
al a bT|=l0 1 o0 0o a ollo 1 o],
0 b B 0 B 1» 1d 0 0 B 0 B1p 1d

where A, B are matrices and a,b vectors of appropriate dimensions, & € R and & =
a—a' A 'a—b"B~'b. By the strong Legendre condition on the submanifold Uj, LY and
IL; are invertible, so we apply this decomposition to the generalized Legendre form I; and
define

Y= — (L) taf,a)) — (L) 'af,ap). (8.2.27)

Lemma 8.2.6 (Block reduction). Assume that LY and L} satisfy the strong Legendre
condition. Then, for almost every t € [0,T], the generalized Legendre form is congruent to

L) & v @ Li.

More precisely, for every (wg, ¥, w1) € Wy one has

It [(wo, 9, w1), (wo, ¥, w1)] = LY [wo + ﬁ(Lg)_lag]Q

+ 9? (8.2.28)
+ 1L [wn + (L) al]?

Consequently, 1, is non-negative, respectively positive definite, if and only if v is non-
negative, respectively positive, at that time.
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Proof. Formula (8.2.28) follows by expanding the two squares and using (8.2.27). The
remaining assertions follow from the positive definiteness of LY and L;. O]

It remains to compute an explicit formula for the scalar term ~;. For this purpose, the
distinction between the brackets of the maximized Hamiltonians and the brackets obtained
by freezing the reference controls must be kept explicit. Set

RO = {h?zo(t)’ {hgto(t)’ h%tl(t)}} ’

ht = {hél(ty {hzlll(t)’ h?lo@)}} '

These Hamiltonians are obtained by keeping o (t) and 1 (¢) fixed when the Poisson brackets
are computed. They must not be confused with H%! and H''?, for which the maximizing
feedbacks vary with the covector.

For a fixed t, abbreviate

(8.2.29)

and define

Lemma 8.2.7 (Identification of the scalar block). Along the reference first-order singular
arc, one has

ay(w;) = —Li[w, py], 1=0,1,
and

e = — (H001 i HHO) (). (8.2.30)

Proof. In the following computation, all derivatives of hi, are evaluated at (A, @i(t)) unless
a different base point is explicitly indicated. Differentiating the identity

Ohl, _0
ou u=1;(\)
with respect to A gives
on, 0?hl, ~

By the symplectic invariance of the reference flow and the definition of Z}, we have

i ond -\ 9%h0
ag(WO) = ’U(t)O'j\t (&L[wO]’ét) = U(t) O [wo»Pﬂ = _L?[w07pg]
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The same computation gives a similar identity for a;. Hence,
(L) 'ay,ap) = Lilp}, p}],  i=0,1. (8.2.32)
We now compute «y. Differentiating the transported-back singular direction gives

. ~ — _’0 . _’1 .
A= @) (h%O + T ay) — T [a1<t>1> ,

)

where
htlo = {h}ll(t)’ hgo(t)} .

Using (8.2.15)), (8.2.31]), and the identities in (8.2.29)), we obtain

001 , 7110\ /X O*hY - o1 . O%hL . )
ar =~ (h" 4 7y 0) (M) = 5 = [ao(t), pi] + 3 HONAR (8.2.33)
U U
Introduce
=y o).l =y [

Since the reference Hamiltonian vector field is
B()hG ) + (1= ()AL, ),
the derivatives of g and u; satisfy
uo(t) = +9(t)pg,  wi(t) =ni — (1—5(t))p;. (8.2.34)

Substituting (8.2.32)), (8.2.33)), and (8.2.34)) into (8.2.27) yields

001 110\ /Y thg 0 0 82h11,b 1 1 8.2.35
Vt:_(ht +ht )(At)_ 8u2 [nt7pt]+ aug [77t7,0]- ( c )

Finally, set
B(}\,UO,Ul) = {h’lol,()’ 111,1} ()\)

Since
HO' () = B\, 1o(A), 41 (M),

the chain rule in the direction 5; gives

9210 02h

(H' + H"0) (X)) = (™" + h'0) (Ae) + Tugu ¢, 7] — W[ml’ pil. (8.2.36)

Comparing (8.2.35)) and (8.2.36)) proves (8.2.30)). O
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Proposition 8.2.8 (Positivity of the generalized Legendre form). Let X be a first-order
singular extremal arc in the sense of Definition|8.1.1 Then the strong generalized Legendre
condition (8.2.26)) holds, that is l; is positive definite for almost every t € [0,T].

Proof. By the strong Legendre condition, the forms LY and LL} are positive definite for
almost every ¢. By Lemma 8.2.7 and (8.1.12]),

ve = —H"Y(\) — H1O(\) > 0.
Then, the statement follows from Lemma [8.2.6 O

We conclude by recording the variational consequences of the generalized Legendre
condition. For 0 < a < b < T, let @mb and l%a,b denote the augmented second variation
and the augmented endpoint-preserving space obtained by repeating the construction of
Subsection on the restricted arc [a,b], with all tangent vectors transported back to
135, (T*M).

Proposition 8.2.9 (Variational consequences). The following statements hold.

1. If the negative index of ©|I€ is finite, then the generalized Legendre condition (8.2.25))
holds.

2. If the strong generalized Legendre condition holds, then, for every T € [0,T), there
exists € > 0 such that

@T,T-{-E‘E > 0. (8237)

T,T+€

In particular, @\ ¢ has finite negative index.

Proof. This is the same localization and rescaling argument used in Proposition If
l; has a negative direction on a set of positive measure, one can construct infinitely many
variations with disjoint sufficiently small supports for which the local integral in (8.2.24)) is
negative, while the term with the double integral is of lower order. After imposing the finite-
dimensional endpoint condition, this gives an infinite-dimensional negative subspace of the
augmented second variation, proving the first assertion by contradiction. Under ,
the local integral is uniformly coercive. On a sufficiently short interval, the boundary term
and the term with the double integral are lower-order perturbations after rescaling, and the
finite-dimensional endpoint constraint does not destroy coercivity. This proves . A
finite covering of [0, 7] by such intervals gives the finite-index conclusion. O

Proposition shows that the first-order singularity assumptions recover precisely
the coercive direction that is absent from the original pointwise Hessian. The form Iy
and the de-singularized map Z; will be used in the subsequent construction of the Jacobi
equation and of the Jacobi curve along a nice-singular arc.
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8.2.6 Jacobi equation and Jacobi curve of a first-order singular extremal

In this subsection, we derive a characterization of the Jacobi curve associated with a first-
order singular extremal similar to the one that was obtained in Subsection That is,
we show that the evolution of the Jacobi curve is governed by a suitable Jacobi equation.
Since some of these arguments are a very close repetition of the ones already described
previously, the exposition is intentionally concise.

Let ((@,9), \) be the first-order singular extremal pair fixed throughout this section, and
let (A¢)¢efo,r] be its Jacobi curve, defined as the £-derivative associated with the filtration
of control variations introduced in Subsection For every ¢t € (0,7, denote by Vi
and @t the augmented variation space and the augmented second variation obtained by
repeating the construction of Subsection on the interval [0,¢]. By Lemma and
Proposition the space A; can be computed equivalently using the original variations
or the augmented Goh variations.

We recall the following notation. If A is a Lagrangian subspace and I' is an isotropic
subspace of the same symplectic vector space, we set

Al = (A4+T)NT4 = (ANT4) +T.

By Proposition the generalized Legendre form [; is positive definite for almost
every t € [0,T]. We identify it with the associated linear map

ltZWt—)W;(,

and denote its inverse by [, L

We now derive the equation governing the continuous evolution of the Jacobi curve.
Applying the same procedure described in to the augmented second variation for a
first-order singular extremal and testing independently the ¢ component of the augmented
variations, we obtain the following relation

L[C@), -] =0a(Z-n()). (8.2.38)

Hence,
) =1 (2, m(1)).

Defining
¢
n(t) =no — / Z,((s)ds, tel0,T],nell,
0
and combining the last two identities, we obtain the Jacobi equation

n(t) = —Ztlfla(Zt Ln(t)), for a.e. t € [0,T]. (8.2.39)
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Equation ({8.2.39) is a linear Hamiltonian equation on T (T*M). Its time-dependent
quadratic Hamiltonian is

1

bi(n) = 3 (0(Zi-m), 7 o (Z0,m)), neT;, (T"M).

Indeed, with the symplectic convention fixed in Section one has
gt(ﬁ) = —Ztl;lO'(Zt ° 77)
We denote by

t
By = &P / b-dr,  B;:= Boy, (8.2.40)
S

the corresponding linear symplectic flow.
The distinguished singular direction is itself a solution of the Jacobi equation.

Lemma 8.2.10. The curve t — A; satisfies Equation . FEquivalently,
BoAs =14y, 0<s<t<T. (8.2.41)
Proof. Let e, := (0,1,0) € W;. By the definitions of I; and Z;, one has
L[ e] =0(21,Ay), Ziey = —Ay.

Therefore, .
— 207 0 (2 ) = —Ziey = Ay,

which proves the first assertion. The identity (8.2.41]) follows from uniqueness for the linear
Cauchy problem. 0

We can now identify the Jacobi curve explicitly.

Theorem 8.2.11 (Jacobi curve of a first-order singular extremal). The Jacobi curve as-
sociated with ((4,v),\) satisfies

Ao=TI, Af=TF% A, =B, (H]MO) , te(0,T]. (8.2.42)

Here A§ denotes the right limit of the Jacobi curve at t = 0.

Proof. Fix t € (0,T]. By Proposition the space A; can be computed on ﬁt. The
distributed component ¢ of an augmented variation is governed by the algebraic rela-
tion ; hence its contribution to the L-derivative evolves according to the Jacobi
flow B(]}t.

The independent terminal variable contributes the vector ¥;A; to the first variation
through , while the restriction of the augmented quadratic form to this one-dimensional
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variation space vanishes. The finite-dimensional extension argument of Lemma [3.3.6] ap-
plied after the distributed variations, therefore replaces the propagated Lagrangian sub-
space BoII with its Lagrangian extension in the direction RA;. Consequently,

Ay = (Bo )R

Since By is symplectic and, by Lemma [8.2.10, By;Ag = A, Lagrangian extension
commutes with the flow:
(Bo T* = By, (I174).

The general definition of the Jacobi curve gives Ay = II, whereas the preceding formula
yields the right limit Aar = IIRA0. This proves (8.2.42). O

8.3 Super-Hamiltonian and Jacobi equation

In this section, we construct a smooth super-Hamiltonian associated with a reference first-

order singular extremal pair ((,?),\). We then show that, in the reference transported-

back frame, the linearization of its Hamiltonian flow coincides with the Jacobi flow Bj; in-

troduced in Subsection Throughout the section, H? and H! denote the two maximiz-

ing Hamiltonians, and 57t denotes the reference Hamiltonian flow generated by (g1 5(1))-
Recall the submanifolds introduced in Section (8.1

Y={NcO|H'\N)=H'())}, S={Nc0O]|H")\) =0},
where O C T*M is a neighbourhood of the reference arc on which
HY! <0, H'1 <.
In particular,
dHO [H' -~ H°] = {H' - H°,H""} = ~H"' — H'0 > ¢ (8.3.1)

along the reference arc. After possibly shrinking O, the set S is therefore a smooth hyper-
surface and the vector field H' — H? is transverse to it.
We define Hg as the solution of the characteristic Cauchy problem

{HY, H' - H°} =0 in O,
Hg:HO on S.

(8.3.2)

By (8.3.1), the method of characteristics gives a unique smooth solution after a further
restriction of O. We then set
HY = H)+ H' — H
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This definition immediately gives
HY=H'" onS, {HL, H° —H'} =0,

and
H) - H.=H"-H"

In particular,
HY - HY=H" - H'

We can now introduce the time-dependent Hamiltonian

Hg(t,A) = H3\) + (L —o(t)) (H' — H°)(\)

8.3.3
= =)+ 80)(HO ~ B (), 53
We denote by @i , its Hamiltonian flow.

Proposition 8.3.1 (Super-Hamiltonian properties). After possibly shrinking O, the Hamil-
tonian Hg satisfies the following properties.

1. For every t € [0,T] and every A € O N3,
H(t, ) > H(N).

2. Along the reference extremal,

Hs(t,\) = H'(\) = HY(\) = H(\).

3. The reference extremal is an integral curve of ﬁs, namely

Consequently, . )
D5 ,(Xo) = Ai. (8.3.4)

The proof of this Proposition is a repetition of the same argument used in the proof of
Theorem just changing accordingly the notation. For this reason, we omit it.
We now compare the super-Hamiltonian dynamics with the reference dynamics. Define

— H-1 S
C(Lt = (I)O,t (¢] @O,t'

By £33), o
Cot(3o) = Ao (8.3.5)



200 CHAPTER 8. NICE EXTREMALS

The variations formula yields
¢
Cos = [ s,
0

where B
@i = (Hs(t,-) = hiaw,s)) © Po- (8.3.6)

The value and the first differential of the two Hamiltonians agree along the reference
extremal, and therefore

gOt(AO) = 0, d;\o(pt =0.
Thus, the first non-trivial derivative of p; at Xo is its Hessian.

Proposition 8.3.2. For every mi,n2 € T5 (T M),

Hesss, ot[n, ne) = <0’(Zt -,nl),lt_la(Zt -,772)>. (8.3.7)
In particular,
1
o Hesss fn, ] = be(n).

The proof of Proposition [8.3.2] is given in Section It is precisely at this point
that the two ordinary Legendre blocks and the Goh direction, collected in the generalized
Legendre form [, enter the linearization of the super-Hamiltonian dynamics.

Corollary 8.3.3. The linearization of @, coincides with the Jacobt flow introduced in .'
ds,Cos = dy, (%51 0 @5, ) = Bo. (8.3.8)
Consequently, the Jacobi curve of Theorem admits the representation
Ae = ds, (cig} ° @30 (HRA0> . te(0,1). (8.3.9)

Proof. By (8.3.5), the curve ) is a fixed solution of the Hamiltonian system generated by
. Its linearization is therefore generated by the quadratic Hamiltonian

1
10— 5 Hessg i, 1]

By Proposition [8.3.2] this quadratic Hamiltonian is b;. Hence its linearized flow is By,

which proves (8.3.8). Equation (8.3.9)) then follows from (8.2.42]). O

Remark 8.3.4. The preceding result gives an equivalent formulation of the Jacobi equation
in the moving symplectic space T5 (1" M). A curve n(t) € T5 (1™ M) solves if and
only if N

§(t) = ds Poy[n(t)] € T3, (T"M)
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solves the linearized super-Hamiltonian equation

Thus, Equation (8.2.39)) is exactly the linearized super-Hamiltonian dynamics written in
the transported-back reference frame.

8.4 Proof of Proposition

In this section, we prove the identity in Equation . First, we compute the Hessian
of ¢y and obtain an explicit expression. Then, show that the quadratic Hamiltonian b,
reduces to the same expression.

Fix ¢t € [0,T] and set

Ai=XN,  v=0(), w=a(t), hi=hl,, i=01
We denote by ; the maximizing feedback associated with H* and set
D; = dyu;, i=0,1.

Moreover, we introduce the notation

and we denote by
5(1) = dS\OCI)O,t[At]-

Finally, set
K; = Hs(t, ) - h(ﬁ(t)af)(t))'

By (8.3.6), B
ot = Ko q’o,t-

Since Ki(A) = 0 and dyK; = 0, for every ni,n2 € T5 (T"M), setting

&= d;\o‘io,t[m], i1=1,2,

we have
Hesss i1, m2] = Hessy Ky[&1, &l

We also move the desingularized map to T (7% M) by setting

2 = d;\oi)at o Zt.
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We also rewrite the generalized Legendre form in the moving symplectic space. To this
aim, define

70 ds: ®o4[Z Ohy
wo = d5 Dot [Zwo] = v o [wo),
U=ug
) o,
Zlwy = ds Poy|Zjwi] = (1—v) B [w1]
U=uy

Thus,
Z(wo, 9, wy) = Z%wg — 96 + Z'w,.

Correspondingly, define the moved-forward coefficients
aY (wo) = a,\(ZOwo,g), ay (wy) = O')\(Z\lwl,g),

and o
0 = O')\((S, 5(1)).

The moved-forward generalized Legendre form 2; is then defined, for (wq, 9, w1), (o, V,w1) €
Wk, by
U [(wo, 9, wr), (@o, U, @1)] = LY[wo, @o] + L [wy, @)
+ 9@y (wo) + 9@ (o)
+ 0@} (wy) +9a; (o) + a0,
Notice that the ordinary Legendre forms LY and L} act on the control spaces and there-

fore are not affected by the change of symplectic frame. Since ds, ®o, is symplectic, the
definitions in (8.2.41)—(8.2.42) give

~0 0 ~1 1 -~
at:at, a/t:a/t, at:at.
Consequently,
lt == lt.

Thus, in what follows, we continue to denote this common bilinear form by I¢.
Since ®g; is Hamiltonian, it is enough to prove

HeSS)\ Kt[fl,gg} = <O’)\ (2-,51),lt_10)\(§‘,£2)> . (8.4.1)

We first record a preliminary identity that will be used repeatedly below. More pre-
cisely, we make the following claim.

Claim 8.4.1. For every & € T\(T*M), we have that

o (€,00) = —d\H'[¢] + LY[Dod, Do) + L [D18, Di€]. (8.4.2)



8.4. PROOF OF PROPOSITION 203

We derive this identity explicitly. The ingredients are the differentiated stationarity
relation (8.2.80), the formula for A, in (8.2.83), the representation of the maximized bracket
in (8.2.90)-(8.2.91), and the definition of the ordinary Legendre forms in (8.2.32).

Set

Since
u; = u;i(A), 1=0,1,
differentiating the feedbacks along the reference extremal gives

ui(t) = DY,  i=0,1.

Pushing forward (8.2.83) to T\ (T M) therefore yields

oy g ORD ohk
5O = Loy S (DoY) =Sl (DY), (8.4.3)
u=ug U=u1

We shall use differentiated stationarity in the following form. For ¢ = 0,1, w; € T,,,U;,
and & € T\(T*M), one has
O%hi
wl ) = -5
w—u; ! Ou?

Oh?
(2B (57 “

[wi, sz] (8.4.4)

E ()\7,“1)

Indeed, the left-hand side is

Oh!
d “ % )
A ( P uui[w]> €]
and differentiating the stationarity identity
hi
e L
U ly=a;(0)

at £ = X in the direction £ gives precisely (8.4.4]).
Pairing (8.4.3)) with ¢ and using h}° = —hY! together with (8.4.4)), we obtain

92h,
[DOK DOS] + a 2
(A\uo) U™ ()

0%hY

ox(6,00) = —dah'el - 5

[D1Y, D:€]. (8.4.5)

It remains to replace the frozen-control bracket h?! by the maximized bracket HO!.
Recall from (8.2.90)—(8.2.91) that

B(l,ug,uy) = {h° AL 1 (0), HY(0) = B(¢, 1o (¢), 11 (0)).

up? Ul
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The chain rule gives

0B 0B
dyHO'[¢] = dyn* D —[D1€]. 8.4.6
AU = e+ 5 (Do) + 5 D) (5.46)
We compute the two last terms separately. For wy € T,,,Up, using (8.4.4), we have
0B ohY
i Y Bl h
8’“0 [wO] { au U=ug [wO]’ 1}
Oh? - 0?nY -
(2] ) 1= 5] oo
u=ug ,UQ
Similarly, for w; € T, Uy,
0B ohl
Tm[wl] = {h07 Du |, [wl]}
ohl 02hl -
=d h ——t D1hyg).
A ( U um[“’l])[ o] o2 (/\,ul)[wh 1ho]
Substituting these identities into (8.4.6) yields
a2h0 . 62 1 .
AH[E] = dahi' €] + -5t [Dog, Dolnl = 5t (D€, Dihol.
U 1 (o) U™ T (u)

Using this formula in (8.4.5)), we obtain

o 0%h0 S
ox(6,0") =~ HO[g]+ 55| [Dog, Do(hn — V)]
u (A,uo)
0%h) o
u Di&, D1 (Y — ho)].
53 (A’ul)[ 1€, D1 ( 0)]

Since

-

hy—Y = —vé, Y —ho=—(1—0)8,

the preceding identity becomes

~1 1 92RO R
o (€,0W) = —d\H'[¢] — UTQU [Dod, Doé]
U7 1 uo)
92h1 B}
_(]‘ _U) auz [D167D1§]
(>‘7u1)

By the definition of LY and L} in (8.2.32), this is exactly (8.4.2)). Thus, the claim is proved.



8.4. PROOF OF PROPOSITION 205

Now, recalling that
S={tcO|H"(¥) =0},

we have

-

d)\HOI[ ] — HOOI(/\) —I—HHO()\) ?é 0.

Hence § is transverse to S , and therefore

T\(T*M) = RS & T)\S. (8.4.7)

Computation of the left-hand side. Using (8.3.3), K; can be written as
Ky = (H$— H°) +v(H® — ho) + (1 —v)(H" — hy).

At )\, each of the three terms on the right-hand side, as well as its first differential, vanishes.
We first compute the Hessians of the last two terms. The point is that H* is obtained
by substituting the maximizing feedback into A,

H'(0) = hig, () (0),

whereas h; = hgi is obtained by freezing the maximizing control at its reference value
u; = u;(A). The two functions therefore have the same value and the same first differential
at A, while their second-order difference is determined by the variation of the maximizing
feedback.
Indeed,we have
oh.,
O ()

=0,
and hence, in a neighbourhood of A,

deH'[¢1] = déh%i(e) &1
Differentiating this identity at £ = A in the direction & gives

Hessy, H[¢1, &) = Hess)y, h;i[¢1, €]

Oh!
d 4 D; .
a, ( 5, | @]) &)
Applying (8.4.4) with w; = D;&3, we conclude that
i 0%h,
Hessy (H' — hi)[&1,&] = =5 [Di€1, Di&a).
ou (s
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Multiplying by the corresponding coefficients and using again (8.2.8)), we obtain

v Hess), (HO - ho) [€1,&] = L?[DO&’ Dota, (8.4.8)
t

(1 —v)Hess)(H' — h)[&1, &) = Li[D1&1, D1&s).
For the first term, Hg — HY vanishes on S, while the characteristic equation (8.3.2))

gives

(03— 1°) ] = 1

along §. Since
d\(HS — H°) =0,

we obtain
Hess) (H§ — H°)[X1, X,] = 0, X1, Xo € ThS,

and
Hessy (HY — H®)[5, €] = —dy\H'[¢].

Combining these identities with (8.4.2)) and (8.4.8)), we find

Hessy, K;[0,¢] = 05 (€,6W1),

) ) (8.4.9)
HeSS)\ Kt[Xl, XQ] = Lt [D(]Xl, D()XQ] + Lt [D1X1, DlXQ],

for every £ € T\(T*M) and X1, Xy € T)S.
By (8.4.7), we can write

fi:aig—i—Xi, a; € R, X; € TS, 1=1,2.
By bilinearity and symmetry of the Hessian, Equation (8.4.9) yields

Hessy) K¢[£1,&2] = a1az0) (& 5(1))
+a10y (X2, 0W) + azoy (X1,60) (8.4.10)
+ LDy X1, Do X3) + LH[D1 X1, D1 X5).

We now show that the right-hand side of (8.4.1)) gives exactly the same expression.
Computation of the right-hand side. By the definition of Z;, the moving desingu-

larized map satisfies
. R0

Z(wp,d,w1) = v——= [wo] — 96
OU | —g
oh!
(v [w]
0 u=u1
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Let
e = (0, 1,0) €Wy,

and, for X € T\S, set
wx = (*DoX,O, *DlX) € W;.

We first identify the l;-representer associated with 5. The definitions of a?, a}, ay, and
l; give R
(- e) =or(Z,0). (8.4.11)

We next identify the representer associated with a vector X € T)\S. Equation (8.4.4))
gives, for every (wq,0,w1) € W,

I ((wo, 0,w1), wx) = —Lwo, Do X] — Li[wy, D1 X]
= 0O\ (2(11)0,0,1111),)() .
Since X € T)\S, we have dyH"'[X] = 0, and therefore (8.4.2) gives
li(e,wx) = LY[Dod, Do X] + L} [ D16, D1 X]
_ o (X,80)
= o) (ZAe, X).
By bilinearity, it follows that
L(wx)=0r(Z,X), XeTs. (8.4.12)

Consequently, if
E=ad+ X, X e T)\S,

then (8.4.11)) and (8.4.12)) imply
lt(-,ae + wX) = UA(§~,§).

By Proposition the form [; is non-degenerate, and hence

lt_laA(f-,f) =ae + wx.
It follows that the right-hand side of (8.4.1)) is
(on(Z-6) 0 00 (2 8))
= lt(ale + wx,,aze + wXQ).
It remains to expand the last expression. From (8.4.11)) and the fact that

Ze=—6W),
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we obtain

ly(e,e) = o (5: 5(1)).

Similarly, (8.4.12]) gives
lt(e,wX) = U,\(X, 5(1)).

Finally, applying (8.4.4) with (wo,w1) = (=DoX1, —D1X1) gives
li(wx,,wx,) = LY [DoX1, DoXa] + L} [D1 X1, D1 X5).
Therefore,
<U>\ (2 K 51) ) l;lo'A (2/’; Yy 52)>
= a1a20 )\ (5, g(l))

+ a10x (Xa, 5(1)) + agox (X1, 5(1))
+ LY[DoX1, DoXo] + L} [D1 X1, D1 Xo).

This is exactly the expression obtained for the left-hand side in (8.4.10]), and hence (8.4.1])
follows.
Finally, recalling that

& =d5, ®oslnil, 2 =d5 D0 2,
the symplecticity of EI;Qt gives
oAZ&) =0 (Z-m), i=1,2.
Substituting this identity into , we conclude that
Hesss, wilm,me] = (o (21, m), ;o (2, m)) .

This is (8.3.7) and completes the proof.

8.5 Jacobi curve for a nice extremal

The aim of this section is to establish a characterization of the Jacobi curve associated
with a nice extremal pair (u, 5\) via an appropriate algorithm, similarly to what is done in
Theorem We briefly state the definition of endpoint map and derive the first and
second differential, which are needed for the proof of the main theorem of the section. Since
this first part is very close to the corresponding part for the piecewise regular extremal, we
treat this part schematically just underlining the principal differences.
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8.5.1 Endpoint map near a nice extremal

Let (@, A) be a nice extremal pair and let
O=to<ty < <tp<tp1=T
be a partition as in Definition We set
L= (ti1,t),  j=1,....k+1,

and denote by # and .¥ the sets of indices corresponding respectively to regular and
first-order singular arcs.

We construct a local space of competitors by combining the constructions of Sections[7.]]
and If j € #, we use time-dependent local coordinates on the unique maximizing
submanifold U; containing s, exactly as in Section and denote the corresponding
local control by w/. If j € ., we denote by U;o and Uj the two active submanifolds and
use the reduced variables

w = (up,uy), v €(0,1),
introduced in Subsection [8.2.1]

As in Section we also introduce a time-reparametrization variable v € L*([0,T),
with 1 + v > 0, in order to encode variations of the switching times. We denote by u the
collection of all the local control variables just introduced and by u its reference value, that
is
u(t) ifteljand jeZ,

(uo(t),v(t),u1(t)) iftel;andje /.

u(t) =

For t € I, set

My
7
P s 1, (1))

JEX,
hygy =
jes,

where, on a singular interval,

j '70 j 471
hw iy = vy (1= o) Ry

We denote by Upjce the resulting Banach manifold of local competitors (v,u). The
corresponding state endpoint map and extended endpoint map are defined as in Sections[7.]

and on a regular interval the running cost is L, whereas on a singular interval it is
the reduced relaxed cost introduced in (8.1.11). We denote them by

F:lUce — M,  E=(FJ).
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Fixing the initial covector Mo, the Hamiltonian lift of the endpoint map is
T — ~
) =D [ (L4 (O dto Ko
0

Let ® s,t denote the Hamiltonian flow of the control corresponding to the reference extremal.
As before, we transport the endpoint map back to the fixed initial symplectic space and

set _
G(v,u) = <I>(I1Toé'(y,u), G=mog.

In particular, }
G(0,u) = Ao, G(0,u) = qp.

Finally, we denote the tangent space of variations by
V= T0,a)Unice-
A variation is written on a regular interval as
wl, = (0,w)),  jeX,
and on a singular interval as
w|p; :(H,wg,wj,w{), je <.
For ¢t € [0, T], we use the same support filtration as in Section [7.3.2]
Vi :={w eV |suppw C [0,t]}.

The Jacobi curve considered below is the £-derivative associated with this filtration.

8.5.2 First and second differential of the endpoint map

We now record only the formulas needed to determine the Jacobi curve. The computations
are the same as in Section with the singular contribution on each interval I;, j € .,
replaced by the one derived in Section [8.2]

Define the transported perturbation Hamiltonian by

ht()" v, Ll) = ((1 + V)hu(t) - hu(t)) o (AI;O,t(A)‘

For w e V, let o
Xifw(t)] = D, yhe (Xo, 0, 1) [w(t)].

On a regular interval [}, the notation of Section [7.3.2] gives

X Jw(®)] = 00)VH] + Zluwi(t), e
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On a singular interval, denote by

the distinguished singular direction and by
HP® =0 (OHP + (1 -7 (0)H!

the transported vector field of the reference singular dynamics. Then the first variation
has the decomposition

Xelw(t)] = 0)H]® + ZPOwl(t) + ! ()A] + ZP wl(t),  je s

The general first-order variation formula therefore gives

DGlw) = ds, = [ /0 " X)) dt} . (8.5.1)

Consequently, denoting by II = 15, (T;OM ), the endpoint-preserving kernel is

K — {weV ‘ /OTXt[w(t)}dteH}.

Similarly, the second differential is obtained directly from the general formula of Sec-
tion The associated quadratic form on V is

T T t
= - 2hy[w(t)]? dt — o w(s +|w sdt. 5.
Qw) = /0 D>, [w(t))? dt /O /0 (Xu[w(s)], Xefw(t)]) ds dt (8.5.2)

Its restriction to K coincides with the constrained second differential of the endpoint map.

For later use, it remains only to identify the form taken by these expressions when the
variations are localized inside one of the intervals I;. If j € Z, the restriction of f
to I; is exactly the one studied in Sections and In particular, after the
contribution of the time variations has been incorporated into the initial Lagrangian sub-
space, the remaining control variations are described by Z] and by the ordinary Legendre
form L, and generate the regular Jacobi equation.

Suppose instead that j € . and set a = ¢;_;. For a variation supported in [a,t] C
[tj—1,t;], introduce the Goh primitive

W (s) = / Wl (1) dr
and the transformed distributed variation

Cj = (wé,ﬂj,w{).
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Repeating the construction of Subsections [8.2.3| and [8.2.4] on the interval [a, ], the con-
tribution of the singular control variations to the first differential extends continuously
to

AL (91,¢7) =19§A§+/ ZI¢(s) ds.

The corresponding quadratic form is the translated version of the augmented second varia-
tion of Subsection with generalized Legendre form I and desingularized map Z3. By
Proposition [8:2.4] replacing the original singular variations with these augmented variations
does not change the associated L-derivative.

Therefore, on each regular interval the localized variational problem is exactly the
one used in the proof of Theorem whereas on each singular interval it is exactly
the translated version of the variational problem studied in Subsection [8.2.6] The time
variations can be separated from the local control variations by the same argument used
in Proposition [7.3.2l These observations are the only ingredients from the endpoint-map
computation that will be needed in the proof of Theorem [8.5.1

8.5.3 Structure of the Jacobi curve for a nice extremal

We can now characterize the Jacobi curve of a nice extremal by combining the recursive
construction of Theorem with the analysis of a first-order singular arc developed in
Section The preceding subsections show that, after the contribution of the variations
supported before ¢; 1 has been incorporated into A¢;_,, the variational problem on (t;_1,1;)
is precisely one of the two problems already considered: the regular one of Section [7.4] or
the first-order singular one of Subsection [8.2.6

Forevery j=1,...,k+1, let Bit denote the linear symplectic flow associated with the
corresponding Jacobi equation on (tj_1,t;). If the j-th arc is regular, this is the regular
Jacobi flow of Theorem If the j-th arc is first-order singular, it is the flow generated
by

() = —Z] (1) o (Z] - n(t)). (8.5.3)

In the latter case, by Corollary[8.3.3] this flow is equivalently the linearization of the flow ¢,
introduced before, after identifying the tangent spaces through the reference Hamiltonian
flow.

Theorem 8.5.1 (Structure of the Jacobi curve). Let (@i, \) be a nice extremal pair asso-
ciated with the partition

O=to<ty < - <t <tgpp1=1T.

Denote by
A:[0,T] — £ (TXO (T*M))
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the corresponding Jacobi curve. Then A is a left-continuous piecewise smooth curve whose
possible discontinuities are to, ..., tx. It is determined recursively by setting

A =11
and applying the following rules on every interval (t;_1,t;].

1. Suppose that the j-th arc is regular and denote by 7-_[,;3 its transported Hamiltonian
vector field. Then

RH]
Af =AY (8.5.4)
and ‘
Av=Bl A, t € (tj_1,t). (8.5.5)
In particular, '
Ht] € Ay, te (tj—latj]‘

2. Suppose that the j-th arc is first-order singular, with active Hamiltonians H’O and
HI | and set

—

J — 9730 j1
At - Ht - Ht .

Then .
AF = A]ng*1 (8.5.6)
i1 tio1
and
A=Bl AL te(tnt) (8.5.7)
In particular, ‘
A € Ay, t e (tj_1,t5]. (8.5.8)

Proof. The proof follows recursively the same argument used for Theorem Assume
that A;,_, has already been determined and fix t € (t;-1,%;]. By the causality property of
the L-derivative, all variations supported in [0,¢;_1] are completely encoded by the initial
Lagrangian subspace A¢;,_,, so that it remains only to add the variations supported in
(tj—1,t).

If the j-th arc is regular, there is nothing new to prove. The argument of Theorem
applies verbatim after translating the initial time from 0 to ¢;_; and replacing the initial
vertical subspace by A¢;_,. The time variations give the new initial subspace , while
the ordinary control variations generate the regular Jacobi flow. This gives and the
inclusion ﬁtj € Ay

Suppose now that the j-th arc is first-order singular. We apply on [t;_1,t] the con-
struction of Section [8.2] again replacing the initial vertical subspace II by the already
constructed space A¢;_,. By Proposition passing from the original variations to the
augmented space does not modify the L-derivative. The independent terminal variable
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Y produces precisely the symplectic transformation yielding the new initial subspace, as
in Theorem and therefore gives '. The distributed augmented variations are
governed by the generalized Legendre form I] and the map Zj, hence their contribution
evolves according to (8.5.3). This proves . Moreover, Lemma translated to
the interval [t;_1,t;], gives . By Corollary the same evolution can equivalently
be described as the linearization of the flow ¢; of Section [8.3

Iterating these two constructions for j = 1,...,k + 1 determines the Jacobi curve on
the whole interval. Each of its restrictions to (t;_1,;) is smooth, while A;, is obtained by
left continuation from the preceding arc. Hence A is left-continuous and piecewise smooth,
with possible right jumps only at the initial time and at the junction times. O

Remark 8.5.2. Along a first-order singular arc, both active Hamiltonian directions belong
to the Jacobi curve. Indeed, ordinary time variations give

P = 0 (OH + (10 () HP' e A,

whereas (8.5.8)) gives ' '
HIO —H' e A

Since ¥/ (t) € (0, 1), it follows that
HO HI e A, (8.5.9)

In particular, if a first-order singular arc is followed at t; by a regular arc, the remark
following Definition [8:1.4] shows that the Hamiltonian of the outgoing regular arc is one of
the two active Hamiltonians of the singular arc. Hence its transported Hamiltonian vector
field already belongs to A¢; by , and the extension prescribed by is trivial:

Af = Ay,

Thus the Jacobi curve is continuous at every junction from a first-order singular arc to a
regular arc. At a regular-singular junction, instead, the possible right jump is the extension
in the singular direction RA{J_H prescribed by (8.5.6)).

8.6 The super-Hamiltonian near regular—singular junctions

In this section, we extend the construction exposed in Section [8.3]of the super-Hamiltonian
function for a purely first-order singular arc to a nice extremal containing a first-order
singular arc. The only new point is the behaviour of the field of extremals at the junctions
between regular and singular arcs. We follow the construction introduced for bang—singular

extremals in [64] and subsequently developed in [61], adapting it to the super-Hamiltonian
of Section 8.3
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This part is still a work in progress. For this reason, the arguments leading to some
of the results of this section are not presented in full detail. In particular, in the end of
the section we state what we think is the natural conjecture about a sufficient optimality
condition for nice extremal without conjugate points. However, it does not follow directly
from the arguments presented here or present in the literature, but we think that it is
achievable by some refinement of these techniques.

For simplicity, we consider a nice extremal with the following regular—singular-regular
structure:

e the first arc, defined on [0,¢], is regular and is generated by the maximized Hamil-
tonian HY;

e the second arc, defined on [t1,t2], is a first-order singular arc with simultaneous
maximized Hamiltonians H° and H';

e the final arc, defined on [t2, T], is regular and generated by H'.

We denote by Hg, H é, and Hg the Hamiltonians constructed in Section Recall in
particular that

{H3. H' —H°}(N) =0, {Hg,H'—H}(N) =0, XeT"M,
so that the Hamiltonian flows of both Hg and H é leave X invariant, while
Hg(t,\) = HY(N) + (1 —o(t)) (H' — H)(N)

is the super-Hamiltonian associated with the singular arc.

In Section [7.5] we proved that, for a piecewise regular extremal, the maximized Hamil-
tonian generates an Hamiltonian flow which can be used to construct a field of extremals.
For a first-order singular arc, the maximized Hamiltonian do not produce a well defined
flow in a neighbourhood of the reference extremal. However, in Section [8.3] we showed
that a smooth super-Hamiltonian near the singular extremal can be constructed, so that
Theorem can be still applied to prove local optimality. For a nice extremal, however,
simply concatenating these two constructions is not enough to obtain a field of extremals.

The obstruction occurs at the regular-singular junctions. Around these points, the
maximized Hamiltonian flow divides any neighbourhood of the preceding regular arc into
two families (see Figure : trajectories on one side reach and cross the switching hyper-
surface X, whereas trajectories on the other side do not reach . The trajectories reaching
> tangentially form the separating family, and the reference extremal belongs precisely to
this boundary. This is the local geometry underlying the bang—singular construction in [64,
61]. Consequently, the field obtained from the maximized Hamiltonian alone is one-sided
at the reference regular—singular extremal, and its projection cannot cover a full neigh-
bourhood of the reference trajectory in M. To overcome this problem, one can introduce
an additional segment of the dynamics generated by the Hamiltonians Hg and H é
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{H® > 0} S {H" <0} {H > 0} S {H® <0}

exp(tH')
(a) Flow of H°. (b) Flow of H'.
{H° > 0} S {H <0}
{HO! > 0} S {H! <0} T
exp(tH°) ~ exp(tH)

|

Aty

N4
ZS

exp(tH?)

exp(tHY)
(d) Flow of the maximized Hamiltonian em-

(c) Flow of H. anating from a neighbourhood of Ag.

Figure 8.1: Flow of the maximized Hamiltonians in a neighbourhood of S\tl- The horizontal
axis correspond to X = {H? = H'}, while the vertical axis is S = {H" = 0}. Above ¥ we
have H? > H!, below ¥ we have H? < H!.

First of all, we make this local geometry precise, that is we show that either trajectories
of HY nearby A crosses ¥, either they meet ¥ transversally or they do not reach it.

Proposition 8.6.1 (Local geometry of a regular-singular junction). Let (i, \) have the
reqular—singular—reqular structure described above, and let t € (0,t1). Then, there is a
sufficiently small neighbourhood Ny of Ay and & > 0 such that N is partitioned into three
non-empty sets: letting Ay = exp(sH®)()), the three sets are

NE={AeN; | s e[0,t; —t+6], X\, €%, HY(\,) # 0},

NE={AeN;|Tse[0,t; —t+6], \s €%, H(),) =0},
NE={NeN; | H'(\s) > HY(\,), Vs € [0,t; —t + 6]}
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Moreover, N7 is a smooth hypersurface through At

Proof. Since H'()\;,) = 0 and HO(HY)()\,,) = H()\,,) # 0, by implicit function the-
orem there is a neighbourhood N; € T*M of )\t and a function 7 : A} — R such that,
H Ol(AT( ) = 0 for every A € N:. Moreover, for every A € Ny, the function

s+ HO(\) — H' (),
has a critical point at s = 7(\), since %[HO()\S) — HY()\s)] = H'()\,). Moreover

d2

SIHOO) = HY )] = —HOL(\),

and —H 001(5\,51) > 0, thus the previous critical points are local minima. The value of
H' — HO at this local minima is either either negative, zero, or positive according as the
corresponding trajectory reaches X transversally, reaches it tangentially, or does not reach
it (see Figure . Since 3. is a smooth hypersurface, the zero level of this maximal value
is itself a smooth hypersurface after reducing N;. This gives the stated decomposition. []

In view of Proposition the maximized Hamiltonian flow has to be modified on
the side which does not provide a continuation compatible with the singular field.
Recall that, by the definitions given in Section we have

HYN) = H°(N),  dyH2=d\H' MeS, (8.6.1)
HI\) = HY(\),  dyHL=dyH' XeS. (8.6.2)
In particular, {H2, H'}(\,) = H%Y(\;,) # 0, and similarly {H2, H%'}(\y,) # 0, so
that ﬁg(ﬂtl) and H L(\i,) are transversal to S. This fact allow us to define the following

correcting dynamics.

Proposition 8.6.2 (Hlttlng times at the junctions). There exist relatively open neighbour-
hoods N1 and N in ¥ of /\,51 and )\t2 respectively and smooth functions 1y and 71, defined
respectively on these neighbourhoods, such that

H" (exp((To()\) - tl)ﬁg) ()\)) =0, ANeM

and
HO! (exp((ﬁ()\) - tg)ﬁé)u)) =0 AeMNo.

In particular, . .
T0(Ay) = t1, m1(Aiy) = ta.
For points sufficiently close to the reference junctions satisfying H°*(\) < 0, one has

T()()\) <1, 7’1()\) > 9.
Moreover, fori=1,2, 7;(\) =t; if and only if \ € XN S.
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Proof. For the incoming junction, apply the implicit function theorem to
HO (exp((s - tl)ﬁg)(x)) ~0

near (s,\) = (t1, Ay, ). The derivative with respect to s at this point is, by (8-6.1),
{Hg, H" (M) = H*' () <0,

so that a unique smooth solution s = 79(\) exists. Since the HY-flow preserves X, the
corresponding hitting point belongs to X NS, and the sign of the preceding derivative gives
T0(\) < t1 when H%'()\) < 0. The outgoing junction is analogous, since

{HLY, HOY = —F1% >
on ¥ NS, which gives the function 71 and the inequality 71(\) > to. O

We now use the hitting times introduced above to construct a local field of extremals
through the regular-singular-regular block.

Definition 8.6.3 (Regular-singular-regular field of extremals). Consider a sufficiently
small relatively open neighbourhood N7 of S\tl in ¥ and define Ny = @im (N1). Since
the flow of Hg preserves 3, after reducing the neighbourhood if necessary this produces a
neighbourhood of the reference singular arc contained in Y, whose trajectories have their
values at t; and to in N7 and N3, respectively.

We extend each of these trajectories through the two junctions with the regular arcs
as follows. More precisely, for each point A € N7, we construct a trajectory [0,T] 3 ¢t — A\
as follows:

1. For A € Mq, we set A = )y. Then, if H'Y()\) > 0, the trajectory is extended
backwards directly by the flow of H?, that is

A = exp(—(t; — t)HO)(N), for t € [0,11].

If instead HOL(X) < 0, it is first extended backwards by the flow of HY, for a time
equal to 7o()\), so that it meets S, and then continued backwards by the flow of HY.

That is
A = Jept=t) HY)(N), t € [ro(N), 1],
t)

exp(—(1o(A) = ) H®) (Ary(n)), t € [0, 70(N))-

2. On the singular interval [tq,t5], the trajectory is generated by the time-dependent
Hamiltonian Hg.
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Figure 8.2: Graphical representation of the construction on the side H°' < 0.

3. For A € Ny if HO'()\) > 0, the trajectory is extended forward directly by the flow of
H?', that is

—

A\ = exp((t — to)HY)(N), for t € [to, T).

If H'(\) < 0, it is first propagated forward by the flow of H é for a time equal to
71(A), so that it meets S, and then continued forward by the flow of H!. That is

exp((t — t2) Hg)(N), t € [t2, (N,

At = N
exp((t — (A HY) Aryy)s € [1(A), T

We call the resulting family a regular-singular-regular field of extremals.

The corrected portions generated by Hg and H é remain in X. At their intersections

with &, Equations (8.6.1) and (8.6.2) imply that the corresponding Hamiltonian vector
fields agree with H? and H', respectively. Hence the corrected and ordinary portions join

with the same tangent vector.
After reducing the neighbourhoods if necessary, we can choose € > 0 such that all the
relevant incoming and outgoing hitting times satisfy

g 15
t1—§<7'()()\)§t1, t2§7’1()\)<t2+§.
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We can therefore prescribe the Hamiltonian generating this family of trajectories by

( (A, 0<t<t)—e,

(\), ti—e<t<t;, H\) >0,

HY(N), ti—e<t<t, HY()\) <O,

HS(t,X) = Hg(t,\), t1 <t<ts, (8.6.3)
(\), ta<t<ta+e, H(N) <O,
(

HY()\), ta<t<ta+e, HYN) >0,

H'(\), to+e<t<T.

This definition describes the Hamiltonian dynamics along the corrected field con-
structed above. To obtain a Hamiltonian defined on a full neighbourhood of this field,
we can follow the local matching procedure introduced in [64, [61].

The ingredients required for the same construction are available in the present setting.
Indeed, the flows of Hg and H é preserve 3, Proposition provides smooth hitting
times of S, and the first-order contact relations f guarantee the compatibility
of the correcting and regular dynamics at the corresponding hitting points. Consequently,
after possibly reducing the neighbourhoods of the two junctions, the matching argument
of (64} 61| applies with H?, Hg at the incoming junction and with Hblw7 H?' at the outgoing
junction.

In this way, the definition in Equation can be completed to a time-dependent
Hamiltonian, defined on a neighbourhood of the whole regular—singular—regular field and
having the regularity required in Theorem Its Hamiltonian flow coincides, on the
relevant trajectories, with the regular-singular-regular field of extremals described above.
Since the detailed argument realizing this part would be quite long and technical, we do
not repeat it here.

With a slight abuse of notation, we continue to denote this local extension by H?.

Proposition 8.6.4 (Super-Hamiltonian at a regular—singular-regular junction). After pos-
sibly reducing the neighbourhood of the reference extremal, H® generates the corrected local
field described above and satisfies the super-Hamiltonian inequality

H(\) < H(t, M) (8.6.4)

along every trajectory ¢ of this field. Moreover, the reference extremal is an integral curve
of H® and
HS(tv AIf) = H()‘t)

for every t € [0,T].
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Proof. Outside of ¥, H® coincides with H° or H! in the regions where the corresponding
Hamiltonian is the maximizing one, so holds with equality. For A € ¥ N {H" <0}
close to A;,, we have that exp(sH2)(\) € & for s > 0 and similarly for A € £ N {H < 0}
close to 5\t2. Then, Proposition ﬁ gives

HY=H!=Hs(t,-)>H onX.

The same Proposition gives the required domination and agreement with the reference ex-
tremal on the singular interval [t;, t2]. Finally, the localization described above is performed
away from the relevant field and therefore does not modify any of these properties. O

This completes the construction of a super-Hamiltonian through a regular—first-order
singular-regular extremal. With minor modifications, the same geometric construction
applies to the case of a nice extremal containing one singular arc.

We can now combine the preceding construction with the analysis of the Jacobi curve
developed in Section The essential point is that the super-Hamiltonian constructed
above provides the nonlinear field of extremals through the regular—singular and singular—
regular junctions, while its linearized evolution along the reference extremal agrees with
the evolution of the Jacobi curve described in the previous sections. Therefore, in the
absence of conjugate points, the same perturbation and local-invertibility argument used
for piecewise regular extremals in Section applies without any further construction.

Theorem 8.6.5 (Sufficient optimality for nice extremals). Let (i, A) be a nice normal
extremal pair containing at most one first-order singular arc. Suppose that there are no
points conjugate to qy along the trajectory ¢ = wo X. Then q is locally strongly optimal.

The restriction to a single singular arc appears to be only technical. Indeed, Theo-
rem already describes the Jacobi curve for an arbitrary finite concatenation of regular
and first-order singular arcs, while the super-Hamiltonian construction developed above is
local at each regular—singular or singular-regular junction. This motivates the following
conjecture.

Conjecture 8.6.6. Let (u, 5\) be a nice normal extremal pair containing a ﬁm‘tg number
of first-order singular arcs. If there are no points conjugate to qo along ¢ = wo A, then ¢
18 locally strongly optimal.

The remaining difficulty is to iterate the local super-Hamiltonian modifications while
preserving a single globally consistent Lipschitz field and the compatibility of its generalized
tangent dynamics with the recursively defined Jacobi curve. No new local obstruction is
expected to arise from the presence of additional singular arcs.






Chapter 9

Asymptotics of motion planning
complexity for control-affine
systems

9.1 Introduction

Given a control system on a manifold M of the form
q¢=flq,u), g€ M, uecR",

the motion planning problem consists in finding an admissible trajectory g, steering the
system between a given initial position and a final one, usually under further requirements,
such as obstacle avoidance. One possible approach to solve such a problem is to split it into
two different tasks: (i) find a (usually non-admissible) trajectory I' solving the problem
(i.e., connecting the two given points without touching the obstacles), and (ii) track I" by
means of admissible trajectories. Since the first step depends only on the topology of the
manifold and of the obstacles, we focus on the second one, which depends only on the
control system near the path T

To measure tracking accuracy, we introduce a distance d : M x M — [0, +00) and say
that a trajectory g, tracks I' with precision ¢ if ¢,([0,7]) C Tube.(T"), where

Tube.(I') = {p € M | d(T',p) < ¢}.

Moreover, we assume that a cost function J : L ([0,T]; R™) — R is provided, and look
for trajectories solving step (ii) in time 7" > 0 while minimizing J. This is quantified by
the e-complexity associated with a compact curve I' C M connecting q1,qo € M , which
for € > 0 is the quantity

MCL(RT) = 2int {00) | (0.7 € Tabe.(1), (0) = . 0u(T) = |-

223
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When T is not an admissible trajectory of the control system, the complexity diverges as ¢
tends to 0 and the aim of this Chapter is to precisely characterize its asymptotic behaviour
in a specific class of control-affine systems.

In the case of a sub-Riemannian (or nonholonomic) control system, i.e., of a control
system linear w.r.t. the control, a natural choice for the cost is the L'-norm of the controls.
Due to time reversibility of such systems, the associated value function is in fact a distance,
called the Carnot—Carathéodory distance, that endows M with a metric space structure.
In this context, various definitions of complexity have been proposed (see |21} |47]), and
asymptotic estimates up to multiplicative constants are known (see [48]). We also mention
that for a restricted class of sub-Riemannian systems, i.e., one-step bracket-generating
systems or systems with two controls in dimension < 6, precise asymptotic estimates and
explicit asymptotically optimal syntheses are obtained in the series of papers 23], |44} 38,
40, |42, |43] |41} 139, 69] (see [36] for a review). We also mention [45], where approximate
optimal syntheses are derived.

In [49], the results of [48] have been partially extended to the control-affine case.
Namely, the authors define different notions of complexities for such systems and find
the corresponding rate of divergence under the strong Hormander condition. The aim of
the current chapter is to refine the results of [49] in the case of co-rank one distributions,
providing precise asymptotics with explicit constants for all generic situations.

9.1.1 Setting and main results

Let M be a smooth and connected manifold of dimension n > 3, on which is given a family
of smooth vector fields Xg, X1,...,X,, € Vec(M), m € N*, defining a control system of
the form

0= Xo(a) + ) ujX;(q), ueR™ (9.1.1)
j=1

Throughout the Chapter, we assume that the distribution A = span{Xj, ..., X,,} satisfies
the following assumptions:

(HO) Strong Hérmander condition: for any g € M, it holds Lie A(q) = T, M.

(H1) Co-rank one: dimA(q) =n — 1 for any ¢ € M.

Assuming (HO), the control-linear part of system (9.1.1)) defines a sub-Riemannian struc-
ture on M. We denote by g the associated metric and | - |4 the corresponding norm, which

is defined by

lvlg = min{]u\ ] Zquj(q) = 1)}, Vge M, ve Ag). (9.1.2)
j=1
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For simplicity of notation, we set |v|; = 400 whenever v ¢ A(q). It is standard to observe
that the motion complexity problem with cost J(u) = ||ul/;1 for system depends
only on the pair (A, g) and not on the precise choice of frame {Xy,..., X}

In this situation, [49, Theorem 1.3] states that, for ¢ — 0, the complexity MC.(T", T')
diverges as e~2 whenever I' is not an admissible trajectory of the control system and 7'
is sufficiently small. In this work, following [69], we derive precise asymptotics. More
precisely, we consider curves I' satisfying the following assumption:

(H2) The smooth curve I' C M is oriented, compact with non-empty boundary, and such
thatE| TT h A. We label the boundary points as I' = {q1, g2} consistently with this
orientation.

The choice of orientation is crucial because system ({9.1.1)) is not time-reversible: the
drift Xy may either assist or hinder our motion along I'. To formalize this distinction, we
introduce the following definition.

Definition 9.1.1. Let 77T be the set of positively oriented tangent vectors to I'. Then,
a one-form w is associated with (A, T') if A = kerw and w(v) > 0 for any v € T'T.

Observe that the existence of forms associated with (A,T") is guaranteed by assumption
(H1). One can check that the set of all forms associated with (A, I") is given by {yw | ¢ €
C>*(M), ¢ > 0}, where w is any form associated with (A,T").

Since T,M = A(q) ® T,T for any ¢ € I', we have the decomposition

Xo(q) = X§'(q) + X§ (@), with X§'(q) € A, X{(q) €TT,  VYgeTl. (9.1.3)

Then, we define -
Tr = inf{t > 0| X0 ¢, = go}. (9.1.4)

We say that Xy and I' are co-oriented if Tt < +o00. Observe that this is equivalent to the
fact that w(Xp) > 0 on I' for any form w associated with (A, T").
Our first result concerns step 2 distributions. Here and henceforth, we let f(g) ~ g(¢)

if lime o £(2)/9(c) = 1.

Theorem 9.1.2 (Step 2 case). Assume that A and T' are respectively a distribution and
a curve on a smooth manifold M satisfying (H1), (H2). Assume moreover that A is of
step 2 along T, i.e., that dimspan{A(q) + [A,A](¢)} =n for any g € T.

Let w be a form associated with (A,T') and define

a(q) := maxwgy([X1, Xa]), (9.1.5)

where the mazimum is taken among all vector fields such that X1(q'), X2(¢') € A and
1 X1(q)g = 1X2(¢")|g =1 for any ¢ in a neighborhood of q.
Then, recalling the definition of Tr in (9.1.4), we have:

!The assumption TT h A is present just to simplify the exposition. See [69).
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o if T <T:
_2AT-Tr) . w(Xo(q)).
MC.(I',T) ~ =2 anellg alg) (9.1.6)
[ ] Zf TF =T: A
L[ XE
MC.(I',T) ~ z - w(Xo) w, (9.1.7)

where X5 is defined in (9.1.3));

o if Ty > T': there exists Q C I defined in Lemma such that |T'\Q| > 0, encoding
the portion of I' where the drift helps reaching the endpoint. If |2 > 0, then

2 1
MC.(I''T) ~ — —w. 9.1.8
T 918)
If, instead, |2 = 0, then
2 1 X
MC.(T,T) ~ = </ L T min 4 0)|>. (9.1.9)
€ r o el a(q)

The three cases of the theorem can be interpreted as follows:

1. The drift is too strong along 77T, and thus we have to “slow down” the motion. The
optimal strategy is to do this when the ratio between the component of the drift along
TT and the maximal velocity at which the system can travel in the TT direction is
minimal.

2. The component of the drift along TT steers the system exactly to the desired end-
point, so it is sufficient to neutralize the components of the drift along A.

3. The component of the drift along 77T is either too weak or directed in the opposite
direction, so we also have to “push” the system towards the desired endpoint. In this
case, the set () corresponds to the parts of I' where the drift is “helping” to reach
the endpoint. Consequently, on ) we can simply follow the flow of the drift, while
on I'\ © we have to push the system thus contributing to the overall complexity. If
) has zero measure, we have to push the system along the whole curve I', and the
additional term in Equation takes into account the final time constraint.

Remark 9.1.3. Notice that, if A is of step 2 along I", then at every point g € T' there are
X1, X» tangent to A such that [X1, X2](¢) M A(g), hence [X1, X2](¢) # 0 and in particular
a(q) # 0.
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Remark 9.1.4. The order of the above asymptotics is drastically different when T # Tt
or T = Tr, passing from O(¢72) to O(¢~!). A natural question, outside the scope of the
present Chapter, is whether the two regimes merge smoothly as T — Tr. Notice that
this limit cannot be computed by elementary means from Theorem by inverting the
order of the limit in 7" and in &, since both the quantities MC. (I, T') and %CO(F,T) are
unbounded for every T as ¢ — 0. Indeed, such a result requires the derivation of finer
asymptotic expansions in the case T # 1, of the type

2 1
MC. (I, T) ~ QCO(F,T) + g(Jl(F,T) +o(e7Y),

where the small-o term is uniform as 7" — Tt and Co(I',T"), C1(I',T") are functions such
that

| X¢|
r W(XO)

Although the first condition in is already contained in Theorem the second
one is not, and it cannot be derived directly from our computations. Indeed, the asymptotic
optimal synthesis we exhibit is derived up to a O(¢~!) term, which cannot be easily tracked
(see, e.g., the proof of Theorem .

Remark 9.1.5. Letting Xy = 0 we recover the result of [69]. Indeed, in this case 11 = +o00,
and Q2 = @.

C()(F,T) — 0, and Cl(F,T) —

w, as T — Tp. (9.1.10)

The technique of proof for Theorem consists in explicitly exhibiting an asymp-
totic optimal synthesis. Although similar in spirit to the synthesis considered in [69] for
the control-linear case, the presence of a drift introduces some non-trivial technical diffi-
culties, for example in showing that controls driving the system “against the drift” cannot
be asymptotically optimal when the drift pushes the system in the direction of I" (The-
orem . The argument proceeds by first treating the balanced case T = T and
introducing normal coordinates adapted to (A,I") in Section Then, in Section we
reduce the motion planning problem to a one-dimensional control problem for the variable
z, encoded by the reduced motion complexity rmc.. The core of the proof is the analysis
of this reduced problem, carried out in Section [9.3.2] and Section where we determine
the sign of optimal controls according to the relation between T and Tt and derive the
corresponding asymptotics.

Since the step 2 assumption holds generically in dimension n > 4 (see the discussion
preceding Theorem [9.2.4]), we henceforth focus on the case n = 3, and in particular on the
following situation , which is generic, as shown in [69].

Definition 9.1.6. For n = 3, we say that the couple (A, T") is of generic type if I' satisfies
(H2) and there exists a finite set of points X C I" (possibly empty), called Martinet points,
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on which A is step 3, while it is step 2 on I' \ ¥. More precisely, for any ¢ € 3,

dimspan{A(q) + [A, Al(g)} = 2,
dimspan{A(q) + [A, A](q) + [A, [A, All(g)} = 3

Moreover, we require that, at every Martinet point ¢ € X, it holds that d,o | A7 0 and
qué |qu"7é 0.

Remark 9.1.7. The assumption dya |7,r# 0 in the definition of generic type means that
the curve T' intersects transversally the Martinet surface M = {q € M | a(q) = 0}, which
contains all the points where A is of step 3. The case where I" can become tangent to M
is quite delicate, due among other things to the existence of abnormal extremals contained
in M, and is not treated in this Chapter.

Near Martinet points, tracking I" can become more expensive, and indeed in the sub-
Riemannian case they dominate the asymptotic [69]. In the presence of a drift, however,
this is not always true: if the drift is co-oriented with I' at Martinet points, we can exploit
it to bypass these points. We then have the following result.

Theorem 9.1.8. Assume that n = 3 and that (A,T) is of generic type. Let w be a form
associated with (A,T') and let ¥~ = {g; € ¥ | w(Xo(q:i)) < 0}. We have the following:

o If X~ = @, the same conclusions as in Theorem [9.1.9 hold.

o IfX" ={q1,...,qr}, then

T

loge 4
MC. (P, T) ~ —— Z;.
i=1 "

Here, k1,...,Kk, are defined by
ki = |w(Wr, [ X1, Xa])(gi) — dw(Wr, [X1, X2](g:))], i=1,...,r,  (9.1.11)

where { X1, X2} C Vec(M) is a local orthonormal frame for the metric g near g;, and
Wr is any vector field such that w(Wr) =1 and Wp|p C TT.

This Theorem generalizes the result in [40] in the sub-Riemannian setting, which cor-
responds to Xg = 0 in our notations.

Remark 9.1.9. Replacing w with another form associated with (A, I') does not change the
value of k;, as can be checked by direct computations. Moreover, in Proposition [9.6.1
we show that the above definition of x; coincides with the one provided in [69], that is
ki = da(Wp(g;)). In particular, the above result generalises the result of that reference.
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Structure of the chapter

The remainder of the chapter is organized as follows: in Section [9.2] we prove some prelim-
inary results and establish the asymptotic in Equation ; in Section we introduce
the notion of reduced motion complezity and we show how the problem of finding an asymp-
totic for MC, can be reduced to the study of this new simplified quantity, see Section [9.3.1
then, in Section [9.3.2] we prove some important properties of the reduced motion complex-
ity which will be used in the proof of Theorem [9.1.2} in Section we prove Theorem
[0.1.2} finally, in Section [9.5] we prove Theorem [9.1.8} we first deal with the case of a single
Martinet point (see Section and then we show how the general case can be reduced
to this one.

9.2 Preliminaries and normal forms

In this Section we first prove a continuity result for the quantity MC, (T, T"). In particular,
this leads to a simple proof of Equation (9.1.7). Then in Section we introduce normal
coordinates in Tube.(T").

9.2.1 Continuity of motion complexity

Since we are going to consider motion complexities associated to different control sys-
tems, in this section we specify the dependence of the motion complexity on the vector
fields Xo, X1, ..., X;,: using the multi-index notation X; = (Xo, X1,...,X;,), we write
MC.(T', T, X).

Lemma 9.2.1. Let (X7])jen be a sequence of (m + 1)-tuples of smooth vector fields on
M converging to X7° in the product topology of Vec(M)™ ! induced by the C° topology of
Vec(M). Then, for every e > 0, we have

lim MC.(T,T, X}) = MC.(T, T, X{°)

Jj—+oo
Proof. We begin by showing the following inequality:

lim inf MC (D, T, XJ) > MC.(T, T, X§°). (9.2.1)

J—+oo

We fix 6 > 0 and for every j € N we take a control u; admissible for MC.(I", T', X }) such
that

1 .
sl < MC.(D, T, X9) + 6. (9.2.2)

Let us denote by ¢; the trajectory associated to the control u;. By (9.2.1) and (9.2.2),
we have that sup; [Juj]l1 < +o0o. We claim that, up to a subsequence, the g; converges



230 CHAPTER 9. ASYMPTOTICS OF MOTION PLANNING COMPLEXITY

uniformly to a limit trajectory goo. Indeed, all the g; are contained in TubeZ3, (I') for some

n > 0, hence they are equibounded. Moreover, they are equi-Lipschitz continuous:

ta m
lgj(t1) — q;(t2)| = ‘ t X3(a5) + D ui(s)Xi(gz)ds| < (Cr + [lujl[1Ca) |1 — to]

1 i=1
where C1 = supjen, getube. (1) X5 ()] and C2 = maxic1 . m, geTube. (1) [Xi(g)]. Thus, by
Arzela-Ascoli Theorem, the trajectories g; admit a converging subsequence and we denote
by ¢ its limit. Now, the same argument used in Theorem 3.41 in [5] in our case yields that
oo is admissible for the problem MC,(I', T, X7°). We point out two differences between our
case and the one treated in the reference: first, they take into consideration only control-
linear systems, but their proof does not require any particular structure of the control
system; second, in the reference the set of admissible velocities is the same for every
trajectory of the sequence, while in our case it changes for every j. However, this fact does
not affect the argument thanks to the assumption X } — X7° uniformly as j — +oo0.

Thus, denoting by u~ the control corresponding to g0, again by Theorem 3.41 in [5]

we have ||t |1 < liminf;_, ;o ||u;||1. Hence, we obtain

1 1 ;
MC. (T, T, X7°) < —||uco|| < = liminf |ju;|l; <liminf MC.(I',T, X7) + 0,
g g J—+oo J—+o0o

which, thanks to the arbitrariness of 9, yields the desired inequality.

Now, we want to prove the opposite inequality with limsup in place of liminf. By
definition of MC.(T', T, X¢°), for every 6 > 0 there is a control u = (u1, ..., uy,) admissible
for MC.(T', T, X¢°) such that

1
gHqu < MC (I, T, X7°) + 6.

Let us denote by ¢ the trajectory associated to u. Now, for each j € N, consider the
trajectory g; of the control system with drift Xg and control u. Then, standard
arguments show that the C° convergence of X } to X7° yields the uniform convergence of
¢j t0 goo on [0, T7.

Since gj — ¢oo uniformly, we have that, for every j big enough, there are some n; > 0

and 7; > 0 such that ¢;(t) € Tubegﬂlj (1), and |g;j(T — 7j) — goo(T)| < J, where, Tubel(T")

denotes the sub-Riemannian tube associated with the family X7, and | - | denotes the
euclidean distance in a suitable local chart. Then, since for the driftless system the L!
cost to join ¢;(T — 7;) to geo(T) is bounded by C3'/? (this is the Ball-Box Theorem, see
[21] or |50, Corollary 2.1]), a standard time-rescaling argument (see also |65, Theorem 1.1])
yields that we can reach ¢oo(T) from ¢;(T — 7;) in time 7; with a control v;, whose L'-

1
norm is bounded by —|v;|li < C (51/2 + le/2> . Since the concatenation of the trajectory
€
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0.7, and the trajectory given by v; is admissible for MC.,,, (', T, X}), we have that
MC., (I, T, X}) is bounded by

1 S g 00 1/2 1/2
- A m@dpﬁéﬁyﬁmﬁ gk@ARﬂXij+C(5 +7) )
Notice that, as j — +o0, we can take n; — 0 and 7; — 0. Thus, taking the limsup in
7, we obtain the inequality in . Here, we use the fact that ¢ — MC.(T', T, X%) is
continuous for € > 0, which can be proved by following the same arguments as in the first
part of this proof. O

9.2.2 Decomposition of the drift and proof of ((9.1.7))

In this section, we first prove that replacing the drift X, with its vertical part X} affects
the motion complexity by a factor of order O(e~!). This allows us to prove (9.1.7) of

Theorem (9.1.2)).

Proposition 9.2.2. Let Xy = XOA + X(l;, where XOA and X(l; are vector fields defined in
a neighbourhood of I' that satisfy . Then, denoting by X; = (Xo, X1,...,Xm) and
XU = (X}, X4,...,X0), there are constants 0 < C < +oo and g9 > 0 such that for
0 < e <egq it holds that

|IMC.(I, T, X7) — MC.(I', T, X})| < Ce™ 1.
Proof. Let v be an admissible control for the problem MC. (T, T, X{'). Then

m
G = X(l;(QU) + Z v; () X;(qv)

j=1
Since, by definition, XOA(q) = Z;nzl a;j(q)X;(q), ¢ € M, for some suitable choice of a =
(a1,...,am) € C®(M)™, we have that v+ ao g, is an admissible control for MC.(I', T', Xy)
corresponding to the same trajectory g,. Notice that we can choose a such that |a| = |X&|,,
where | X5 ¢ is the sub-Riemannian norm, which was introduced in , of the vector
field X&*. So, for any admissible control v for MC¢ (T, X[I') there is a control u admissible
for MC,(I", X)) with cost

T T
ﬂmZA|MMﬁ§ﬂm+Ayd%@Wﬁgﬂm+Q,

where 0 < C1 < T'maxgegr-Tube.(r) [a(g)|- Similarly, for any control v admissible for
MC (T, T, X;), defining v = u — a o g, we obtain an admissible control for the problem
MC, (T, T, X!) corresponding to the same trajectory g, and

T T
ﬂm:A|Mmﬁ§ﬂw+é\d%@Whgﬂw+@,
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where again 0 < Cy < T'maxgesr-Tube. (1) |a(q)|. We conclude that there is some constant
C > 0 such that the following holds: for all v admissible for MC.(I', T, X;) (resp. v
admissible for MC, (', T, XT)) there is v admissible for MC.(T', T, X}) (resp. u admissible
for MC.(I', T, X)) such that |J(u) — J(v)| < C. Now, fix ¢ > 0 and take a minimizing
sequence (vg)gen for MC. (T, T, Xg) and let up = v + ai o q,, as above. We obtain
éJ(vk) + g > éJ(uk) > MC.(I', T, Xy), and passing to the limit for k¥ — +o00, we obtain

MC. (T, X}) + g > MC.(T, X). Exchanging Xy with XJ, the very same argument yields
the opposite inequality, proving the statement. ]

Now, we can prove directly the asymptotic for ' = Tt in Theorem [9.1.2
Proposition 9.2.3. Suppose that T = Tr. Then (9.1.7)) in Theorem[9.1.4 holds.

Proof. If T = I, then the curve I' is admissible for the control system

m
Gu = Xg(Qu) + Z u; X (qu),
j=1

with control vg = 0, which is of course the unique minimizer for MC.(T', T, Xg ) and in
particular MC. (T, T, X(l;) = 0, for every ¢ > 0. Moreover, we know that I' is an ad-
missible trajectory also for MC.(T', T, Xj), hence there is a constant C' > 0 such that
MC.(T,T, Xo) =~ Ce~!, ¢ — 0. In particular, the control uy(t) = —a(etXOF(ql)) is ad-
missible for MC.(I', T, X) for every ¢ > 0 and realizes the trajectory I'. Hence, we
have lim._,oe MC.(I', T, Xo) = J(up). Choosing any form w associated with (A,I'), the
parametrization I'(t) = /%0 (¢1) yields the following intrinsic formula for J(ug):

T _ 4 tXT _ Tww i = ’X()A‘w
/0|u0(t)ydt_/0 Ja(e (cn))ldt—/0 NEA) F(F)dt—/rwo(o)

Here, we used that w(I')r@) = w(Xo) ). This completes the proof. O

9.2.3 Normal forms

Henceforth, we fix a form w associated with (A,T"). By requiring that w(I') = 1, this singles
out an associated parametrisation I' : [0, S] — M, that we will exploit to construct normal
coordinates in Tube,(T").

In view of Proposition [9.2.3] from now on we always assume T # Tp. Since we are
going to show that MC.(T',T) = O(¢~2), we can neglect every term in the asymptotic of
smaller order. This allows to introduce appropriate normal forms.

The choice of w determines a skew-symmetric endomorphism A, : A(g) — A(q) as
follows:

9q(Aqu, w) = dw(v, w) Yo, w € A(q).
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By skew-symmetry, A, has purely imaginary spectrum, and we denote its non-zero eigen-
values by +iaq(q),...,tiag(q), k = n/2 if n is even or k = (n — 1)/2 otherwise. Then,
there exists an orthonormal frame Xi,..., X,,_1 such that A, is block diagonal with k
two-dimensional blocks of the form
0 @i(q)
—ai(q) 0

Notice that the step 2 assumption implies that A, # 0 and hence has at least a non-zero
eigenvalue. Moreover, by Lemma [9.2.1] it is not restrictive to suppose that the greatest
eigenvalue in absolute value is simple. That is, we can order the eigenvalues of A, in such
a way that a;(q) > max{aa(q),...,ax(q)} > 0. Notice that a; = a, where o was defined

in .

Let X denote the set of those (A, g,T") satisfying (HO), (H1), (H2). This is the set of
relevant motion planning problems, in the language of [69]. Then, adapting the argument
of [69, Theorem 2.2] one obtains that there exists an open and dense subset X, C X such
that for any (A, g,I') € X, it holds that: (i) if n > 4, then A is step 2; (ii) if n = 3, then
(A,T') is of generic type according to Definition We have the following, which can
be proved as [69, Theorem 3.4] and references therein.

Theorem 9.2.4 (Normal coordinates). Let (A, g,I") € X.. Then, there exists eg > 0 and
a coordinate system (£,z) : R"™1 x R — Tube,, (') such that

e I'(s) =(0,s) for s €[0,S]. In particular, 1 = (0,0) and g2 = (0,5).

e There exists a generating frame {X1,...,Xp—1} for A, which is orthonormal for the
metric g, and that reads

n—1
Xi(€,2) = Y Qij(€,2)0, + Ly(€,2)0,
j=1
where the matriz Q(&, z) is symmetric, Q(&,2)§ =0, L(&,2) - £ =0, and
Q& 2) =1d+O0(lg]*)  and  L(& 2) = A€ + O(E).

o Ifn =3, letting ¢ = (z,y) € R2, the above orthonormal frame reads

Xi(,y,2) = (1+528(2,y.2)) 0 — 2B,y 2)9y + 57(2.y, 2)0,

x
XQ(xa Y, Z) = _xyﬁ(:nayv Z)am + (1 + :UQB('%" Y, Z)) 82,! - 57(53,% z)aza

where B and «y are smooth functions and |(0,0, 2)| = |w([X1, X2])|(0,0,2)| = (0,0, 2),
where a is defined in (9.1.5)).
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Remark 9.2.5. In the case n > 4, |69, Theorem 3.4] holds under a stronger assumption
than the fact that A is step 2. Namely, the authors assume that all non-zero eigenvalues of
Ay are simple, and that dim ker A, is the smallest possible while retaining genericity. This
requirement is due to the fact that in [69] the authors require a precise ordering of the
blocks in A(q ., while we only need to identify the block corresponding to the eigenvalue
having largest modulus.

9.3 Step 2 case: the reduced motion complexity

In this Section we collect a series of technical results needed for the proof of the step 2 case.
Throughout this Section, we assume that the distribution A satisfies the assumptions of
Theorem

First, we introduce the notion of reduced motion complexity and we show that the
problem of finding an asymptotic as ¢ — 0 for MC.(I',T) can be reduced to finding
an asymptotic of this reduced motion complexity (see Theorem and Section .
Finally, in Section [9.3.2] we prove some properties of the reduced motion complexity which
are instrumental to the proof of Theorem [9.1.2

We set ag = w(Xp) € C*°(M). Also, with a small abuse of notation, for z € R, we
write a(z) = a(0, z) and ag(z) = ag(0, z), where in the r.h.s. we are using the coordinates

(&, z) introduced in Theorem

Definition 9.3.1. Given zy > 0, for any € > 0 and T > 0, the reduced motion complexity
is

9 T
rmee (25, T) = infE—ZJ(v), J(v) = /0 lv| dt, (9.3.1)

where the infimum is taken over all controls v € L*°([0,T];R) such that there exists a
solution z : [0,7] — R of

Z=ap(z) — a(z)v, with 2(0) =0 and 2(T) = z. (9.3.2)

Remark 9.3.2. Under the step 2 assumption, the control system (9.3.2)) is feedback equiv-
alent to the free system z = o(t), © : [0,7] — R. Indeed, a > 0 and thus the transfor-

mation v € R + ag(z) — 5a(z)v is a diffeomorphism onto R. Hence, any function in

z € W1o°([0,T)) is an admissible trajectory.

The main result of this Section is the following.

Theorem 9.3.3. Let T # It. Then,

MC. (T, T) = rmce </ cu7T> +0@E™), ase—0.
Iy
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As a consequence of the above, if there exists C > 0 such that rmc, (wa,T) ~ E%,

then, MC.(T', T) ~ 6% Obtaining such a constant C' is the aim of Section and requires
the following, proved in Section [9.3.2]

Theorem 9.3.4. The infimum in the definition of rmc.(z¢,T) can be taken over controls
v such that the corresponding z coordinate is non-decreasing. Moreover, we can assume
that v <0 if T <1t and thatv >0 of T > 1Ir.

9.3.1 Proof of Theorem [9.3.3

The proof is composed of two steps: first, we show how to use the normal coordinates
introduced in Theorem to rewrite the control system in a convenient way, which
allows us to perform precise computations. Then, we show how to reduce to considering
only the vertical variable.

From now on we denote d = L%‘lj From Theorem in the step 2 case, we
have two alternatives. If dim M is odd, then n = 2d + 1 and using the local coordinates
(£,2) = (z,y,2) € R? x RY x R introduced above, the vector fields of the control system

(9.1.1) can be chosen in the form

Xaio1(w,9,2) = O, + i() 5.0 + O(IP), (9.3.3)
T
X, ,2) = By, — i(z) 0. + O(IEP), (9.3.4)
fori=1,...,d. If, instead, n = dim M is even, then n = 2d + 2 and the normal forms for

the X; are the same as (9.3.3),(0.3.4) for i = 1,...,d, and X,,_1 = 0., , + O(|¢]?).

In both cases, one can introduce polar coordinates (r;,6;) € Rso x St in every (z;, y;)-
plane by letting (z;,y;) = ri(cosb;,sinf;). Moreover, we denote by v = (v1,...,v4) and
w = (w1, ..., wq), where (w;,v;) " := Ry, (u2i—1,u2;) ", the control system (9.1.1)) reads

;

7 = w; + O(|r]),

Vg

0; = A +O(r]), fori=1,...,d, (9.3.5)

1

&= ap(r.0.2) = Sy aalr,0.2) i + O(Ir]),

with the extra equation @,,_1 = u,_1(t) + O(|r|?) if dim M is even. Here, O(|r|) stands for
a function ¢ such that |¢(r, 0, z)| < C|r| for every (0,z) € T¢ x R, provided that r € R,
is in a sufficiently small neighbourhood of 0.

The main idea is that, up to an error of order O(¢~!), we can ignore the  variable
in (9.3.5), replace aq(r, 6, z) and o;(r, 0, z) with ag(0,0,z) and a;(0,0, ), respectively, and
ignore the O(|r|) terms. To make this precise, we introduce the following intermediate
notion of reduced motion complexity.
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Definition 9.3.5. Consider the control system

=W,

(9.3.6)

. ri
Z2=ap(z) — Zle ai(z)évi.
where 7; > 0, z € R and v,w € L*>([0,T];R?%) are the controls. The auwiliary reduced
motion complezity is
a-rme. (27, T) = inf | (v, w) 11,

where the infimum is taken over all controls v,w € L>([0,T]; R?) such that the corre-
sponding solution of (9.3.6) satisfies the boundary conditions (0) = 0, z(0) = 0, »(T) = 0,
2(T) = zy, and is subject to the constraint |r(t)| < e.

Lemma 9.3.6. We have the following asymptotic equivalence
MC.(T',T) = a-rmc, </ w,T) +0@E™), ase—0. (9.3.7)
r

Proof. Let ¢y, ¢p,, ¢. be the O(|r]) terms in the Equations of r;,0;, z respectively,
i=1,...,d. Replacing w;,v; in (9.3.5) by w; = w; — ¢, and v; = v; + m%?:zq, there exists

a constant C' > 0 such that ||w; — W;|ec < C and [[v; — ¥;]|ec < C. This yields 1|J(v, W) —

J(v,w)| < @. Then, using an argument similar to the one used in Proposition one
obtains that this modification impacts the expansion of the motion complexity starting at
order e, The equivalence in (9.3.7)) follows. Finally, since the variables #; do not appear
in the equations of 7, z, nor in the boundary conditions, we can neglect them. O

It is quite reasonable to expect that, in order to minimize the cost in , one should
aim to obtain r; = € and then to only use the control v; to move in the z direction, since oy
is the biggest eigenvalue of A (g .y. This effectively reduces the problem to a one-dimensional
control system for z, which is exactly the one appearing in the definition of rmc.. The
following makes this intuition precise.

Proposition 9.3.7. Let T' # Tr. Then, for any zy > 0 the following asymptotic equiva-
lence holds:
a-rme, (zf,T) ~rme, (27,7) 4+ O(1) ase — 0.

In the proof of Proposition we need the following technical Lemma.

Lemma 9.3.8. Fiz ¢ > 0 and let (0;)ren be a sequence such that o — 0 as k — —+oc.
Then limg_s 4 oo a-rme. (I, T + 6;) = a-rme (I, T')

Since the proof of this Lemma is very similar to the first part of the proof of Lemmal9.2.1
we omit it. Now, we prove Proposition [9.3.7
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Proof. Letting u = 2v/e in the definition of rmc., we have

1
rmce(zf,T) = inf —||lully, where 2 =ao(z) — al(z)%u, (9.3.8)
£
We remark that this dynamic coincides with that of the z variable in the dynamics (9.3.6))
of a-rme, if r = eey, where e; = (1,0, ...,0).
We start by showing that a-rmc.(zf,T) > rmcc(zf,T). Fix a control (v,w) that is
admissible for a-rmc.(zf,T). Considering the corresponding z coordinates, given by (9.3.6)),

we then let u = Z?zl %zi(é)) v;,on [0, 7). With this choice of control, the z coordinate given
by is the same as the one appearing in the dynamic of . Recall that a1 > oy
for any i = 1,...,d, and that, by definition of a-rmc.(z¢,T) we have |r| = |(71,...,7rq)| <
e. Thus, on [0,7], |u| < Zf-l:l lvi| < Z—||v| < |v]. In particular, [jull; < [[(v,w)]1,
completing the proof of the first inequality.

To complete the proof of the statement, we are left to show the opposite inequality.
To this aim, we prove that there exists C' > 0, independent of ¢, such that for any 6 > 0

sufficiently small it holds a-rmc.(zf,T +0) < rmc(zf,T) +C <1 + 51/2) . By Lemma [9.3.8

Ty
3

3
taking the limit as 0 — 0 yields that a-rmc.(z¢,T) < rmc(zf,T) + C.
Consider a control u admissible for rmc.(zf,T), in the formulation (9.3.8). We have to
construct a control (v, w) that is admissible for a-rmc.(zf,7'+6) and such that ||(v,w)|1 <
|lw|l1 + C(e + §). The control (v,w) can be obtained by concatenating three control arcs:

1. A control driving the system (9.3.6)) from (0, 0) to (ge1,0) on the time interval [0, §/2];

2. The control w = 0 and v = (u(- — 6/2),0,...,0) on the time interval [6/2,T + §/2],
which drives the system to (ceq, zy);

3. A control driving the system to (0,zf) on the time interval [T+ §/2,T + 6].

Using the Ball-Box Theorem and a time rescaling as in the proof of Lemma m (see also
[65, Theorem 1.1]), one proves that the cost for the first and the last step is bounded by
Ce+ 5/ 2), proving the second inequality and the statement. O

Finally, putting together Lemma and Proposition Theorem follows.

9.3.2 Proof of Theorem [9.3.4]

We split the proof of Theorem [9.3.4] in two parts: first we prove that z is non-decreasing
(Lemmas(9.3.9(and 9.3.10)), then we prove that the control v has a prescribed sign depending
on the difference 7' — Tt (Lemma [9.3.11)).

Lemma 9.3.9. Let v be an admissible control for rmc.(z¢,T). Then, there exists C > 0
such that for any n > 0, there exists an admissible control v, such that z,, is piecewise
affine and ’||v||L1 — Hv,7||L1‘ < Cn.
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Proof. Thanks to Remark the set of admissible trajectories is W°°(]0,T]), where
affine functions are dense in the W' topology. So, for any admissible trajectory z, with
control v, we can find another admissible trajectory z, with some other control v;, such
that z, is piecewise affine and ||z, — 2y ||y1.1 < 1. Recall that 2, = ag(z) —a(z)v. Hence, we
can obtain a formula of v in terms of z and 2, which guarantees the existence of a constant
C > 0 such that

\ / )]~ oo >|dt\sé( /0T|ao<zv<t>>—a0<zn<t>>|dt+ /OTz'v<t>—zn<t>|dt),

Since ag is Lipschitz continuous, the statement follows by the approximation in Whl. O
The following result proves the first part of Theorem

Lemma 9.3.10. The infimum in (9.3.1) can be taken on controls v such that the corre-
sponding z, is non-decreasing.

Proof. Let v be a control admissible for ,. The statement will be proved by
showing that then there exists an admissible control © such that z; > 0 and |o||; <
|lv[[1. By Lemma we can suppose that z, is piecewise affine, that is z,(t) =
Z?:l f]( )1[t]7t]+1]( ), fj(t) = Ajt—i- Bj, where Aj,Bj eR, O<ti <~ <ty <T. We
have to show that A; > 0 for every j = 1,..., k. By contradiction, suppose that A, < 0 for
some jp € {1,... ,k}. Then there is some s1 > tj, such that z,(t;,) = z,(s1) = z1. Then,
the function z, attains a local minimum for some ¢;, < s1, j1 > jo. Define zy = 2,(¢;,).
Take any so € [0,tj,) such that z,(sg) = zp. Since the function |ag|/cv is continuous, it
must have a minimum point 2y, in the interval [2g, z1]. Moreover, we can find 79 € [so, t,]
and 7 € [tj,,s1] such that z,(70) = 24(71) = Zmin-

As a consequence, there is some control ¢ such that z; coincides with z, in [0, 7o)
and [r,T] and z5(t) = zmin for ¢ € (79,71). (See Figure [9.1]) Notice that o(t) =
2a0(2min)/(e(2min)) for t € (19, 71).

In order to complete the proof, we are left to show that ||7||; < ||v||1. By definition of
v, we have that

T ~ B 0 T1 |aO(Zmin)| T )
/0 \v(t)\dt_/o yv(t)|dt+/m G dt+/ﬁ v (t)|dt.

Now, if |ag(zmin)| = 0, then we have ||0||; < ||v||; trivially. Otherwise, on the interval
[T0, 1] we have either ag > 0 or ag < 0. In both cases, we have

/Tl ‘QO(Zmin”dt < /T1 ‘CLO(ZU(t))‘dt _ i/ﬁ aO(ZU(t))dt

o (Zmin) o a(z(t)) o z(t))

_ i/ (M 4 v(t)> dt < i/: o a(lz) dz + / o (#)|dt = / (1) dt.
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Zf
ap >0

21

Zmin

Figure 9.1: Construction for the proof of Lemma |9.3.10|in case ag(2zmin) = 0.

The last equality follows since z,(79) = z,(71). Hence, we obtain that [|7||; < ||v]1, thus
completing the proof. O

We conclude the proof of Theorem thanks to the following result.
Lemma 9.3.11. The infimum in can be taken on controls v such that

1. v< 04T < Tp;

2. v>04T>1Tr.

Proof. Assume that T > Tr. In this case, the drift drives the system beyond the target.
Namely, letting zg be the solution of with v = 0, we have 2zo(T") > z7 and thus, for
any control v admissible for rmc.(zf,T'), it holds that v(t) > 0 for some t € [0,T]. Let us
show that for any control v that is admissible for rmc.(zf,7") and takes negative values,
there exists a non-negative admissible control with smaller L'-norm. By Lemma we
can restrict to consider the case where v is affine. Letting t, := inf{t € [0,T] | v(t) <0} €
[0, 7], define

v(t) if t € [0,,],
0 if t € [ts, T).
Observe that if v(0) = 0, then ¢, = 0, and hence 0(t) = 0 for all ¢ € [0, 7.
There are three possibilities: 1. 2z3(T) < zf, 2. 25(T) = 2y, 3. z5(T) > zy. Clearly, if
25(T') = zy, then ¥ is the control we were looking for.

Assume that we are in the first case. Let us consider the function ¢(t) := zo(T —
t; 2y(t)) — 2, where zg(s; () denotes the solution of the Cauchy problem Z = ag(z), 2(0) = ¢,
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"""'---""'jZU(T)
73 R s 2o(T)
) 26(T)
hi o T A T
(a) Case 2o(T') > zy and 2z5(T) < zy. (b) Case zo(T) > zf and z3(T') > zy.
z z
- 25(T)
Zfgmmmmmm - :z1'<T> Zfpommmm e am ... 'ZU(T)
_____________________ 320(T) I S By
25(T) "
i noT W T
(c) Case zo(T) < zy and 2z3(T') < zy. (d) Case zo(T) < zy and z3(T) > zy.

Figure 9.2: Construction for Lemma [9.3.11

evaluated at time s. By the continuous dependence on the initial value of a solution of a
differential equation, we have that ¢ is continuous. Moreover, it is positive at t = 0, and
we have ¢(t,) = 25(T) — zy < 0. So, there exists a time ¢; € [0,,] such that the control
equal to v up to time ¢; and 0 for ¢ > t; steers the system from 0 to z;. By construction,
this control is never negative and its L'-norm is smaller or equal than the norm of v.

In the third case, it holds that z3(T) > z,(T"). Moreover, T' > Tt implies ag > 0 on
the whole curve I', and hence 2, (tx+) > Z5(t«+). Then, there exists ta € [t«, T] such that
zy(ta) = z3(t2). This implies that the control

o(t) ift € [0,t] U [te, T),

0 otherwise,

steers the system from 0 to z; and ||0]|y < ||v[l;. This ends the case T > Tp. Assume
now 7' < Tr. By Lemma it holds that 0 < 2,(¢) = ao(2(t)) — a(z(t))v(t), which
implies that v(t) < ag(z(t))/a(z(t)). Hence, v(t) < 0 for any ¢ such that ag(z(¢t)) < 0. This
allows us to restrict to the case of ag > 0 on the whole I'. In this case, one can adapt the
argument for the case T' > T to show that v < 0 (see Figure[0.2)). We have that ¢(0) < 0,
where ¢ is defined as before. In case z3(T") < zy, we have that the trajectory z; intersects
the trajectory zo at some ta > t, = inf{t € [0,7] | v(t) > 0}, so that one can argue as for
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point 3 in the case 7" > Tr. On the other hand, if z3(71") > 25 we have that ¢(t,) > 0, so
one can argue as for point 1 in the case T' > Tr. O

9.4 Step 2 case: proof of Theorem (9.1.2

In this section, we assume that T' # Tr. First, we define the following quantities

T
I*(',T) = sup { /0 Cz)((j((f)))) dt | z solution of (9.3.2) with v < O},
. T ao(2(t))
L =t { [

Lemma 9.4.1. Under the assumptions of Theorem we have

dt | z solution of (9.3.2) with v > O}.

S
1. If T < Tr: MC(T,T) :632 [/0 ;Z) —1*(F,T)] .

S
2. If T > Ty: MC(T,T) :632 [I*(F,T) —/0 ofz)] .

Remark 9.4.2. It is possible to give a direct proof that the quantities in the squared brackets
are indeed positive. We omit this, since it will follow directly from the explicit formulas
for I*(I',T) and I.(I', T) given in Lemma and Lemma [9.4.4]

Proof. We only present an argument for the case T' < 1T, since the other follows by a
straightforward adaptation of the same argument. By Theorem [9.3.3] it suffices to prove
the statement replacing MC,(I", T') by rmc.(z¢, T'), where zy = fF w. Let v be an admissible

control for rmc. (z¢,T’). By Lemma(9.3.11] we can assume v < 0. By (9.3.2)), we can express
v as a function of ag, a. Then, for every such control, we have that

HvH1:—/OTvdt:/OTZ";EL;)('Z)dzt:/OTF aa(lz) —/OT(Z’((;) dt.

Thus, taking the infimum w.r.t. non-positive admissible controls for rmc.(I", '), we obtain

e ([ e [ 0] 2[5 ren]

O

In the following two lemmata, proved in Section [9.4.1] we present closed formulas for
I*(T',T) and I.(I",T). Henceforth, for any H € R and ¢ > 0, we denote by z(-; H,c) the
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solution of the ODE in ({9.3.2)), with initial condition z(0) = 0, and associated with the
piece-wise constant feedback control given by

(9.4.1)
0 if H<

Lemma 9.4.3. If T < 1Ir, there exists a unique value of Hoo > 0 for which it holds that
lime 400 2(T; Hoo, €) = zy. Moreover, letting Q = {z € [0, z] | Cg]((;)) > Hy}, we have that

dz

/ e if 1] > 0
(1, 7) = { /2 a(zﬁd x
Tanellg () if |©] = 0.

Lemma 9.4.4. If T > I, it holds that

S
d
I*(F,T)—/ (T —Tr)min 2.
0

a(z) I «
We are finally in a position to complete the proof of the theorem.

Proof. The case T' = Tt follows from Proposition [9.2.3] The case Tt > T' is an immediate
consequence of Lemma and Lemma recalling that ag(z) = w(Xo)|(0,0,-)- The
case Tt < T follows similarly, using Lemma [9.4.3| and observing that

/OS aﬁ) B / é“'

9.4.1 Proofs of the auxiliary lemmata

Proof of Lemma [9.4.3| First, observe that we have

T

(T, T) = sup{/ ao((z)) dt | 2 = ap(2) + a(2)v, 2(0) = 0, 2(T) = 2z, v > 0}.
0 a\z

Here, we changed the sign of the control v to reduce possible confusion. For ¢ € (0, +00],

we let
V(e) :==inf{|jv]1 |0 <v <e¢, 2(T) = 25} (9.4.2)
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o Tag(z(t) ,, [T 2 v _ [T dz
Then, s1ncez—ao(z)—i—a(z)v,wehave/o a(z(t))dt_/o NEO) (t)dt—/o ()

|lvll 11, which implies

I*(T,T) /Zf “__ y(too) (9.4.3)
, = — V(+00). 4.
0 oz)
Hence, in the following we focus on computing V' (+00).
First, we notice that we can apply the Pontryagin Maximum Principle (PMP) to com-
pute V(c) for any ¢ < +o00. This will be enough thanks to the following result.

Proposition 9.4.5. The function V : (0,400] — Rx>q is non-increasing. Moreover,
lime 100 V(c) = V(+00).

Proof. The monotonicity of V' is immediate from the definition. This implies the existence
of the limit and the fact that lim.— 1o V(¢) > V(400). To see the opposite inequality,
we consider a maximizing sequence (vj);jen for V(400). Since any v; is in L*, then it is
admissible for V(||v;||oo). This implies V' (||vj|loo) < ||vj]|1 for every j € N and, in particular,
lim o V(105 o0) < limy oo 051 = V(+00). 0

Now, we distinguish two cases: first, we consider the case of max. o ., ap(z) > 0; then,
we study the case maxc[o ., ao(2) < 0.
Applying the PMP (see [2]) to (9.4.2), we obtain the following.

Lemma 9.4.6. Assume that max.cjo ., ao(2) > 0. Let 0 be an optimal solution to (9.4.2)
for ¢ sufficiently big. Then there exists H > 0 such that v is the feedback control v(t)

—v(z(t); H,c), where v(z; H,c) is defined in (9.4.1)).

Proof. In order to apply the PMP, we define the Hamiltonian function

h(&, &0, 2,v) = E(ap(2) + a(2)v) + v, v € [0,¢, £,z € R, & € {0,—1}. (9.4.4)

Here, the choice &g = —1 corresponds to normal extremals, while £, = 0 corresponds to
abnormal extremals. By PMP, an extremal is a curve ({(t),2(t)), where & satisfies the
adjoint equation

£ = —&(ag(z) + 9/ (2)). (9.4.5)

Here we denoted by aj, (resp. ) the derivative of ag (resp. a) w.r.t. z. Moreover, the value
of the control ¥ maximizes the value of h, and hence the control satisfies

c if a(z)+& >0,
0 if a(z)+& <O.

B(t) = (9.4.6)

If £a(2) + & = 0, ¥ is not determined directly, i.e., the control is singular.
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We start by showing that there are no abnormal extremals. These are associated with
& =0, but £ # 0 for all times. As a consequence, ((9.4.6)) reads

c if £€>0,
0 if £€<0,

i(t) =

and, thus, either v = 0 or v = ¢. But, since T' # 1T, up to considering ¢ sufficiently big,
these controls do not steer the system from 0 to zy.

We are then left with the normal case ({9 = —1). We now claim that there are no
singular controls, which by amounts to asking that {a(z) # 1 a.e. on [0,T]. We can
differentiate the identity £ = 1/a to obtain:

¢ = _d(2)2 _ _d'(2)(ao(2) + a(2)?) (9.4.7)
a(z)? a(z)?
Putting together and , and using again ¢ = 1/a, yields (log(ap/c)) = 0,
which is equivalent to (ag/a)’ = 0. By Lemma up to perturbing the drift Xy we can
assume that this identity cannot hold for z in an interval I C [0, z1]. So, this implies that
the trajectory z is constant. However, one can show that, under the hypothesis of ,
trajectories for z which are constant on some time interval are not optimal.
From , we have thus shown that the control v stands defined by

3t = ° it £(t) > az(t)) (9.4.8)

0 if &(t) < 5 z(t))
Let H be the constant value of the Hamiltonian h along the extremal trajectory. Then,

H+o(t
solving for & the definition (9.4.4)) of h we have £(t) = 02 @) :;}((zzt))f)(t)'
0

« are bounded, up to considering c sufficiently big, we have ag + ac > 0. So, the statement
follows from the fact that £ = 1/a(z) is equivalent to H > ag(z)/a(z), which is easily
checked using (9.4.8]) and the definition of H. O

Since ag and

From Lemma 9.4.6] we have simply to find for which value of H € R the control o
defined in steers the system from 2(0) = 0 to 2(T") = zy.

Claim 9.4.7. Assume that mMax.eo,z ;] ap(z) > 0. For any ¢ € R sufficiently large, there is
a unique value H(c) > 0 of H such that the control given in (9.4.8|) is the optimal control.

For H > 0, let E.(H) := z(T; H,c) be the solution of 2 = ag(z) + a(z)v, 2(0) = 0,
evaluated at time 7', where v is defined as in . Then, E. is monotone non-decreasing.
Indeed, if Hy < Ha, then 2(¢t; Hy,c¢) < 2(t; Ha,c¢). Moreover, since T' < Tr, we have that
limy 04 Ec(H) < zy. On the other hand, for any fixed H > max_c[o . ao(2)/a(z), we
have that z(T; H,c) — 400 if ¢ = +00. So, if c is large enough, we know that E.(H) > z¢
for H > max; ap(z)/a(z). Since E, is continuous, this proves the Claim. O
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Figure 9.3: Graphical representation of the extremal controls. If the value of ag/« is above
H, then v = 0 and 2 = ag. When the value of ap/« is below H, then v = ¢. As ¢ grows,
the extremal trajectories move faster and faster through the region where ag/a < H.

Claim 9.4.8. The function ¢ — H(c) is monotone non-increasing. In particular, the
following limit exists Hyo = lime—s 4o H(c).

Suppose, by contradiction, that there are ¢; < ¢y such that H(c;) < H(cz). Then,
denoting by z1, zo the trajectories of the control system corresponding to the resulting
controls, we have that Zo > 21, with strict inequality on a set of positive measure. So,
2o(T') > 21(T) = zy, which is impossible since z; must satisfy the same boundary conditions
of z1. This proves the Claim. O

Observe that Hs, can be also characterized by the property

lim FE.(Hx)= lim 2(T;Hs,c) = 2. (9.4.9)

c——+00 c——+00

Indeed, by the same argument above, the function ¢ — z(T'; H,c) is strictly increasing
for any H > 0, so the limit in exists and the limit function is again a monotone
function of H. So, uniquely determines the value of Hy,. Concerning the limit
trajectory zeo as ¢ — +oo, the optimal control strategy is characterized as follows (see also
Figure [9.3): whenever ag(2(t))/a(z(t)) > Hoo, we apply zero control and the trajectory
evolves according to 2 = agp(z); whenever ag(z(t))/a(z2(t)) < Hy, we apply maximum
control to reach the next point 2’ € (2(t), z¢] where ag(z’)/a(%') = Hx.

It remains to compute the value of I*(I",T"), which can be done exploiting . To
this aim, we let

Qc) = {2z €[0,z2f] | ao(z)/a(z) > H(c)}. (9.4.10)

Then, denoting by z. the optimal solution of I*(c¢), and omitting its dependence on ¢, we
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have

T s S
I*(C)Z/ ao(ze)dt:/ i dt+/ e alzey,
o afz) 221 (e) @(2e) 0 N\=t Q) ze)

_/ dz+/ dz_c/ dz \/dz
a@ @(z)  Jpznae oz) 0,2\2(e) A0(2) + a2)c emtoo Jo a(z)’

Since lim,—, 4~ [*(c) = I*, this proves Lemma in the case max,c[p . ao(z) > 0.
In the case max.cp ., o (z) < 0, we have the following analogue of Lemma W

Lemma 9.4.9. Assume that max.[o ., ao(2) < 0. Let 0 be an optimal solution to (9.4.2)).
Then, for c sufficiently big, there are t1,ty € [0,T], t1 < tg such that 0(t) = ¢ fort € [0,1;]U
[to, T] and 0(t) = |ap(zmin)|/@(Zmin) for t € (t1,t2), where zymi, = arg min |ag(z)|/a(z).

The proof of this Lemma closely follows the one of Lemma The difference here
is that, since ag(z) < 0 for every z € [0,z], for any H > 0 we have that v(t; H,c) = ¢
for every t € [0,T]. For such control it clearly holds that z(T; H,c¢) — +o0 as ¢ — 400,
hence it is not admissible for our control problem. In order to arrive at the final point zf
at time T', we can use a singular control that keep z constant for the time needed, which
corresponds to the time interval (¢1,¢2) in the statement. In this case, I is

e (X))
a(Zmin) _qur a(q)

and hence MC,(I', T") ~ a% ( Jr iw — T minger %) This finally concludes the proof of
Lemma [9.4.3]
Proof of Lemma Similar computations as those leading to (9.4.3) yield

(T, T) = /Ozf OzCZ’) + V(+00).

We can then proceed as in the case of I*(I', T"): we reduce to the optimal control problem
with controls v € [0, ¢], then apply the PMP and take the limit as ¢ — 4o0.

We have the same extremals as before. However, since by Lemma[9.3.10] we can restrict
to consider trajectories with Z > 0, for ¢ large enough it cannot happen that v(t) = c.
Thus, the only possible trajectories are concatenations of arcs that either correspond to
the control v = 0 or that are such that z remains constant.

By assumption, we have that min, ag(z)/a(z) > 0. We know that if we simply apply
the control v = 0 for every ¢t > 0 we get to the point z¢ in time Tt < T'. So, in particular,
with this control strategy, we arrive at a point zp;, realizing the minimum of ag/« at some
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time 79 < I1. Consider the control

0 ift € [0,7’0},
0(t) = § 9eCmin) if ¢ € [ry, 7 + T — Tt),
0 it ¢ € [r+T—Tp,T].

The control clearly drives the system to the desired endpoint, and, since for v = 0 we

T
t 1 i
have Z = ap(z), we have / ao(=(1)) dt = / —+ (T - TF)M. Observe that v is an
0 Oé(Z(t)) r« a(zmin)
extremal control. It is easily checked that any other extremal control has bigger or equal

cost and thus that v is the optimal control.

9.5 Distributions of generic type

The aim of this Section is to prove Theorem [9.1.8] As discussed in the Introduction, if
dim M > 4, then the step 2 assumption in Theorem [9.1.2] is generic. If dim M = 3, this
is no longer true. For this reason, in this section we deal with the case dim M = 3, where
the pair (A, T) is of generic type (see Definition [9.1.6).

We split the proof of Theorem [9.1.8|in two parts. First, in Section [9.5.1 we deal with
the case of a curve I" with a single Martinet point, see Theorem[9.5.3] After that, in Section
9.5.2] we show how to reduce the general case to the first one, using some properties of the
motion complexity.

To simplify the statements, throughout all the remaining part of this section, A is a
corank 1 distribution on M, I' is a smooth simple curve transverse to A, w is a 1-form
associated with (A,T"), which we suppose to be a pair of generic type. As before, we fix
a parametrization of T' such that w(I') = 1. Moreover, g is a sub-Riemannian metric over
(M, A) and the drift X is tangent to I

9.5.1 Case of a single Martinet point

In this section we assume that on the curve I' there is only one Martinet point, which we
denote by q.

We start by recalling, from Theorem [9.2.4] a convenient coordinate frame to carry out
our computations. First, thanks to Theorem we fix coordinates (x,y,2) : R® —
Tube,, (") such that ¢ = (0,0,0), I'(s) = (0,0, s) for s € [-S5, 5], and the expression of the
drift X and of an orthonormal frame {X;, X2} for the metric g is

X(](-T,y, Z) = CLQ((E,y, Z)az + O(|‘T| + |y‘)
Xi(2.9,2) = 0 = 5(w,9,2)9: + 0@ + ), (9.5.1)

Xa(a,y.2) = 0, + 57(w,9,2)0; + Oa® + 7).
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Here, ag,7y are smooth functions and |y(z,y,2)| = a(x,y, 2z), where a = |w([X1, X2])| is
the function defined in (9.1.5).

Observe that the function v appearing above differs from the one appearing in Theorem
if (z,y) # (0,0), but it follows from the following result that the two functions differ
by a O(z? + y?) term.

Lemma 9.5.1. Let g be a Martinet point of T, i.e., such that a(q) = 0. Then, « is Lipschitz
continuous and smooth on the set {o« > 0}. Moreover, there ezists a neighborhood U of
g such that the set {a > 0} N U has ezxactly 2 connected components, A, and A_, which
are such that (0,0,z) € Ay if z > 0 and (0,0,z) € A_ if z < 0. Then, there exists
(81, B2) # (0,0) such that, in coordinates, we have

Kz + Brx + Boy + O(x? + 42 + 22), on Ay,
—kz — Brz — Boy + O(2* + y? + 22), on A_.

Here, k > 0 is defined by (9.1.11]).

Proof. The first part of the statement is a direct consequence of the definition of o and of
the generic type assumption. Formula follows directly from a Taylor expansion of
« at the point (0,0,0). Indeed, by Lemma we have that x = lim,_,0|0.«(0,0, 2)|.
The last requirement in the generic type assumption implies that x > 0. Finally,

a(z,y,z) = (9.5.2)

(81, B2, R)T = lim Va(z,y,2z) =V%(0,0,0)=— lim Va(z,vy,2),
(z,y,2)—0 (z,y,2)—0
(z,y,2)EAL (z,y,2)EA_
due to the fact that « =y on Ay and « = —y on A_. O]

Now, using the notation of Definition we have two possibilities: either ¥ = X+ =
{q} and ¥~ = () or, vice-versa, ¥ = ¥~ = {g} and 1 = (. In both cases, the definition of
Tr that we gave before is still meaningful (see (9.1.4)). Hence, for the first case, we have
the following result, which is a direct adaptation of Theorem [9.1.2

Theorem 9.5.2. Assume that ¥ = X7 = {q} and ¥~ = (. Then, the same asymptotic
equivalences as in Theorem hold. Moreover, in the case Tr > T, we have that
g € int Q. In particular, the integral in (9.1.8)) is finite.

Proof. One can prove the first two points by proceeding exactly in the same way as in
Theorem The only thing worth noticing is that, since limg_,5 ao(g)/a(q) = 400, the
minimum in is not attained at §.

Also the third point follows as in Theorem [9.1.2] with minor adaptations. More pre-
cisely, the only fact one has to check is that the integral in is finite. To show this,
we prove that the point ¢ € int {2, so that 1/« is bounded on I' \ Q. To prove this, recall
the definitions of ) and the value Hy, see Equation and Claim From Claim
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N
N

limit
cycle

Figure 9.4: Graphical representation of
for Theorem The point g lies in
the interior of €.

Figure 9.5: Graphical representation of
the trajectory z of point 1. in Claimw

we know that Hy, < H(0) < +oo. Hence, Ho, must be finite. As a consequence,
since limg,ga0(q)/a(q) = +oo, the set V = {q € T' | a(q)/a(q) > 2H} is an open
neighbourhood of ¢ and V' C Q. Thus, the point ¢ € int 2 (see Figure . O

On the other hand, the second case ¥ = ¥~ = {q} is more delicate.

Theorem 9.5.3. Suppose that ¥ = ¥~ = {q}, that is, there is a single Martinet point on
the curve I' and we have wg(Xo(q)) < 0. Then, letting k be defined as in (9.1.11)), it holds
the following

MC.(T,T) ~ ——

1 — 0. 9.5.3
3 ne, € ( )

Remark 9.5.4. Notice that the above asymptotic depends only on x, hence only on the
local structure of I' near ¢: it involves neither the whole curve nor the time T'.

Proof. Let us consider the coordinates and the orthonormal frame introduced in equation
(19.5.1)). In these coordinates, after some simplifications very similar to those carried out in
Section the control system (9.1.1)) can be expressed in cylindrical coordinates as

7= 1,

=12, (9.5.4)
z = ao(z) + 57(2)va.

Here, with again a slight abuse of notation, we write ag(z) and (z) in place of ag(0,-, 2)
and v(0, -, z). As we showed in the case of a step 2 distribution, these simplifications in the
control system affect the asymptotic of MC; starting from the order O(¢~!). Hence, they
will not change the final result that we are going to obtain. We omit the details about these
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reductions, since it would be a very close repetition of all the arguments already exposed
in Section [0.3.1]

Fix ¢ > 0. As in the step 2 case (see Proposition , we can fix a uniform bound
¢ > 0 on the norm of the controls and then take the limit as ¢ — +o00. Again as it was
done in the proof of the step 2 case, applying Pontryagin Maximum Principle one can
prove that an optimal control is the concatenation of bang arcs, and for each arc we have
either va(t) = c or va(t) = 0. Now, we restrict to a sufficiently small neighbourhood of the
Martinet point g, so that the Taylor expansion in Lemma holds, and we want to find
a lower bound for the L!'-norm of a bang arc with vs(¢) = ¢ in this neighbourhood of g. As
a consequence, from now on, we restrict to consider just controls of maximal norm steering
the system from some initial point z(¢1) < 0 to a final point z(t2) > 0 not depending on ¢.

By , we have that there exists C, K > 0 independent of € such that

12(t)] < C + %(K!Z(t)\ veK),  Vte [t

So, applying Gronwall’s Lemma, we obtain

C+eK o< N .
|2(t2)| < (t’f/z + ]Z(tl)\) o5 rlta—t1) _ (20 + eX + |z(t1)‘> eztllvll

5 CcER K

where we have used that c(tz —t1) = [v[1. Since ¢ — +oo and ¢ > 0 is fixed, we
can assume ce? > 1, so that 2C/cex < 2Ce/k. Taking the logarithm on both sides and
neglecting lower-order terms, we obtain the desired estimate:

2 K 2 1
> —1 —|z(t =——1 -].
ol > 2 (L2 l)l) = -2 e 0 (1)

By this argument, it already follows that the complexity of tracking a curve containing
a Martinet point is at least of order O(—e2In¢), independent of the boundary conditions
and final time 7' > 0. Therefore, given a neighbourhood Vj of g, it suffices to compute
the asymptotic of MC.(I' N Vg, T') without imposing exact boundary conditions or fixing
T precisely. This is justified as follows: by Theorem [9.1.2] one can steer the system from
I'(0) to a point near the Martinet point with cost O(e~2), which is asymptotically negligible
compared to O(—c~2In¢). Similarly, after crossing the region near g, one can reach the
final point T'(S) with an additional cost of O(¢~2). Thus, the Martinet point dominates
the total complexity.

The following claim completes the proof:

Claim 9.5.5. The asymptotically optimal synthesis for the motion planning problem re-
stricted to a neighbourhood of the Martinet point consists of three arcs:

1. a first bang arc, with v1(t) = 0 and v2(t) = ¢, starting from a point gy = (&, 0o, 20),
with zy < 0, reaching a point q1 = (6,01, 21), with z; > 0 and z; < Ce3, for some
constant C' > 0.
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2. a second bang arc with vi(t) = ¢ and va(t) = 0 on a short time interval, steering the
system from q1 = (€,01,21) to g2 = (g,—01, 22), where z; > z3 > 0.

3. a third bang arc, with vi(t) = 0 and va(t) = ¢, starting from a point g3 = (¢, —01, 22)
and reaching a point q4 = (€, 03, 23), where z3 > 0 is independent of .

Here, ¢ > Ce™* for some constant C > 0. The L'-norm of the control of the first and the
third bang arc can be bounded above by —%ln €, while the norm of the second arc is of
lower order.

Since optimal trajectories are made by concatenations of bang arcs and that, for e < 1,
the bang arcs with vy(t) = 0 do not yield trajectories crossing the Martinet surface, we
have that indeed the optimal synthesis must begin, as in point 1, with a bang arc with
va(t) = c. Let us show that the maximal z coordinate obtained with such a bang control
starting from qg is positive and of the order O(e®). Moreover, we show that this can be
done with L'-norm of the control bounded above by —% Ine.

Since we are localized near a Martinet point, up to modify the asymptotic of the motion
complexity by a O(¢~1) term, we can assume that the drift is constant ag(z) = —a, for
some a > 0. By (0.5.2), we have that a(r,0,z) = —kz + raqcos(d + 0) + o(|r| + |2]),
(r,0,z) € A~, and for some constants &; € R,0 € [0,27) and (r,z) — 0. Notice that,
under the generic type assumption, we have that &; # 0. Now, we can consider controls
for which r = ¢ and vz = ¢ constant. So, the solution for 0 reads 0(t) = £t + 6. Moreover,
the equation for z for such controls is

Ec 82 ~

§=—a— SRz 4 odcos (0(t) +6). (9.5.5)

This equation can be integrated explicitly:

erct
erc 2 —1
z(t) = e T [zo D P
ERkC

6&163

g (/@52 (e%’“t cos O(t) — cos 90) + 2(e%“t sin 0(t) — sin 00)) ] )

For fixed ¢ and t — +o0, the trajectory has a limit cycle, whose equations are:

2 o3
r=ce, z:—g—liﬁ—#’i;yl(HEQCOSH—i-QSin@). (9.5.6)

Notice that, since a; # 0, the limit cycle is transverse to the Martinet surface {a = 0} (see
Figure[9.5). The maximum value of z is attained at sinf ~ 1 and this is positive for every
e > 0 if and only if —2% 5‘1753 > 0. Hence, we must choose ¢ > Ce™4 for C = 8a/(a1k),

ERC
otherwise the corresponding trajectories cannot have z > 0. So, for fixed ¢, > 0 and
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c sufficiently large, starting from zg < 0, we obtain that there is a point of the resulting
trajectory arbitrarily close to the point of the limit cycle above the Martinet point, that
is, we have z(t1) > 0. Notice that, by (9.5.6), z(t1) < aye3/2.

Now, we have to estimate the L'-norm of this control up to t;. Recall that the solution
to (9.5.5) with constant control is

t ~ 2t
—ekC erc(t—s) ekc(t—s) ~
z(t)=e 2tz0—a/e s+ A [ e cos(0(s) —0)ds
0 2 Jo
—ekct —ekct 2a 6&16
>e 2 zo+(e 2 —1) — 4+ ),
KCE  KC
where we have used cos(A(s) — 0) > —1. So, choosing zy = —2(2 4+ 6}‘{165), we obtain
2a + a2 KCE Keet
t > —
(Z( )+ Kce %+ ae2 = P 2 )
t
and taking the logarithm on both sides, for ¢ = ¢; we have In <z(t1)? + 1) > —HC; L
a
Neglecting lower order terms, we obtain
2
|v][1 = ct; < ——Ine. (9.5.7)
KE

Notice that this is the L'-norm of the control v required to reach a point z(t) = O(&?),
z(t) > 0. In particular, this depends only on the product ct;. Hence, up to enlarge ¢, we
can take t; as small as we want. This ends the proof of point 1 in the Claim.

We have to prove point 2 and 3. By means of a constant control of the form v;(t) =
¢, v2(t) = 0 on a time interval of length 2¢/¢, we can go from a point (g, 6, z1) to (g, —0, 21 —
az—f). The L'-norm of this control is 2e, so it is negligible in our asymptotic. If ¢ is big
enough, then z; — aQ—f > 0, hence this piece of trajectory crosses the Martinet surface.
Thus, also point 2 follows. Finally, reversing the strategy applied to point 1, one can reach
a point whose z-coordinate is positive and independent of €, and the required L'-norm of
the control is the same cost as in Equation . Thus, the total cost to cross the region
near the Martinet point is the right-hand side of multiplied by 2, which yields the
asymptotic (9.5.3)) in the Theorem.

The fact that the switching from point 2 to point 3 yields an asymptotically optimal
synthesis follows by the same argument as the one used to justify the switch from point 1
to point 2, applied to the backward problem obtained by considering the drift — Xy and
the curve I with reverse orientation. O

9.5.2 Case of many Martinet Points

In this section we generalize Theorem to the case of finitely many Martinet points,
completing the proof of Theorem [9.1.8
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As before, let (A, T") be a pair of generic type, and denote by ¢; = I'(s1),...,q, == I'(s;)
the points in ¥~. We have that a(¢;) = 0, ¢ = 1,...,r, where o was defined in (9.1.5)).
Recall also the definition of k1, ..., k;, see Equation (9.1.11)). We have to prove that

r

MC. (T, T) ~ > —

=1

First, we show that the r.h.s. is a lower bound for the motion complexity and then we find
a sequence of controls realizing the asymptotic.

Take any control u admissible for MC.(I",T") and denote by ¢, the corresponding tra-
jectory. Let V; be an open neighbourhood of ¢;, V; C Tube.(T'), for every i = 1,...,r. Let
I; == q;*(V;). Then, since the asymptotic in does not depend on the exact initial
and final points of the curve that we are approximating, the curve gy;, is an admissible
competitor of the motion complexity of I' N V;. Then, by Theorem [9.5.3] m we must have

I

from Martinet pomts is of order O(E%) Thus, putting everything together, we obtain

i/OT (1)]di = Z/\u |dt+0<> i—ljglna+0<;2>, (9.5.5)

=1

and taking the infimum on the left hand side, we obtain the desired inequality.

To conclude, we notice that, applying the procedure already used in the proof of The-
orem it is possible to find a sequence of controls (u;);en admissible for MC(I', T")
and such that they realize the asymptotic as in Theorem [9.5.3| near each Martinet point

qi, that is, for every ¢ = 1,...,r we have lim luj(t)|dt = ——— Ine. Thus, replacing
J—+00 I; IS

i
u with such u; in (9.5.8)) and taking the limit as j — +o0o0, we obtain the desired result.
This concludes the proof of Theorem [9.1.8 O

9.6 Intrinsic definition of

Let w be a form associated with (A, T"). This form defines a vector field Wt on I' such that
Wr(q) € T,I' and w(Wr) = 1. Pick any point ¢; € ¥. Then the quantities ; are defined
in [69] as

d

Ki = }go’(O)‘ , where o(t) == Zl“ ([X1>X2K€twr (@) -
t=0

Let us show that these coincide with the expression in (9.1.11)).
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Lemma 9.6.1. Consider any extension of Wr in a neighbourhood of I' such that w(Wr) =
1. Then, for any q; € ¥ we have

¢'(0) = w([Wr, [X1, Xa]])(q:) — dw(Wr, [X1, Xa])(:)- (9.6.1)
In particular, this value is independent of the choice of the extension.

Proof. By Cartan formula, we have

d

ol (X1, X2] (€™ (4:))) = (Lixy,x10(Wr) = ipx, x5 A (W) |g,

t=0

By definition of Lie derivative, we get
Lix, x,w(Wr) = [X1, Xo](w(Wr)) — w([[X1, Xa], Wr]) = w([Wr, [X1, X2]]).

Here, we used the fact that w(Wr) = 1 and thus [X;, Xo](w(Wr)) = 0. Finally, (9.6.1)
follows from the fact that ix, x,jdw(Wr) = —dw(Wr, [X1, X2]).

The fact that the resulting value is independent of the choice of the extension is a
consequence of the definition of k;. Let us anyway check it directly by considering a different
extension W. Since w(Wr) = w(Wr) we have that Wp = W 4 Y for some Y € kerw = A.
Then, the statement follows by linearity of the objects under consideration and the fact
that w([Y, [X1, X2]]) = dw(Y, [X1, X2]) since both Y and [X1, X2] belong to A at q. O

Remark 9.6.2. If instead of w we consider W = pw, for any ¢ > 0, we have

= Wl (X0, X)) + oo w (130, Xa0(e0)) = Wi ({1, Xa])) = s

t=0

where every function is evaluated at ¢; and we used the identities w ([X1, X2]) |, = 0 at
the Martinet point ¢; and Wp = in. So, x does not depend on the choice of w.



Chapter 10

Lyapunov exponents of linear
switched systems

10.1 Introduction

Let
y=A(t)y, yeR",

be a linear system of ordinary differential equations; here ¢ — A(t), ¢ > 0, is a measurable
bounded family of n x n-matrices. Let X(¢) be the fundamental matrix of system (1.1),
the solutions of (1.1) have a form: y(t) = X (¢)y(0).

Principal Lyapunov exponent of system (1.1) is defined as follows:

(A()) = limsup ~In [ X(2)]|. (10.1.1)
t—oo

This quantity does not depend on the choice of norm in the space of matrices and is
a natural measure of instability of system (1.1). Indeed, system (1.1) is asymptotically
stable with an exponential convergence rate if and only if ¢(A(-)) < 0.

Principal Lyapunov exponents play a key role in the general theory of Dynamical Sys-
tems, see [72], [20].

If A(t) = A is a constant matrix, then ¢(A) is maximum of the real parts of the
eigenvalues of A. Moreover, for any A(-) and any ¢ € R, we have £(A(-)+cI) = £(A(-)) +c.

In what follows, we use standard notations: gl,,(R) is Lie algebra of all real n x n-
matrices and GL,(R) is Lie group of all nondegenerate real n x n-matrices. Similarly
sl,(R) is Lie algebra of all real n x n-matrices with zero trace and SL,(R) is Lie group of
all real n x n-matrices whose determinant equals 1.

Let S C sl,(R) be a compact subset. A switched system induced by S is the set of
systems of ordinary differential equations

y:A(t)ya A(t) GS? O§t<OO,

255
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where t — A(t), t > 0, is any measurable map with values in S.
Let As C Loo([0,00);S) be the set of all such maps. Principal Lyapunov exponent of
the switched system is defined as follows:

U(S) = s £(A(+)) -

Clearly, £(S) > sup ¢(A).
AeS

We say that the switched system is exponentially stable if ¢(S) < 0. Stability of
switched dynamical systems is really important for applications and there is a big literature
devoted to this subject, see for instance |10} 25| 28, 54} [53] |66, 67] and references there.

A more natural mathematical problem is to compute or at least to estimate principal
Lyapunov exponent of any switched system; many results about stability can be naturally
generalized in this direction. This chapter is devoted to the detailed analysis of the most
simple but fundamental case of two matrices generating Lie algebra sly(R). We give a
simple explicit formula of the maximal Lyapunov exponent as a function of the matrices
and explicitly describe switching functions which realize maximal Lyapunov exponents.

This work is mainly motivated by paper [10]. The paper [10] is about stability but if
you analyse proofs of the main results you will find the characterization of Lie subalgebras
g C gl,(R) such that

(S)=supl(A), VScCg. (10.1.2)
AeS

Namely, a Lie subalgebra g C gl,,(R) has property if and only if g does not
contain a subalgebra isomorphic to sla(R).

In the current , we explicitly compute ¢({A, B})E| for any pair of matrices A, B which
generates Lie algebra sly(R). Such a formula automatically provides us with an explicit
expression of (A, B) for matrices A, B of any size if these matrices generate a Lie algebra
isomorphic to sla(R).

Indeed, let ¥ : sla(R) — Lie(A, B) be such isomorphism; then ¥ is a representation
k

of sl3(R). The representation V¥ is a direct sum of irreducible representations, ¥ = € ¥;,
i=1
where W, : sl3(R) — sl,,(R), ¢ =1,...,k, ng > -+ >ny > 2. Then

((A,B) = (n1 — DT 1(A), v 1(B)).

Indeed, for any n > 2 there is a unique up-to an isomorphism irreducible n-dimensional
representation of sl(R). The representation of the group SLy(R) generated by this repre-
sentation of sly(R) is the (n — 1)th symmetric power of the basic two-dimensional repre-
sentation. If X € SLy(R) has eigenvalues A\, A\~!, then the (n — 1)th symmetric power of
X has the eigenvalues A" 71, A"73, ... A\1=". We hope that our computation will serve as

'In what follows we use shortened notation £(A, B) = £({A, B})
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a building block for eventual estimates of the Lyapunov exponents in much more general
cases.

Our final result can be stated as follows. To simplify the notation, set a = tr(42),b =
tr(B?),c = tr(AB).

Theorem 10.1.1 (Main Theorem). Suppose that A, B € sla(R), with a > b.

1. Ifa> 0 and ¢ > a or a <0 and ¢ > Vab, then

1 /cz2—ab
E(A, B) = 9 C_Tﬂ;
2

2. Ifa >0 and c < a, then
a
(A, B) = 4/—=;
4.3 =/

3. Ifa <0 and ¢ < —+vab, then
2 1 —c
(A, B) = ———————arcosh <> .
23 F vab

We point out that for every A, B € sla(R) such that a,b < 0, then ¢? > ab (see Lemma
105.1).
As we will show in the proof of this result, we also find the trajectories realizing these
exponents (see also Table . More specifically, in point 1. the value of the Lya-
punov exponent is not attained exactly, but it is the supremum among a family of periodic
piecewise constant right hand side switching faster and faster. We compute exactly this
trajectories and its limit as the switching time goes to zero. In point 2. the Lyapunov
exponent is exactly attained by the trajectory with a constant right hand side. In point 3.
the Lyapunov exponent is attained by a fixed periodic piecewise constant right hand side.
The whole is devoted to prove our Main Theorem and it is structured as follows: in Section
10.2 we show how computing the Principal Lyapunov exponent ¢(A, B) can be reduced to
an optimal control problem and we apply Pontryagin Maximum Principle (PMP) to this
problem. In Section 10.3 we deduce from PMP some general properties of Pontryagin
extremals. In particular, we divide them into two categories: bang-bang extremals and
singular extremals. In Section 10.4 and 10.5 we study bang-bang and singular extremals
respectively. In Section 10.6 we show which extremal is the optimal one, depending on
tr(A2), tr(B?) and tr(AB).
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10.2 Reduction to OC Problem and application of PMP

As explained in the Introduction, we will study the switched system induced by two ma-
trices A, B € slp(R):

X(t) = X () (u(®)A+ (1 —u(t)B), (10.2.1)
X(0) = 1d,

where X : [0,7] — SL2(R) and v € U := {v : [0,T] — {0,1} | v measurable}. We sup-
pose moreover that A, B, [A, B] are linearly independent and, without loss of generality,
tr(A2) > tr(B?).
We remark that taking A, B, [A, B] linearly independent is not restrictive, because other-
wise ¢(A, B) can be computed as in [10].
Notice that in we write X = X A(t), whereas in the Introduction, the expression
was X = A(t)X. Using the Introduction’s notation, system should appear as
XT = x TA(t)T, where the superscript “I” represents the transpose. For simplification,
we will omit this superscript. We prefer to solve the system with A and X in reversed
order because system is left-invariant.

Now, our aim is to find the principal Lyapunov exponent ¢(A, B). Fixed u € U, we will
denote by X (-;u) the solution of with control equal to u.
A straightforward way to relax our problem is to let w : [0,7] — [0,1] be a
measurable function rather than restricting to w(t) € {0,1}. This choice is quite natural,
since the trajectories with u(t) € [0, 1] can be uniformly approximated by trajectories with
controls u(t) € {0,1} (see, for instance, Theorem 8.2 in [13]).
This relaxation will allow us to apply classical results from Control Theory, such as Filippov
theorem, which requires the convexity of the set of admissible velocities.
Given X € SLa(R), we denote by A(X) the eigenvalue of X bigger than 1 if both eigenvalues
are real. If X has complex eigenvalues, we denote by A(X) the real part of these eigenvalues.
Another crucial observation is that if the norm in is the norm induced by the
Euclidean metric on R?, then its value coincides with the absolute value of \(X(T)).
Hence, if for every T' > 0 we can compute

c(T) :==sup AM(X(T;u)),
ueU

then, we obtain that

(A, B) = limsupllnc(T). (10.2.2)
T—+o00
Strictly speaking, the previous equality should be a “less than or equal to” a priori, since
the optimal strategy to maximize A up to time 7" may depend on T itself. However, a
posterori, we found that, once A and B are fixed, for any T7 < T5 the optimal control for
the problem with final time 77 is the restriction to [0,7}1] of the optimal control for the
problem with final time 75. For this reason, we obtain the equality in .
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In terms of Control Theory, the optimal strategy will be one of the following: 1. Con-
stant singular control (case 1 of the Main Theorem). 2. Constant control equal to 1 (case
2). 3. Bang-bang periodic control (case 3). These concepts will be defined later.

Now, instead of finding sup, A(X (T;u)), one can find sup,, f(MX(T;u))), for a suitable f
monotone in A. A convenient choice of f is the trace tr(X (T;u)): besides being a monotone
function of A, it is a linear function of X and it is invariant after a change of basis.
Summing up all these observations, we can reduce the original problem of computing
¢(A, B) into the following Optimal Control problem:

Problem 1. Let A, B € sly(R) such that A, B,[A, B] are linearly independent and fix
T>0. Let = {u :[0,T] — [0,1] | u measurable} and for each v € U denote by X (-;u)
the solution of the following Cauchy problem on SLa(R):

X(t) = X(O)(u(®)A+ (1 - u(t)B),

te0,7). (10.2.3)
X (0) =1d € SLa(R),
We want to find @ € U which maximizes tr X (T):
trX (T 4) = max tr X (T u). (10.2.4)

ueU

If we are able to solve this problem for each fixed T', then from the estimate of tr X (T’;u) we
can deduce an estimate for | X (7"; u)|| which is uniform with respect to u € U and depends
only on T'. Then, the desired value of the principal Lyapunov exponent follows.

Existence of maximum in follows by Filippov Theorem (see, for instance, Theorem
10.1 in [13]).

So, we can apply Pontryagin Maximum Principle (PMP) to our problem. For a general
reference, see Theorem 12.3 in [13]. We recall here the precise statement of PMP suited to
our setting.

10.2.1 Pontryagin Maximum Principle

Let M be a smooth manifold of dimension n, U C R™, and (fy)ucr, a family of smooth
vector field on M. Suppose furthermore that M xU > (q,u) — fu(q) and M xU > (q,u) —
%(q) are continuous.

Fix T > 0 and define = {u : [0,T] — U,u € L3.([0,T],U)} the space of admissible

controls. Fix gy € M and for all u € U denote by ¢, : [0,7] — M the solution to the
Cauchy Problem

(10.2.5)
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Existence and uniqueness of solution to ((10.2.5)) are guaranteed by Carathéodory Theorem,
see, for instance, [26].
Let a : M — R be a smooth function. We define the cost functional

J(u) = a(q(Tsw)), wel,

where ¢(-;u) denotes the solution to (10.2.5)) corresponding to the choice of the control
u € U. In the following, given any h € T* M, we will denote by A the hamiltonian vector
field of h, that is dh = o(-, h), where o is the standard symplectic form of 7M.

Theorem 10.2.1 (Pontryagin Maximum Principle). Let @ € U be a local maximum point
for J. Define hy(X\) = (A, f(q,u)), forq € M, w € U and A € Ty M. Then, there exists a
Lipschitz curve X : [0,T] — T*M such that

At) # 0,
A(t) = ha (A1), (10.2.6)
haw (A(t)) = max hu(At), (10.2.7)
for almost all t € [0,T], and moreover
Ar = dg, (rya. (10.2.8)

We will call the Hamiltonian system associated to (10.2.5), (10.2.7) is the
maximal condition and is the transversality condition. We will call extremal any
curve A satisfying all the necessary condition given by PMP.

We recall now some results about left-invariant Hamiltonian systems on Lie groups. For
more detailed reference see Chapter 18 in [13] and Section 7.6 in [5].

Let M C GL(N) be a Lie Group and M its Lie algebra. Given ¢ € M, define L,(p) = gp,
p € M, the multiplication on the left by q.

Take a Hamiltonian function h € C°°(T*M) and define

H(E q) =h(Ly-1&q), £€TyM,qe M.

We will call H the trivialized Hamiltonian function of h. We say that h is left-invariant if
‘H does not depend on ¢. In this case, the function H is smooth on M*.

Recall the definition of the adjoint representation: given v € M, adv(w) = [v, w], where
w € M. The Killing form K of M is defined by K (v1,v2) = tr(advj oadvs), for vi,ve € M.

Proposition 10.2.2. Let M be a Lie group and take h € C*°(T*M). Let M be the Lie
algebra of M and K the Killing form of M. Suppose that K is non-degenerate.
If h is left-invariant, then its associated Hamiltonian system can be rewritten as

| = Lo dH, | = Lo dH,
4= LodH or Q1= LadHt (10.2.9)

§= (ad dH)*fv n= [777 dH]v
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where ¢ : [0,T] — M, £:[0,T] - M*, n:[0,T] - M and £ and n are dual with respect to
K:
K(n.v) = (E.0) Yoe M.

Now, we go back to the discussion about Problem

Corollary 10.2.3 (PMP applied to Problem . Let @ be an optimal solution to Problem
[1 Define

H(n,u) = tr(n(uA+ (1 —u)B)) n € sh(R),uel0,1]. (10.2.10)
Then there is n: [0, T] — sla(R) such that:

1. there is some ng € sla(R) such that n satisfies the equation

{ 0(t) = [n(0), a(®)A+ (1 —a(t)) B], (10.2.11)

for a.e. t €[0,T].

2. the following two conditions hold

H(n(t),u(t)) = urg[%ﬁ]H(n(t),u), for a.e. t €[0,T]. (10.2.12)
n(T) = Xa(T) — tr(X;(T))I. (10.2.13)

We will call (10.2.10)) the adjoint equation and its solution n adjoint trajectory.
Proof. We apply PMP as formulated in Theorem [10.2.1f to Problem (10.2.10)) is the

trivialized Hamiltonian function corresponding to the one in the statement of PMP, iden-
tifying tangent and cotangent space of SLa(R) through Killing form of sly(R), which is
non-degenerate since sly(R) is simple. Recall that Killing form K on sly(R) can be com-
puted as

K(Ml,MQ) :4t1“(M1M2), My, Ms ES[Q(R).

The system ((10.2.11)) is simply the equation in the fibers of (10.2.6)) (see (10.2.9)).
Condition (|10.2.12)) is a straightforward consequence of ((10.2.7)) and (10.2.10)).

It remains to prove (10.2.13). We have to apply (10.2.8]). Let tr : SLo(R) — R be the trace
operator on SLo(R) and set X = X(T). In our setting (10.2.8) reads

tr(n(T)U) = (dxtr, XU), VU € sly(R).

On the other hand, we have

(dxtr, XU) = % (tr(Xe'V ) jp—o = t1(XU).
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Moreover tr(XU) = tr((X—%I)U) and X—%I € sla(R). So, we obtained K (n(T),U)
K(X— tr(QX ) ), U) for every U € sly(R). Since the Killing form of sl3(R) is a non-degenerate
bilinear form, (10.2.13)) follows. ]

In the remaining part of the chapter, we are going to find all the possible extremal
trajectories that satisfy Corollary We will see that there are four possibilities:
constant control v = 1, two different kinds of periodic piecewise constant controls and
singular controls (which will be defined later, Definition [10.3.5)). Depending on the values
of tr(A2),tr(B?),tr(AB), some of them will be extremals and some of them will not.

a>0and |[a>0and | a>0and | a <0and | a <0 and
c>a b<e<a c<b c>a c<b
Regular constant Yes No
control u =1

Periodic control No

of 15t kind
Periodic control

of 27 kind Yes No Yes Yes Yes

ingul
Singular constant No Yes Yes
controls

Table 10.1: Classification of the extremals, depending on the values of a = tr(42%),b =
tr(B?),c = tr(AB). In this table, for all the possible instances of a, b, ¢ we wrote which are
the possible kind of extremals among all the families that we found. The green cells are
the optimal one.

10.3 General properties of extremals

In this Section we discuss some general properties of solutions of . In particular,
we are going to show that this Equation admits two first integrals. So, we can reduce the
number of the degrees of freedom from 3 to 1. So, we will determine geometrically the
trajectories of the solutions, without solving explicitly the equations.

In the following, if it is not important to specify the control we will denote by X the

solution of instead of X (-;u).
Proposition 10.3.1. Let n be a solution of . Then
n(t) = X)X (t). (10.3.1)
This is an immediate consequence of

LX) = X0 XX ()
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In particular, we obtain the following Corollary.

Corollary 10.3.2. Let n be a solution of (10.2.11)). Then detn(t) = ny = const. for every
t>0.

For M € sl3(R), we have the formula 2det(M) = —tr(M?). In what follows, it will be
more convenient to use the expression tr(M?) instead of det M.

Proposition 10.3.3. Let @ be an optimal solution of (OCP) and let (X,n) be an extremal
corresponding to w. Then, if T > 0 is large enough, it holds

tr(n(t)®) >0 Vt€[0,T).
In particular, n(t) has real eigenvalues for any t € [0,T].

Proof. From transversality condition ((10.2.13)), it follows that
1

tr(n(T)?) = 3 (trX(1))" —2.
So, since we want to maximize tr(X (7)), for large T' we will have tr(X (T"))? > 4. Moreover,
since tr(n?) is constant, we can deduce that tr(n(t)?) > 0 for all ¢ € [0, T. O

10.3.1 Invariant Hyperboloid

We now want to give a geometric interpretation of Corollary |10.3.2] Equation (10.2.11]) is
invariant after a dilation, in the sense that for any ¢ € R, if n(-) is a solution with initial

value 7n(0) = ng, then 7(t) = cn(t) is a solution with initial value 77(0) = eng.
So, it is not restrictive to suppose that tr(n(t)?) = tr(n?) = 1. Hence, the trajectory 7 is
contained in the set

H = {M € sly(R) | tr(M?) = 1},

which is a (connected) hyperboloid in the three-dimensional vector space sla(R). To see

this, just take
M= T2
ms3 —Mmi

2 2
tr(M2)22(m%+m2m3)=2<m%+ <m242-m3> B <m2 2m:s) ) ‘
Since A, B, [A, B] are linearly independent, we can write

M =zA+yB+ z[A, B,

Then

and the equation defining H reads
z?tr(A?) + y?tr(B?) + 2%tr([A, B]?) + 2zytr(AB) = 1.

We recall an identity that we will use many times in this chapter.
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Lemma 10.3.4. Let A, B € sl3(R). Then
tr([A, B]?) = 2tr(AB)? — 2tr(A?)tr(B?).

The proof is an elementary exercise of Linear Algebra and we omit it.

10.3.2 Switching function, bang-bang and singular extremals

Now we want to analyze the condition on the Hamiltonian ((10.2.12)). It can be rewritten
more explicitly as
tr(n(t)B) + u(t)tr(n(t)(A — B)) = Jnax, [tx(n(t)B) + utr(n(t)(A - B))]
= tr(n(t)B) + max utr(n(t)(A — B)),
ue|0,

for almost every ¢ € [0,T]. Hence, we are lead to define ¢ : [0,7] — R,

o(t) = tr(n(t)(A — B)). (10.3.2)

We will call ¢ switching function. Notice that ¢ is at least Lipschitz. If ¢ has only isolated
zeros, then a control u, in order to satisfy Pontryagin Maximum Principle, must be of the

form
w(t) — 1 ifp(t) >0,
(t) { 0 ife(t) <0, (10.3.3)

that is, the isolated zeros of ¢ are exactly the times when there is a switch in the dynamics.
If p(tg) = 0, we will call ¢ty a switching time and the corresponding 7(tg) switching point.
If ¢ has any nonisolated zero, then Pontryagin Maximum Principle does not determine the
control directly, but, as we will see in Section in our case it is still possible to bypass
this obstacle and determine the control.

Definition 10.3.5 (bang-bang control, singular control). We will call bang-bang a control
u and its corresponding extremal if ¢ has only isolated zeros.
If instead ¢ = 0, we will call singular the corresponding control u and its extremal.

A control uw which takes only extremal values, i.e. u(t) € {0,1} for a.e. ¢t € [0,7],
is called bang-bang. We will first focus on bang-bang extremals and then we will discuss
separately the singular case.

10.4 Bang-bang extremals

10.4.1 Properties of bang-bang extremals

The goal of this Section is to prove that extremal controls must be either constant or
periodic piecewise constant.
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Theorem 10.4.1. Any admissible control corresponding to a bang-bang extremal must
belong to one of the following two families of controls:

e constant controls, that is either u(t) =1 or u(t) =0 for all t € [0,T;
e bang-bang periodic controls, that is controls in the form

1 ifte]o,7),
0 iftelrnT/k),

u(t) = (10.4.1)

for k € N and 7 € (0,T/k) and then extended by periodicity on the whole interval
[0, T7].

We explain briefly the idea behind this result. We have two first integrals for equation
(10.2.11)): the quantity detn(t) and the Hamiltonian H(n(t), u(t)). In the 3D linear space
sla(R), the set {det n = const} is a connected hyperboloid, while { H(n,0) = const, tr(n(A—
B) < 0} and {H(n,1) = const, tr(n(A — B) > 0} form half-planes. Thus, any trajectory n
solving must be in the intersections of these surfaces, resulting in a concateation
of conic paths, which can be either unbounded or a loop. If unbounded, after a finite
number of switches, the control remains constant. If instead 7 is contained in a loop, then
the solution 1 and the switching function are periodic, making the control periodic as well.

Before proving Theorem we prove the following useful remark: the solution 7 of

(10.2.11)) satisfies transversality condition (10.2.13)) if and only if it is periodic.

Proposition 10.4.2. A couple (X, n) solution of (10.2.3) and (10.2.11)) respectively satis-
fies transversality condition (10.2.13)) at time T > 0 if and only if n is periodic of period
T.

Proof. 1f (10.2.13)) is satisfied, then

and simply multiplying both sides by X (T') on the left and by X(7')~! on the left one
obtains that also
tr(X(T))

n(0) = X(T) - 25

Id = n(T),

that is, ) is periodic of period T'.
Viceversa, if 7(0) = n(T), then, from n(T) = X (T)"'n(0)X (T), it follows that

X(T)n(0) = n(0)X(T),
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that is, 7(0),n(T) and X (7T') commutes. But then also X (T') — %Id and n(T') com-

mutes, and since they are both matrices in sly(R), which is semisimple, they must be
proportional, i.e. there is ¢ € R such that :

Hence, since we can always rescale n, transversality condition ((10.2.13]) is satisfied. O

The remaining part of this section and Subection [10.4.2] are devoted to the proof of
Theorem [10.4.1]

In order to find the switches of a trajectory 7, we define the plane of switching points,
that is the subset of sla(R) where the switching function ¢ is zero:

I = {M € slh(R) | tr(MA) = tr(MB)}.

Since the matrices A, B,[A, B] form a basis of sla(R) by hypothesis, we can write the
equation tr(MA) = tr(MB) as
xa + yc = xc+ yb,

where, according to the notation introduced in the Main Theorem, we set a = tr(A42),
b= tr(B?), c = tr(AB). So, if ¢ # b, we have

c—a

c—b

y = x. (10.4.2)

So, if we impose tr(M?) = 1, that is if we intersect the hyperboloid H with the plane IT
we obtain the equation of a conic

(2¢ — a(c__b)b()cj — ab) 22 4 2(62 o ab)z2 = 1. (10.4.3)

Definition 10.4.3 (Switching curve). We will call switching curve S the intersection curve
II N H, whose equation is given by (10.4.2)), (10.4.3]).

So, the coefficient in front of x is positive if and only if
(2c—a— b)(c* — ab) > 0.

Hence, if ¢> — ab > 0, then the switching curve is an ellipse if ¢ > “T*b, and is an hyperbola

ifc2—ab>0andc<‘%rb.
If instead ¢? — ab < 0 , the switching curve is an hyperbola if ¢ < “T‘H). Notice that ¢ > aTer

implies ¢ — ab > 0, so we can neglect the case ¢ > aTer and ¢2 —ab <0 .
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Figure 10.1: Examples of switching curves. In both pictures you can see the orange hyper-
boloid H, the blue plane II and their intersection, the switching curve S.

10.4.2 Hyperboloid foliation

Let us now fix an initial point on the hyperboloid:
no € H.
Define the half spaces and the half hyperboloids

It = {M € sly(R) | tr(MA) > tr(MB)}, H"=HNI",

II- ={M €sl(R) | tr(MA) < tr(MB)}, H =HNI .
From condition ((10.3.3]), we can see that if ng € H™, the control u, in order to satisfy PMP,
must be equal to 1 until the trajectory n meets the switching curve S. Notice that, as far
as u(t) = 1, the Hamiltonian function of the problem is H(n(t),1) = tr(n(t)A), hence the
quantity tr(n(t)A) is constant.
Similarly, if n(t) € H~ for t € [r1, 7], for some 0 < 71 < 72, then H(n(t),0) = tr(n(t)B) is
constant.

Define the planes
May = {M € sy(R) | tr(MA) =~}
g, = {M € sla(R) | r(MB) =7},

for v € R.
So, if ng € H™ is such that tr(ngA) = =, then the trajectory n is contained in the curve
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HTNI4 4 (see Figure. In particular, we can suppose that geometrically the trajectory
n coincides with the whole curve HT N1y . Indeed, if n accumulates at some point, then
the control u(t) is identically equal to 1 or to 0 for every ¢ sufficiently large and, as we will
see, the corresponding Lyapunov exponents are easy to compute.

Now, we want to study all the possible configurations of H,S and the planes I14,,IIp .
Consider the straight line given by the intersection of the three planes II, 114,115 ,:

tr(MA) =7,
Ty tr(MB) =, (1044)
tr(MA) = tr(MB).

There are three cases: either this line does not intersect the hyperboloid H, either it is
tangent to the hyperboloid, or it has two distinct intersection with the hyperboloid (See
Figure .

We will see later that if , is tangent, then the corresponding trajectory n is constant and
in particular it is a singular trajectory. So, we will consider first the non-tangent cases and
we postpone the tangent case to the Section of singular extremals.

If 7, does not intersect the hyperboloid, then the trajectory n starting from ny does not
meet the switching curve S. This means that 7 is confined either in the region H* or H ™,
so the control u is identically equal to 1 or 0 for all times. If instead there are two distinct

Figure 10.2: Example of possible position of the line r,.

intersection between 7, and H, then there are three possibilities (see Figure [10.3):

1. there is exactly one switch;
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2. there are two switches and after the second switch the adjoint trajectory does not
meet anymore the switching curve;

3. the adjoint trajectory is periodic with infinite switches.

Since the trajectories with no switches give the same Lyapunov exponents as the trajectories
with a finite number of switches, we will not consider them. This ends the proof of Theorem
1041

Before ending this Subsection, we provide explicit formulas for the coordinates of the
switching points.

Using the same notation introduced before, we can write ng = xA + yB + z[A, B]. Then,

from ((10.4.2)),(10.4.4)) we obtain

b— ¢ a-c _i\/(a+b20)72+02ab
2-a YT a—al 7T V2|c2 — ab|

(10.4.5)

xr =

Thus, there are two distinct intersection if + is such that
(a+b—2c)y* + (¢ — ab) > 0.

If a+b—2c >0 and ¢® > ab then the previous condition holds for every v € R. If instead
a+b—2c>0and ¢ < ab this condition corresponds to

>i 2(c? — ab) or <_i 2(c? — ab)
7 V2V 2c—a—-1b V2V 2c—a—-0b

If instead a + b — 2¢ < 0, this implies ¢? > ab , hence v can assume the values

1 [2(c* —ab) 1 /2(c* —ab)
V2V 2c—a—1b 7 V2V 2c—a—-0b

Notice that if v = 0, then the line 7, is tangent to the hyperboloid.

As already mentioned in the Introduction, if the control u in equation (10.2.3) is constant
equal to 1, then the corresponding principal Lyapunov exponent is equal to the positive

eigenvalue of A, i.e.
a
ly=1(A,B) = \/;

Analogously, if the control u is constant equal to 0, then

Cuo(A, B) = \/g
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Figure 10.3: The figure illustrates the possible cases when the switching curve is a horizontal
circle: in the first figure the intersection between the hyperboloid H and the planes Il4
and IIp  are two hyperbolas and the corresponding adjoint trajectory has only one switch.
In the second figure the intersection with one plane is an ellipse and the other is a hyperbola,
and the resulting adjoint trajectory has two switch. In the third case, the two intersections
between the hyperboloid and the planes are hyperbolas, but in this case there are three
connected components and one of them is closed, which corresponds to a periodic adjoint
trajectory. The last figure is similar to the third one but with ellipses instead of hyperbolas.
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Clearly, since we are assuming a > b, we have f,—1 > {,,—¢.
Concerning of a periodic periodic control, the principal Lyapunov exponent can be com-
puted as follows: let T be the period of the control, then

1
Eper(T) = lim sup ﬁ log ||X(nT) ” =

n——+00

1
=i — log || X(T)"|| =
im sup —— log | X(T)"

n—-+00

1 1
= limsup e log \(T)" = T log \(T)),

n—+oo N
where A(T') is the greatest eigenvalue of X (7"). We can further simplify the expression for
lper(T). Indeed, the functional of our Optimal Control Problem does not appear explicitly
in the formula for £,c,(T'). However, we can deduce the value the eigenvalue from the trace

solving
MNT)? —tr(X(THNT) +1 =0,

which gives

Using the identity arcoshz = log(z + V22 — 1), we obtain

arcosh (LX;T)) >
T

Eper(T) =

10.4.3 Bang-bang periodic controls

Up to this point, we have demonstrated that adjoint trajectories can be classified into
two distinct categories: those without switches and those that are piecewise constant and
periodic.

For periodic adjoint trajectories, the switching function is also periodic, thereby
the associated control is periodic too. Nevertheless, in order to satisfy PMP, we have to
choose carefully the switching time 7 in . In this Section, we will see how we can
determine this 7.

From (|10.3.1)), finding all periodic solution to equation adjoint equation (10.2.11)) amounts
to finding X (T') in the form

X(T) — eTAeo'B’

with 7+ o =T and 0, 7,7 switching times.
We will proceed as follows: for every ¢t we will find o = o(7) such that 0,7,7 = 7+0(7)
are switching points. The following result simplifies this task.
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Proposition 10.4.4. Define the bang-bang control

1 i te]o,7],
0 i telr,T).

u(t) =

Let X be the corresponding solution of (10.2.3)) and n be the solution of (10.2.11)). Suppose
that n satisfies the condition of transversality (10.2.13)) at time T'. If T is a switching time,

then also 0 and T are switching times.

So, if we know that 7 satisfies transversality condition at T" and 7 is a switching time,
we know that automatically T is a switching time, so we do not have to check that the
switching condition is satisfied also at time 7.

Proof. We have to check that tr(n(T')A) = tr(n(T)B). From transversality condition

(10.2.13)), this is equivalent to tr(X(T)A) = tr(X(T)B).

transversality condition also implies, by Proposition that 7 is periodic of period T,

so it must be

tr (X (7))
2

So, putting together this identity with the formula (10.3.1]), we obtain that

no = X(T) — Id.

B_TA _ tI‘(X(T))

— Id.
n(r) =e’"e 5

We are assuming that 7 to be a switching time, so it must satisfy
tr(n(r)A) = tr(n(r)B).

Using the formula for n that we have just obtained, we get

tr(e?Be™A) = tr(e“Pe™B). (10.4.7)
The left hand side can be rewritten as

tr(e”Be™A) = tr(e?BPAe™) = tr(e™ e P A) = tr(X(T)A).
Similarly, the right hand side of is equal to tr(X (7")B). Hence, it follows that also
tr(X(T)A) = tr(X(T)B), (10.4.8)

which implies that 7" (and thus, since 7 is T-periodic, also 0) is a switching time. O
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Remark 10.4.5. If we consider a solution of (10.2.3|) with one switch, the final point is in
the form
X(T)=X(r,0) = e e B

where T'= 7 + 0. So, we can see the cost functional as a function of ¢ and s:
d(7,0) = tr(e™e?B).

With this notation, if 7 is a switching point, from the previous proof follows that X (T')
must satisfy Equation ([10.4.8]), which can be rewritten as

L o9
5. (1.0) = 5-(7,09). (10.4.9)

To summarize, given any 7 > 0, equation ([10.4.9) give us a condition to find ¢ > 0 as
a function of 7 such that the control

ult) = 1 if telo,7],

0 if te[r,7+0],

satisfies Pontryagin Maximum Principle on the time interval [0, 7 + o]. The corresponding
solution to the adjoint system 7 satisfies transversality condition on the same time interval,
so one can extend this control by periodicity on the whole line [0, +00).

10.4.4 Principal Lyapunov exponent for periodic controls

Now, we are going to compute the upper bound for Principal Lyapunov exponent of periodic
controls. As we saw previously, in order to find the extremals of our problem we have to
study the functional @ : [0, +00) x [0,+00) — R

®(1,0) = tr(e™eP).

Since equations (10.2.3)) and (10.2.11)) are invariant after a change of basis, if A and B are
not nilpotent (see Remark for the nilpotent case), without loss of generality we can
assume spec(A) = {\,—A},spec(B) = {p, —pu}, with \,u € RUR. Up to exchange the
role of A and B, we can assume tr(A2) > tr(B?).

Proposition 10.4.6. With this notations, the functional in (10.4.4) is

tr(AB)
Ap

®(7,0) = 2 cosh(A7) cosh(uo) + sinh(A7) sinh(po). (10.4.10)

This formula is a simple consequence of the following Lemma.
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Lemma 10.4.7. If M € sl3(R), with positive eigenvalue o > 0, then

sinh(at)

e™M = cosh(at)Id + M. (10.4.11)

Proof. From the characteristic polynomial of M, we know that M? = ?Id , and so M?* =
a?F1d , M2+ = o2k )M . Using these facts in the series expansion of €™ one obtains the
formula above. 0

Remark 10.4.8. If M € sly(R) is nilpotent, i.e. M? = 0, then
e™M = 1d + tM. (10.4.12)

So, if either A or B is nilpotent, one can just replace formula (10.4.10) with a formula for
® obtained using (|10.4.12)).
Imaginary eigenvalues

We are now going to examine a special case. Suppose that tr(A?),tr(B?) < 0, i.e. A, B
have imaginary eigenvalues.

Proposition 10.4.9. If both A, B have imaginary eigenvalues, the functional ® is
®(7,0) = tr(exp(rA) exp(0B)) = 2 cos(A7) cos(uo) — 27ysin(A7) sin(uo),

[tr(AB)|

V/tr(A2)tr(B2?) "

This is simply a consequence of formula (10.4.10) and cosh(iAT) = cos(AT), sinh(iuc) =
isin(po). With this formula, the switching equation ((10.4.9) reads

Where v =

(YA = p) cos(AT) sin(uo) = (yu — A) cos(puo) sin(Ar),

from which we obtain immediately that there are always solutions for cos(A7), cos(uo) = 0,

that is
(r,0) € w3 T T 3rom
[ o 2u) \oaxou ) \anon) [

From these choices the value of this functional is ®(7,0) = +27. Using formula ((10.4.2)
one obtains

1
gper,im(A7 B) = T+

h(7).
~arcos (7)

If tr(AB) < 0, then we have

Eper,im(Aa B) =

2 N < —tr(AB) >
I —_—— .
m ( wea + 3, /ﬁ) Vir(A%)tr(B?)
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Notice that we have chosen the couple (7,0) so to maximize —— under the hypothesis

T+0o
tr(B?) < tr(A42%) < 0.
If instead tr(AB) > 0, then

gper,im(A, B) =

2 arcosh (M>
T <\/tr(_j2) + \/tr(_gg)) tr(A2)tr(B2) :

We will see in the next subsection how to deal with the extremals with cos(A7), cos(uo) #
0.

General case

We suppose now cosh(A7), cosh(uo) # 0 (we already saw the case cosh(A7), cosh(po) = 0,
which can happen if A\, u € {R). With this assumption, equation (10.4.9)) becomes

r — tr(A?
tanh(uo) = i:rgjgs — Erggzi tanh(AT). (10.4.13)

If % > 0, then, for every 7 > 0 we can find o = o(7) for which ((10.4.13]) holds.

In particular
AB) — tr(A?
o) = tr(AB) — tr(A”)
tr(AB) — tr(B?)

So, for every 7 > 0 we obtained an o(7) such that the bang-bang control defined by

T+o(r) asT—0. (10.4.14)

ult) = 1 ifrelo,n),

0 ifrelnt+o(r)),

and extended by periodicity for ¢ € [ + o(7), +00), satisfies all conditions of Pontryagin
Maximum Principle.

Now, it remains just to determine for which 7 the Principal Lyapunov exponent of the
system is maximal. Define the family of controls

1 ifte]o,7),

Uro(t) = 7,0 >0,

0 iftelr,7+0),

and denote by X, , the solution of ((10.2.3) with control equal to u,,. Let a(7,0) be the
greatest eigenvalue of X, ,(7+0), so that the Principal Lyapunov exponent corresponding
to the control u,, is

Ur,0) =

P log (a(T, J)).

The following result helps us in this task.
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Lemma 10.4.10. With the notation introduced above:
1. if tr([A, BJ?) > 0, then £(3,5) > {(7,0);
2. if tr([A, B]?) <0, then ((5,%) < {(7,0);

We first show how to obtain the estimate for the Principal Lyapunov exponent, then
we prove the Lemma.

Theorem 10.4.11. If tr([A, B]2) > 0, then for every T > 0 it holds

T 2
{r,0(r) < lim ((r1,o(n)) = ;\/ S AB)t_([thfj))_ S (10.4.15)

If instead tr([A,B]Q) < 0, then control with switches are not optimal.

Proof. First, suppose that tr([A, B]2) > (0. One can check that this condition implies that

the coefficient in (|10.4.13)) is smaller than 1:
ptr(AB) — tr(A?)

Ntr(AB) —t(BY) ~ -

So, for every 7 > 0 it makes sense to take the inverse hyperbolic tangent in (10.4.13]) on
both sides. Moreover, from point (1) of Lemma [10.4.10} for any 7 > 0 we have

T o(T)

14 (2, 2> > U(1,0(T))

In particular, we can find 71 < 7 such that 71 4+ s(71) = (7 4 o(7)), so that

T o(7)

(11, 8(m1)) >4 <2, 2> > U(1,0(T)).

So, the inequality in follows. To evaluate the limit, one can use Taylor expansions
for o(7) as 7 — 0.

Suppose now that tr([A, B]*) < 0. Notice that this can happen only if tr(A?), tr(B?) >
0. Similarly to the previous case, this inequality implies

ptr(AB) — tr(A?)
A tr(AB) — tr(B?)

> 1.

So, we can find 0 = o(7) solving (10.4.13)) only for 7 < 7, where

B Atr(AB) — tr(4%)
7= Xawc‘canh <N tr(AB) — tr(32)> '
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Moreover, lim,_,z 0(7) = +00. Then, from point (2) of Lemma|10.4.10} we have ¢(27,20(7)) >
¢(t,0(7)). So, similarly to the previous case, this implies that we can find 71 such that

ry,0(m1)) > U(1,0(T)).

£(7[())< i 7£(17'(1))'
17

But as 7 — 7T, the trajectory spends more and more time with control equal to 0. So,
this strategy is for sure worse than spending all the time with control equal to 1, which is
always admissible if tr([4, B]?) < 0 . Hence, in this case switches are not optimal. O

We now prove Lemma [10.4.10]
Proof of Lemma [10.4.10, Recall that
KTaU)::

P log (a(T, a)).

Hence, we can write

T O 2 T o 1 1 «@ (%,%)2
¢ (§7§> —Uro)= 7'—|—0'10g (a (5’5)) I 4o log (a(T’U)) - 7'—|—010g ( a(r,0) ) '
So, we can see that this difference is positive if and only if
a(3.5)°
a(T,0)

> 1.

Since a(7,0) > 1 for any 7,0 > 0, we have that

2 2 1 1
a(%,%) > ar,0) iff a(g,%) —i—ﬁ>a(7,a)+

which is the same as
T 0\2
tr | X (5, 5) > tr(X(7,0)).

The term in the left hand side can be rewritten as

2 T ag T g
X (%, %) = X(r,0) + ez [653, efA] ez B,
So, in the end, it amounts just to compute tr <e%A[e%B,e%A]e%B), which can be done
using formula (|10.4.11)). One obtains

i )2 gj )2

i (egA[egB’e%A}e%B> _ sinh(AZ)"sinh(p3)
2A2M2

So, if tr([A, B]*) > 0, then we obtained point (1) of the Lemma. If instead tr([A, B]*) <0,
then all inequalities are reversed and we obtain point (2). O

tr([A, B]Q).
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Remark 10.4.12. Notice that this is a completely general result about product of matrix
exponentials. Indeed, it holds for a generic control u,,, even if it does not correspond to
a Pontryagin extremal.

Limit trajectory as switching time tends to zero

In the previous Subsection we saw that if tr([A, B]?) > 0, then the upper bound for the
principal Lyapunov is obtained as the switching time tends to zero. Now, we want to
discuss some more details about the limit trajectory as the switching time goes to zero.

Proposition 10.4.13. The limit trajectory as the switching time goes to zero is the singular
trajectory.

Proof. First, recall that from ((10.4.14])

_ tr(AB) — tr(A?)
o(r) = tr(AD) _tr(BZ)T-l—O(T) as 7 — 0.

So, our trajectory spends 7 time with control equal to 1, which corresponds to matrix A,
tr(AB)—tr(A?)
tr(AB)—tr(B?)
For simplicity, let us call

and approximately T time with control equal to 0, corresponding to matrix B.

_ tr(AB) — tr(A?)
‘T %(AB) — tr(B2)’

the coefficient appearing in the expansion of o (7).

So, by convex approximation (see Theorem 8.2 in [13]), we know that as the number of
switches goes to infinity (i.e., 7 goes to zero), the flow tends uniformly (in the C*°(SLa(R))-
topology) to

T+ exp (T(vA+ (1 —v)B)),

where
1 tr(AB) — tr(B?)
v = _=
1+c¢ 2tr(AB) — tr(A2) — tr(B2)’
which corresponds to the value of the singular control (see Section 10.5). O

10.5 Singular extremals

In this Section we are going to deal with the case of singular extremals (see Definition
10.3.5)). Recall the definition of the Hamiltonian function H and the switching function ¢

H(n,u) = tr(n(uA +(1- u)B)), o(t) = tr(n(t)(A — B))
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Recall also that the singular extremals correspond to the case of p(t) = 0 for t € [y, 7o),
and 71,72 > 0. In this case, since ¢ is Lipschitz, we can differentiate it:

0= 3(t) = tr(()(A — B)) = tr([n(t), ud + (1 — ) B](A - B)) = tx(n(t) 4, B]),

where in the last equality we used the identity tr([My, Ma]|Ms) = tr(M;[Ma, Ms]). Notice
that ¢ does not depend on u and in particular it is again a Lipschitz function. So, if 7, is
a point of a singular trajectory, it must satisfy the two following conditions:

{ tr(.(A — B)) =0, (10.5.1)
tr("?*[Av B]) =

0
These two conditions are linear in 7, so, since A, B and [A, B] are linearly independent,
they determine a straight line in sly(R).
If we write n, = xA + yB + z[A, B], then the second equation implies z = 0. Hence, from

(10.4.5)), we see that if we take v, = tr(n.A), the line 7, is tangent to the hyperboloid H
(see discussion in Subsection 10.4.2).

There are two intersection between the line (10.5.1) and the hyperboloid H described in
Section 10.2 if and only if

(2tr(AB) — tr(A?) — tr(B?))tr([4, B]*) > 0.

If there are no intersection, then there are no singular extremals. So, from now on we will
assume that this inequality hold.
We can compute explicitly these two intersection: let us call 7, one of the two intersection

point. Then, from (10.4.2) and v = 0 we obtain
tr(AB) — tr(A?)
tr(AB) — tr(B2)

Ne = OZ*AJFQ*

where a, € R is chosen such that tr(n?) = 1. Since the intersection between and
H is a discrete set and since the solution 7, is Lipschitz, the only possibility for 7, is to be
constant. Hence

0= nx(t) = [, us A + (1 — uy) Bl

from which we can determine the value of the singular control u,

B tr(AB) — tr(B?)
T 2 (AB) — tr(A2) — tr(B2)

In order to be an admissible control, it must hold u, € [0, 1].

Proposition 10.5.1. The value u. is an admissible control if and only if

tr(AB) > tr(A%)  or tr(AB) < tr(B?).
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So, if we take the constant singular control equal to u,, then the associated Lyapunov
exponent is simply the greatest eigenvalue of u, A+ (1—u.)B, which can be easily computed:

1 tr([A, B]?)
- 2\/2tr(AB) — tr(A42) — tr(B?)’ (105:2)

A direct computation shows that

lsing > ly—1 <= tr((u*A + (1 — u*)B)Q) > tr(A2)

(4%) + tx(B?)

<~ tr(4B) > o 5

So, taking into account that singular control is admissible if tr(AB) > tr(A?), we obtain
that singular constant control are better than constant control if tr(AB) > tr(A?). On
the other hand, if tr(AB) < tr(B?) then constant control is better than constant singular
control.

The following result ends the discussion about the singular case.

Proposition 10.5.2. There are no solutions to the adjoint system (10.2.11)) containing a
bang-bang piece and a singular piece.

Proof. We already noticed that for 7, we have v = 0 in and the intersection line
between the planes I14 ., and Il ., is tangent to the hyperboloid H, where ¢, = tr(An,).
Recall from Section 10.4 that as the switching time in a bang-bang trajectory in SLa(R)
tends to zero, the resulting trajectory tends to a singular trajectory. The convergence in
SLo(R) implies that also the sequence of the corresponding adjoint trajectories tends to the
singular adjoint trajectory, which is constant. Thus, in a neighbourhood of 7, sufficiently
small and contained in the hyperboloid H, the phase portrait is as in Figure [10.4

Thus, any possible trajectory starting from 7, and escaping the switching curve S would
inevitably cross some of the periodic trajectories tending to 7y, contradicting the local
uniqueness of the solution of an ODE. 0

So, to resume, we found that if an extremal contains a singular piece, then the whole
extremal is singular, and the corresponding Lyapunov exponent is given by ((10.5.2)). This
is the optimal solution if tr(AB) > tr(A?).

10.6 Final remarks

Since the nature of the extremals changes a lot with the values of tr(A?),tr(B?),tr(AB), we
end the discussion with some final remarks about which is the optimal strategy depending
on these values. As before, we always assume tr(A42) > tr(B2).

So far, we have obtained that all possible extremals satisfying PMP are in one of the
following form:
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Figure 10.4: Phase portrait on the hyperboloid H for the adjoint system near
7«. The black line S is the switching curve, 7, is the singular point. Above and below S
we have the two bang pieces, and as the switching time goes to zero the adjoint trajectory
tends to 7..

e constant control;
e constant singular control;
e if tr(A2) < 0, bang-bang periodic control.

As already pointed out, principal Lyapunov exponent associated with the periodic bang-
bang extremals accumulating at singular extremals are bounded above by the principal
Lyapunov exponent associated with singular extremal, so we can omit them from the
discussion.

First, assume that tr(A42) > 0. In this case we already saw in Section 10.5 that if tr(AB) >
tr(A?), then the value of the Principal Lyapunov exponent given by the constant singular
control is bigger than the one given by the constant control. Viceversa, if tr(AB) < tr(A4?),
then the optimal solution is obtained for u = 1 constant. So, the first two point of the
Main Theorem are proved.

We turn now to the tr(A?) < 0 case. We have the following restriction on the possible
values of tr(AB).

Lemma 10.6.1. If tr(B?) < tr(A?%) < 0, then |tr(AB)| > /tr(A2)tr(B2). In particular
tr([A, B]?) > 0.

Proof. Up to a change of base, we can suppose

A= (0 M) pop(Y H)pr po(e? €SLy(R), A pu€eR.
A0 w0 c d
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Since A in this form commutes with rotations, that is matrix of the form

Ry — (cos& —sm@) C0el0,2n],

sinf cosf

we can use another change of base given by a rotation matrix to kill one element of P.
That is, we can further assume that P is in the form

P:(E: ?), a,B€R, a#0.

(67

With A, B in this form, we can compute directly tr(AB) :
1
tr(AB) = —\u (042 +ao? + 52> .

Since 5 +a?2>2 , we obtain

[tr(AB)| > 2| u| = v/tr(A?)tr(B?).
O

Remark 10.6.2. From the previous proof, we can give a geometric interpretation of the
sign of tr(AB) in the case tr(B?) < tr(A?) < 0. Define the cone of imaginary matrices in
5[2(R):

C = {M € sly(R) | tr(M?) < 0}.

Using the form for A, B introduced in the previous proof, if tr(AB) < 0, then Au > 0, that
is A, B are in the same connected component. If instead tr(AB) > 0, then Au < 0, hence
A, B are in two different connected component.

In particular, if tr(AB) < 0, then the whole segment of velocities
{uA+ (1 —w)B|ue[0,1]}

is inside the cone C. In this case, if the singular control is admissible, then it has imaginary
eigenvalues, hence singular constant control cannot be optimal (the resulting trajectory in
SL2(R) would be periodic, hence bounded). So, in this case the best admissible strategy
is the one given in Subsubsection 10.4.4 “Imaginary eigenvalues”, and we obtain the third
point of Main Theorem.

If instead tr(AB) > 0, then part of the segment of velocities is outside the cone, and in
particular singular control is admissible since tr(A?) < 0.

The following Lemma shows that in this case constant singular control are again optimal.
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Lemma 10.6.3. If tr(B?) < tr(A42) < 0 and tr(AB) > /tr(A2)tr(B2?), then

arcosh [ BAB) ) 1 tr(AB)? — tr(A%)tr(B?)
\/tr a7y + \/tr(B2 ] tr(A2)tr(B?) 22tr(AB) — tr(A2) — tr(B2)’

Proof. First, notice that the two quantities are homogeneus in tr(A42), tr(B?),tr(AB). So,
left hand side can be rewritten as

2

ga v arcosh <_C)
™ 14+Vb Vb))’
tr(A2) b= tr(B2) _ tr(AB)

where a = 5 (A7) ¢ = T(A2) - From the hypothesis of the Lemma, we deduce

a>0,b>1,¢<—vb< —1. Using similar notation, the right hand side of the inequality
in the thesis is

c2—b
b+1—2¢
Define

2 Vb —c
,C) = — arcosh | — |,
100 = 2 oo ()

2 —b

be)=+4)/ —m—.

9b:0) =\ oo

Notice that for every b, if ¢ — —+v/b then both functions tend to zero, i.e.:

vo>1 lim f(b,c)=0= lim g(b,c).

c——Vb c——Vb

Hence, if for every b > 1 and every ¢ < —/b we have

of dg
5o (b:0) = 5 (b.c), (10.6.1)

then we obtain f(b,c) < g(b,c) for every b > 1 and ¢ < —/b. These derivatives are

09 4= 2 Vo1
o) T T A 1=
99, . 1 (c=Db-0

—(b,c) = .
5" VE=b(b+1-20)7

So ((10.6.1)) reduces to
2 Vb (1 —c)(b— c)
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Since we want this inequality to hold for every ¢ < —v/b and since the right hand side is
decreasing in ¢, it is sufficient to prove

2 Vb _ (14 VB + VD)
TVh+1 T (b+1+2vVb)2

After a few simplifications, this reduces to

(Vb+1)2 >

)

3w

which is true for every b > 1. O

This concludes the proof of the fourth case of Main Theorem.
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Appendix

A.1 Chronological calculus and the variation formula

In this section, we briefly recall the notation and the main formulas of chronological calculus
that are used throughout the thesis. In particular, we recall the variation formula for non-
autonomous flows and the Volterra expansion up to second order. For a more complete
treatment, we refer to |13, Chapter 2] and [5, Chapter 6].

Let X; be a complete non-autonomous smooth vector field on the manifold M. More
generally, the same formulas remain valid under the standard measurable-in-time assump-
tions for which the corresponding non-autonomous differential equation is well posed. For
s,t € R, we denote by ®,; its flow, so that, for every ¢ € M, ®,,(q) is the value at time ¢
of the solution of

q(r) = X (q(7)),  q(s)=gq.
The flow satisfies

)

(I)s,s = 1d, (I)'r,t = (I)s,t o q)r,87 ‘I’;tl = Py .

We denote the flow from time s to time ¢ by the right chronological exponential

t
D, = oxXPp / X, dr.
S
When the initial time is 0, we use the abbreviated notation
(I)t = (I)O,t-

If F: M — M is a diffeomorphism and Y is a smooth vector field, we denote by F,Y
its push-forward, defined by

(FY)(q) = dp1()F [Y(F~(q))] -

285
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We now recall the variation formula. Let X; and Y; be two non-autonomous vector
fields and denote by ®o; and W, the flows generated by X; and X; + Y}, respectively.
The flow of the perturbed vector field can be decomposed into the reference flow and a
correction transported back by the reference dynamics.

Lemma A.1.1 (Variation formula). With the notation above, one has

t
W, = oy 0 &P / (251) vads. (A.1.1)
0 *

We omit the proof of this Lemma, which can be found in the references cited above.

The variation formula is particularly useful when the perturbation depends smoothly
on a parameter. In that case, the first and second derivatives of the perturbed flow can be
read directly from the first terms of the Volterra expansion. We recall only the order needed
in the subsequent applications; estimates for the remainder and the general expansion can
be found in [5, Sections 6.4 and 6.6].

Proposition A.1.2 (Volterra expansion up to second order). Let Y be a smooth one-
parameter family of non-autonomous vector fields such that

oYyF 0%Y?
YL =0, L =Y, : = 7. (A.1.2)
Oe |._o 0e* |,
Denote by
t
Pf = &xp / YE ds
0
the corresponding flow. Then, for every a € C*°(M),
t
ao Pf :a—i—e/ Ysads
, ) (A.1.3)

t
+ & (/ Zsads + 2/ Y, (Ys,a) dsy d32> + o(2).
2 \Jo 0<sy<sr <t

Proof. Vector fields act as derivations on C°°(M). The Volterra expansion of the chrono-
logical exponential gives

t
ao Pf :a—i—/ Yfladsl—i—/ YE (YEa) dsidss + O(e?).
0 0<s2<s1<t
Expanding Y;® at ¢ = 0 by (|A.1.2)) and collecting the terms of order one and two gives (A.1.3)).
O

In particular, after applying the variation formula, the first differential of an endpoint
map is obtained from the first integral in , while its second differential contains both
the pointwise second-order variation of the infinitesimal generator and the time-ordered
double integral. This is the form of the chronological expansion used in Section
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A.2 Lipschitz maps and piecewise smooth manifolds

In this section, we recall the elementary nonsmooth tools used in the construction of
piecewise smooth fields of extremals and in the study of their projections. Throughout the
first part of the section, £ C R" is an open set and f : @ — R™ is a locally Lipschitz
continuous map. We write co S for the convex hull of a set S and S for its closure.

Definition A.2.1 (Clarke generalized differential). Let € . The Clarke generalized
differential, or generalized Jacobian, of f at x is

df (x) = co {kli)rgo Df(zk)

xr — x, [ is differentiable at xk}
The following standard properties follow from Rademacher’s theorem and the definition
of the generalized differential.

Proposition A.2.2 (Basic properties). Let f : Q — R™ be locally Lipschitz and let x € Q.
Then the following statements hold.

1. The set Of(x) is a non-empty compact convex subset of R™*™.

2. If f is C' in a neighbourhood of x, then
Of(x) ={Df(x)}.

3. The set-valued map x +— Of(x) is locally bounded and upper semicontinuous.

Here upper semicontinuity means that, for every open set O C R™*" containing df(x),
there exists a neighbourhood V' of x such that df(y) C O for every y € V.

Definition A.2.3 (Clarke regular point). Assume that m < n. A point z € Q is called a
Clarke regular point of f if

rank A =m for every A € 0f(z).
If m = n, this is equivalent to requiring every A € df(x) to be invertible.

The nonsmooth analogue of the classical inverse function theorem is the following result
of Clarke [32].

Theorem A.2.4 (Clarke’s local inverse function theorem). Let Q@ C R™ be open and let
f:Q —= R"™ be locally Lipschitz. If xy is a Clarke regular point of f, then there exist open
neighbourhoods Oy, of xo and Oy of f(wo) such that

f : Oxo — Of(xo)

is a bi-Lipschitz map.
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We will also use the following elementary chain rule.

Proposition A.2.5 (Chain rule). Let f : Q@ — R™ be locally Lipschitz and let g : O C
R™ — R¥ be a C' map defined on a neighbourhood of f(x). Then

d(g o f)(xz) = Dyg(f(x)) o 0f(x),

where

Dg(f(z)) o 0f(x) = {Dg(f(x)) o A| Acdf(x)}.

A particularly simple situation, which is the one occurring at the switching hypersur-
faces considered in this thesis, is that of a continuous map which is smooth on the two
sides of a smooth hypersurface.

Proposition A.2.6 (Generalized differential of a two-sided smooth map). Let S C Q be
a smooth hypersurface and assume that, locally near x € S, the complement 2\ S has two
components Q~ and Q. Suppose that f is locally Lipschitz and that the restrictions of f
to Q= and QF admit C' extensions up to S. Denote their differentials at x by D~ f(x) and
Dt f(x). Then

df (z) =co{D~ f(z),D* f(z)}.

We now introduce the class of Lipschitz manifolds that will be used below.

Definition A.2.7 (Lipschitz manifold). A subset M C R" is called a d-dimensional Lip-
schitz manifold if, for every x € M, there exist an open neighbourhood O, C R™ and a

locally Lipschitz map
f:0, — R

such that
MnO, = f10),

and every point of MNQO, is a Clarke regular point of f. Equivalently, 0 is a Clarke regular
value of f along M N O,.

In the applications considered in this thesis, the local Lipschitz structure has a more spe-
cific form. Near every nonsmooth point, the manifold is given by a bi-Lipschitz parametriza-
tion which is smooth on the two sides of a smooth hypersurface. More precisely, locally we

consider maps of the form
O:V x(=6,0) — M, (A.2.1)

where V' C R4"! is open, © is bi-Lipschitz onto its image, and its restrictions to V x (=6, 0]
and V x [0,d) admit smooth extensions to the corresponding closed half-neighbourhoods.
This is precisely the local structure arising from the flow-box parametrizations at the
switching hypersurfaces of a piecewise regular extremal.

For such parametrizations, it is useful to retain the whole family of limiting tangent
spaces rather than combining them into a single tangent cone.
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Definition A.2.8 (Generalized tangent family). Let © : W C R? — M be a local bi-
Lipschitz parametrization, let y € W, and set © = ©(y). The generalized tangent family
associated with © at x is

T,M = {ImL | L € 9O0(y)}.

The generalized differential in Definition is computed in any smooth ambient
coordinate system. Changes of smooth ambient coordinates act on its elements by com-
position with an invertible differential and therefore do not affect the corresponding rank
and transversality conditions. In the applications below, the parametrization © is fixed by
the geometric construction, so we suppress it from the notation. At a smooth point, the
generalized tangent family reduces to the ordinary tangent space:

TpM =A{T, M}.
The two-sided structure described above yields an explicit formula for this family.

Proposition A.2.9 (Generalized tangent family at a switching hypersurface). Let © be

as in (A.2.1) and let
x = O(yo,0).

Assume that the two one-sided differentials agree on the directions tangent to V', and denote
by
E, = dy,O(RY x {0})

the corresponding (d — 1)-dimensional subspace. Let
vT = 070(y0,0), v = 970(yo,0)
be the two one-sided transverse derivatives. Then
TeM={E; +R(aw™ + (1 —a)) | a €[0,1]}. (A.2.2)
Proof. Proposition gives
90(yo,0) = {aD~O(y0,0) + (1 — @)D O(yo,0) | a € [0,1]} .

Since the two differentials coincide on the directions tangent to V', only the transverse direc-
tion is affected by the convex combination. Taking the images of these maps gives (A.2.2)).
O

We finally record the local invertibility criterion in the form used in the thesis. Since
Theorem is local and invariant under smooth changes of coordinates, it immediately
extends to maps between finite-dimensional Lipschitz manifolds.
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Corollary A.2.10 (Local invertibility on a Lipschitz manifold). Let M be a d-dimensional
Lipschitz manifold, let N be a d-dimensional smooth manifold, and let FF : M — N be
locally Lipschitz. Fix x € M and a local bi-Lipschitz parametrization

O:WcCR!— M, O ==z

If every element of the Clarke generalized differential of Fo© at y is an isomorphism, then
F is a local bi-Lipschitz map near x. In particular, if M is contained in a smooth manifold
P and F is the restriction to M of a smooth map F : P — N, it is sufficient that

dyF o L: R — Tp(y N
be an isomorphism for every L € 00 (y).

The case needed for fields of extremals is obtained by taking P = T*M, F= 7, and
dimM = dim M = d. Let A € M and let © be a local parametrization as above. Then
the restriction

TM = T m

is locally bi-Lipschitz near A provided
dymolL: Rd — Tﬂ.()\)M

is an isomorphism for every L € 00(y). Equivalently, in terms of the generalized tangent
family, this condition is

ANTy <T;(A)M) = {0} for every A € M. (A.2.3)

Thus, at a smooth point ({A.2.3]) reduces to the usual transversality of T\ M with the vertical
subspace, while at a switching point it must hold for every member of the connecting

family (A.2.2)).

We conclude with a version of Stokes’ theorem for Lipschitz manifolds.

Theorem A.2.11 (Stokes’ theorem for Lipschitz manifolds). Let S be a compact oriented
d-dimensional Lipschitz manifold with boundary, contained in a smooth manifold P, and
let w be a smooth (d — 1)-form defined on a neighbourhood of S in P. Then

/dw:/ w,
S oS

where JS is endowed with the orientation induced by S, and the integrals are understood
through oriented Lipschitz parametrizations.

Since Lipschitz manifolds are sets of finite perimeter, this formulation of the Stokes’
theorem is obtained, for instance, as a particular case of the Gauss—Green theorem for BV
functions. A standard reference for this result is, for instance, [35, Section 5.8].
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