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Introduction

Classical minimum time problem in finite-dimension deals with the minimization
of the time needed to steer a point zo € R% to a given closed subset S of R¢,
called the target set, along the trajectories of a controlled dynamics that can be
presented by mean of a differential inclusion as follows:

z(t) € F(x(t)), t>0,
(0.1)
2(0) = xo,

where F is a given set-valued map from R? to R?, satisfying some structural as-
sumptions, and whose value at each point denotes the set of admissible velocities
at that point.

In this way it is possible to define the minimum time function T: given
x € RY, we define T'(z) to be the minimum time needed to steer such point to the
given target S along trajectories of (0.1). The study of regularity properties of T’
is a central topic in optimal control theory and it has been extensively treated
in literature. In particular, we refer to [20,23] and to references therein, for
recent results on the regularity of 7" in the framework of differential inclusions.

The present work aims to generalize the finite-dimensional time-optimal con-
trol problem to the infinite-dimensional setting of Borel measures. The main
motivation for such a formulation is to model situations in which the knowl-
edge of the initial state x( is only probabilistic, for example it can be obtained
only by an averaging of many measurement processes, e.g. when measurements
are affected by noises, or also in cases in which we are interested in modeling
multi-agent systems, where the number of agents is so huge to make viable only
a statistical (macroscopic) description of the system. In the first case, the time-
evolving measure represents our probabilistic knowledge about the state of the
particle, while, in the second case, it represents the statistical distribution of the
agents. It is worth noticing that this situations can happen even if we assume
a pure deterministic evolution of the system as it is in our case of study.

In the framework of crowd dynamics, several studies have been made to
provide mathematical models and numerical simulations to take into account
different kinds of behaviour of pedestrians, related also to mutual interactions.
For instance, a possible application comes from the evacuation problem in the
pedestrian dynamics, where the objective is to drive a crowd of people outside
of a room in the minimum amount of time.

A very recent survey on this topic is the monograph [39], providing a new and
unified multiscale description based on measure theory for the modeling of the
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crowd dynamics, which usually follows two main points of view, a microscopic
and a macroscopic one, in order to analyze the relations between individual and
collective behaviours, respectively.

To model real-world situations, it is also needed to consider situations where
the evolving total mass is not conserved in time, as it happens for instance in the
evacuation problems where the pedestrians are removed from the system once
they get outside of the room. In this case, the evolving mass solves a continuity
equation with sink. To treat cases of transport equation with source/sinks,
and more precisely to compare measures with different total mass, the classical
Wasserstein distance between probability measures cannot be used, thus in [64,
65] a generalized Wasserstein distance between positive finite Borel measures is
introduced.

A measure theoretic approach for transportation problems can be found
also in [66] where the modeling approach relies on the concept of discrete-time
evolving measures and in [19] in which authors focus mainly on concentration
and congestion effects.

For other possible references regarding the study of multi-agents systems, we
address the reader to [24] in which the target is not a physical object, indeed
the aim is to find the sparsest control strategy (i.e. action concentrated on
the fewest number of agents) to achieve a state in which the evolving group
will reach an alignment consensus by self-organization. The notes [27] presents
instead a summary on the mean-filed limit for a huge number of interacting
particles with applications to swarming models, while in [44,45] the authors
introduce and develope the concept of mean-field optimal control in which the
individuals are not freely interacting but influenced by an external policy maker
so that the moving population is divided into leaders and followers.

Due to this reasons, other authors have investigated different problems study-
ing systems for which the initial conditions are given by a probability distribu-
tion, instead of a deterministic point, e.g. in [17] in which a stocastic approach
is presented, or in [49] in which the authors adopt a random variable approach.

Motivated by the previous considerations and considering a deterministic
dynamics, in Chapter 2 we will give a general description of a control problem
in the space of positive Borel measures studying basic properties on very general
cost functionals stating the problem both in a mass-preserving setting and in a
non-isolated case with instantaneous annihilation of the evolving mass.

More specifically, in a mass-preserving setting, a time-optimal control prob-
lem in the space of probability measures endowed with the topology induced by
the Wasserstein metric will be introduced in Chapter 3 (see [28,30-32]), where
the dynamics is given by a controlled continuity equation in the space of prob-
ability measures, which naturally arises as an infinite-dimensional counterpart
of a finite-dimensional differential inclusion.

Indeed, a natural choice to model our knowledge about the particle’s starting
position is to consider it as a Borel probability measure o € 2(R?), looking to a
new macroscopic control system made by a suitable superposition of a continuum
of weighted solutions of the classical differential inclusion (0.1) starting from
each point of the support of pg (microscopic point of view). The case in which
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1o is a Dirac delta concentrated at a point xy corresponds of course to the
classical case in which perfect knowledge of the starting position is assumed.

The deterministic time evolution of the macroscopic system in the space of
probability measures, under suitable assumptions, can be thought as ruled by
the (controlled) continuity equation to be understood in the distributional sense

Oppu(t, ) + div(vy(z)u(t,z)) =0, for0<t<T,zecR?,
(0.2)
(0, ) = po,

which represents the conservation of the total mass po(R?) during the evolu-
tion. The resulting admissible mass-preserving trajectories p := {s}eejo,17s
M=o = Mo, are time-depending Borel probability measures on R<. Here v;(x)
is a suitable time-depending Eulerian vector field, representing the velocity of
the mass crossing position x at time t.

In order to reflect the original control system (0.1) at a microscopic level,
a natural requirement on the vector field v;(-) is to be a L}”—Borel selection of
the set-valued map F(-): this means that the microscopic particles/agents still
obey the nonholonomic constraints coming from (0.1). On the other hand, since
the conservation of the mass gives us the property u(t,R%) = uo(R9) for all ¢,
we are entitled — according to our motivation — to say that the measure pu(t,-)
actually represents the probability distribution in the space R? of the evolving
particles at time t.

The analysis of (0.2) by mean of the superposition of ODEs of the form
z(t) = v(x(t)), or z(t) = v(t,x(t)), has been extensively studied in the past
years by many authors mainly inspired by a result appearing in the appendix of
[75]: for a general introduction, an overview of known results and open problems,
and a comprehensive bibliography, we refer to the recent survey [1]. The main
issue in these problems is to study existence, uniqueness and regularity of the
solution of (0.2), for pg in a suitable class of measures, when the vector field v
has low regularity and, hence, it does not ensure that the corresponding ODEs
have a (possibly not unique) solution among absolutely continuous functions,
for every initial data xo. In this case, the solution of (0.2) provides existence
and uniqueness not in a pointwise sense, but rather generically.

Moreover, also the links between continuity equation (0.2) and optimal trans-
port theory have been investigated recently by many authors. One can prove
that suitable subsets of Z(R?) can be endowed with a metric structure — the
Wasserstein metric — whose absolutely continuous curves turn out to be pre-
cisely the solutions of (0.2). This has been applied to solve many variational
problems, among which we recall optimal transport problems, asymptotic limit
for gradient flows of integral functionals, and calculus of variations in infinite
dimensional spaces. We refer to [9,15,41,74] for an introduction to the subject,
and for generalizations from R? to infinite dimensional metric spaces. However,
we will not address this problem in this work.

It is well known that, in the case in which v.(+) is locally Lipschitz in x uni-
formly w.r.t. ¢, the solution of the continuity equation (0.2) can be represented
as the push forward of the initial state uy through the unique solution T; of the
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characteristic system

A(t) = ve(y(t)), for Ll-ae. t € (0,T),
1(0) = =,

ie. py = Tiffpo for all t € [0,T), where the push-forward of po through Ty
(called transport map) is defined by Tyfio(B) := po(Ty ' (B)), for all Borel sets
B C R%. Regularity properties of v; are crucial to have such a representation
formula.

(0.3)

However (0.2) has been proven to be well-posed even in situations in which
the regularity of the vector field v; is not sufficient to guarantee uniqueness of
the solutions of (0.3). Heuristically, this is due to the fact that the evolution
of the measure is not affected by singularities in a u;-negligible set. Following
[9], we recall that the integrability assumption [|v¢||1r(ray € L*([0, T]) yields the
existence of a solution of (0.2) in the sense of a continuous curve ¢ — i in the
space of probability measures endowed with the weak™ topology induced by the
duality with continuous and bounded functions ¢ € CP(R?) (i.e., a narrowly
continuous curve in the space of probability measures).

In Theorem 8.2.1 in [9] and Theorem 5.8 in [15], the so called Superposition
Principle states that, if we require much milder assumptions on v, the solution
p of the continuity equation can be characterized by the push-forward e;fin,
where e; : R? x T'p — R? (z,7) = ~(t), I'r := C°[0,T];RY) and 7 is a
probability measure in the infinite-dimensional space R? x I'z concentrated on
those pairs (z,7) € R% x I'r such that + is an integral solution of the underlying
characteristic system (0.3). We refer the reader to the surveys [1,9] and the
references therein for a deep analysis of this approach that is at the basis of the
present work.

Pursuing the goal of facing control systems involving measures, we define a
generalization of the target set S by duality. We consider an observer that is
interested in measuring some quantities ¢(-) € ® (observables); the results of
this measurements are the average of these quantities w.r.t. the state of the
system. The elements of the generalized target set S® are the states for which
the results of all these measurements are below a fixed thershold.

Another possible interpretation of our framework in this case can be given
in terms of pedestrian dynamics: suppose to have initially a crowd of people
represented by a (normalized) probability measure g and to be able to identify
a safety zone S C RY, while F(-) represents some (possible) nonholonomic
constraints to the motion. Then if our aim in case of danger is to steer all
the crowd to the safety zone in the minimum amount of time, we can choose
® = {ds(-)}. In a more realistic situation, it may not be possible to steer all
the crowd to S. If we fix o € [0,1] and choose ® = {ds(-) — a}, we are still
satisfied for example if the ratio between the number of people in the safe zone
and all the people is above 1 — a, or if we can take the people sufficiently near
to the safe zone.

Having defined the set of admissible trajectories and the target set in the
space of probability measures, the definition of generalized minimum time func-
tion at a probability measure pg is the straigthforwardly generalization of the
classical one, i.e., the infimum of all the times 7" for which there exists an ad-
missible trajectory defined on [0, 7] and satisfying up € S®.
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Our main results for Chapter 3 can be summarized as follows:

- a theorem of existence of time—optimal curves in the space of probability
measures;

- a Dynamic Programming Principle;

- a comparison result between classical and generalized minimum time func-
tions in some cases;

- some attainability results and sufficient conditions yielding Lipschitz con-
tinuity of the generalized minimum time function (see [28]);

- the proof that the generalized minimum time function is a viscosity solu-
tion in a suitable sense of an Hamilton-Jacobi-Bellman equation analoguos
to the classical one;

- the definition of a correspondent quantity for the Lie bracket in a measure-
theoretic setting for nonsmooth vector fields (see [29]) in order to open
the door to the study of higher order controllability conditions in this
framework.

Since classical minimum time function can be characterized as unique vis-
cosity solution of a Hamilton-Jacobi-Bellman equation, the problem to study a
similar formulation for the generalized setting would be quite interesting. Sev-
eral authors have treated a similar problem in the space of probability measures
or in a general metric space, giving different definitions of sub-/super differen-
tials and viscosity solutions (see e.g. [7,9,26,46,47], or [48] for a new notion of
viscosity solution for Eikonal equations in a general metric space). For exam-
ple, the theory presented in [47] is quite complete: indeed there are proved also
results on time-dependent problems, comparison principles granting uniqueness
of the viscosity solutions under very reasonable assumptions.

However, when we consider as metric space the space P5(R?), i.e. the
space of probability measures with 2-moment finite, we notice that the class
of equations that can be solved is quite small: the general structure of metric
space of [47] allows only to rely on the metric gradient, while &25(R?) enjoys a
much more richer structure in the tangent space (which, at many points, can
be identified with a subset of L?).

Dealing with the definition of sub-/superdifferential given in [26], the major
bond is that the “perturbed” measure is assumed to be of the form (Idg« + ¢)
in which a (rescaled) transport plan is used. It is well known that, by Brenier’s
Theorem, if u < £ in this way we can describe all the measures near to p.
However in general this is not true. Thus if the set of admissible trajectories
contains curves whose points are not all a.c. w.r.t. Lebesgue measure (as in our
case), the definition in [26] cannot be used.

In order to fully exploit the richer structure of the tangent space of &25(R%),
recalling that AC curves in %, (R?) are characterized to be weak solutions of the
continuity equation (Theorem 8.3.1 in [9]), we considered a different definition
than the one presented in [26] using the Superposition Principle.

In this work, we just proved that the generalized minimum time function
solves in a suitable viscosity sense a natural Hamilton-Jacobi-Bellman equation,
which presents strong analogies with the finite-dimensional case. However, a
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Comparison Principle for the generalized HJB equation is still the principal
open problem in this framework, as well as to give a Pontryagin’s maximum
principle comparable with the classical one.

Related to such a problem, a further application could be the theory of mean
field games [54,55]. According to this theory, in games with a continuum of
agents, having the same dynamics and the same performance criteria, the value
function for an average player can be retrieved by solving an infinite dimensional
Hamilton—-Jacobi equation, coupled with the continuity equation describing how
the mass of players evolves in time.

Another application might be in the context of discontinuous feedback con-
trols for general nonlinear control systems @ = f(x,u). Here, the construction
of stabilizing or nearly optimal controls « — u(z) cannot be performed, even
for smooth dynamics, among continuous controls [72]. However, it is possible
to construct discontinuous feedback controls which are stabilizing or nearly op-
timal, and whose discontinuities are sufficiently tame to ensure the existence of
Carathéodory solutions for the closed loop system & = f(x, u(x)), the so—called
patchy feedback controls [10,11,16], but uniqueness only holds for a set of full
measure of initial data.

Finally, in Chapter 4 (see [33]) we move from the framework presented in
Chapter 3, but with a different formulation of the time-optimal problem and
allowing the loss of mass during the evolution, which turns out to be closer to
applications in pedestrian dynamics or general multi-agent systems.

More precisely, in this chapter we consider an admissible mass-preserving
trajectory p C Z2(R9) in the space of probability measures coupled with a
density decreasing in time.

The problem we have in mind can be seen as a problem of optimal equipment.
Indeed, we consider a target set S C R, strongly invariant for the underlying
differential inclusion driven by F', which represents for example a region of the
space where we want to steer our initial state g € Z(R?) describing the given
initial distribution of agents (ex. cars). To every admissible mass-preserving
trajectory p starting by po, it is assigned an admissible function fy : R —
[0,4+00] called clock-function, which expresses the amount of goods (ex. fuel)
that has to be assigned to each agent/car in the support of yg in order to reach
the target following the trajectory p. We treated the case in which we have a
time-linear consumption of goods for our problem.

From a macroscopic point of view, this defines a new concept of admissible
trajectory in the space of positive Borel measures that we call clock-trajectory,
which is no more mass-preserving but it looses its mass linearly in time.

Our aim is to minimize the average of fp w.r.t. the initial distribution of
agents, (o, among all the Borel functions fy keeping nonnegative the density
associated to p along all the evolution.

Equivalently, in a time-optimal context, the problem can be interpreted as
follows thinking about the evacuation problem. The target S stands for the doors
through which we want to drive a mass of people whose initial distribution is
described by pg. The strong invariance of S means that, from a microscopic
point of view, once a single agent has reached the target we remove it from the
system. Here, fy represents the time assigned to the agents to reach the target,
so the density associated to g works as a countdown. The cost to minimize is

then [oq fo(x) duo(z).
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We will show also that the best clock-function can be interpreted as the
minimum amount of time that has to be assigned at the beginning to each
agent in order to reach the target. In this sense the optimal vector field for the
problem in the space of measures can be seen as a measurable feedback strategy
for the underlying finite-dimensional control problem.

The main results of Chapter 4 are as follows:

- an approximation and representation result in the mass-preserving setting;

- a theorem of existence of an optimal clock-trajectory for the system, which
proves also that the optimal clock-function turns out to be the classical
minimum time function;

- a Dynamic Programming Principle and some regularity results on the
value function;

- an Hamilton-Jacobi-Bellman equation, solved in a suitable viscosity sense
by the value function, in analogy with the problem discussed in Chapter 3.

To conclude, in the last Chapter 5 we list the main open problems.
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Notation

P(X) Space of probability measures on a separable metric space X
Zp(X) Space of probability measures with finite p-moment (see Definition 1.1.5)
M(X) Space of finite Radon measures on a separable metric space X
MT(X) Subspace of .Z(X) made of positive measures

M (X;RY) Space of Radon R%valued measures on a separable metric space X
V] Total variation of v € . (R%;RY)

z1 d-dimensional Lebesgue’s measure

SUpp i Support of a measure p

riu Push-forward of p through r (see Definition 1.1.3)

TI(p1, o) Set of admissible transport plans with marginals puq, o

I, (1, o) Set of optimal transport plans with marginals p1, po

W, (1, pi2) p-th Wasserstein distance between pq and ps9)

m, (4) p-th moment of a measure

Lﬁ(X ) LP space of py-measurable real maps defined on X

LE (R4, RY) LP space of p-measurable maps from R¢ to R?

clw, Closure in p-Wasserstein topology

cld Weak*-closure

dom(g) Domain of the function g

Lip(g, D) Lipschitz constant of the function ¢ : R* — R on the set D C R?
CY(X;Y) Space of continuous and bounded functions from X to Y

CP(X) Space of continuous and bounded real functions defined on X
CL(X;Y) Space of continuous functions from X to Y with compact support in X
Ce(X) Space of continuous real functions with compact support in X

Iy Space of continuous functions from I = [a,b] C R to R?

Iy Space of continuous functions from [0,7] C R to R?

't Space of maps in I'z starting at = € R?

ACP([a,b]; R?)  Space of absolutely continuous maps 7 : [a,b] — R? with 4 € L?([a, b])

Bor(X) Set of Borel maps from a separable metric space X to R

xiii
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Bory(X)
Bor(R%; R?)
SC(4;R)
Idga

Ia()

xa(")

oa(’)

da()

pr’

ot f(x)
B(z,r)
AC
co A

NOTATION

Subset of Bor(X) made of bounded maps

Set of Borel maps from R to R?

Space of semiconcave functions from an open set A C R% to R

Identity map on R¢

Indicator function of A C X (see Definition 1.0.4)

Characteristic function of A C X (see Definition 1.0.4)

Support function to A C X (see Definition 1.0.5)

Distance function from a closed, nonempty set A C R¢

Projection operator on the i-th component defined on a
product space XV, N > 1

Fréchet superdifferential of a function f: A > Ratxz € A

Open ball of radius r centered at = € R?

Complementary set of a subset A C R% ie. R\ A

Convex hull of A C R?



Chapter 1

Preliminaries

In this chapter we review some concepts from measure theory, optimal transport,
and control theory.

Let us begin by listing some preliminary definitions and notations.

Throughout this work, if X is a separable metric space, we will denote with
Bor(X) the set of Borel maps from X to R, with Bor,(X) the set of bounded
Borel maps from X to R, and with Bor(R%; R?) the set of Borel maps from R¢
to RY.

We will denote with .Z¢ the d-dimensional Lebesgue’s measure.

Definition 1.0.1.

(i) A modulus of continuity is a function w : [0,400] — [0, 400] such that
lim; o+ w(t) = w(0) = 0.

(i) Given z € R?, we say that a function f : R? — R? admits w,(-) as modulus
of continuity at the point z if and only if for all y € R?

1f(y) = f(@)] < wally — ).
(iii) Given a function g : R — R and D C R, we define the Lipschitz constant
of g on D to be
Lip(g, D) = sup lg(z) —9(y)|
’ z,yeD |l‘ - yl
TFy

When D = R? we will omit it, thus Lip(g) := Lip(g, R%).

Let us now recall the following definitions of semiconcave function and su-
perdifferential given in [22].

Definition 1.0.2 (Superdifferential). Let A C R? be open, x € A. We define
the (Fréchet) superdifferential of a function f: A — R at x by

(OECELCREL PN

o f(z) = {f(ac) € R?: limsup

y— ly — z|
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Definition 1.0.3 (Semiconcave function). Let K > 0, A C R? be open, x € A.
A function f: A — R is said to be semiconcave at x with constant K > 0 if for
all £(z) € 0T f(z) we have

fly) = f@) < (E(x),y —x) + K |y — x|

for any point y € A such that [y, z] C A.
If f is semiconcave for all z € A we write f € SC(A;R).

Definition 1.0.4. Let X be a set, A C X.

1. The indicator function of A is the function I4 : X — {0, +oo} defined as
Is(z) =0forall x € A and I4(x) = +oo for all z ¢ A.

2. The characteristic function of A is the function x4 : X — {0,1} defined
as xa(xz) =1forall z € A and xa(z) =0 for all x ¢ A.

Definition 1.0.5 (Support function). Let X be a Banach space, X’ be its
topological dual, A C X be nonempty. We define the support function to A at
x* € X' by setting
oa(z™) :=sup(z™,2)x’ x . (1.1)
z€A
It turns out that o4(2*) = og5(4)(2*) for every 2* € X’ and that o4 : X' —
R U {+o0} is convex and lower semicontinuous.

Definition 1.0.6. Given T € [0, 4+-o0[, the evaluation map e; : R? x I'r — R?
is defined as e;(z,y) = y(t) for all 0 <t < T. Moreover, we set

Ir = C°([0, T}, RY), 7o={veTr:~(0) =z},

where z € R?. We endow all the above spaces with the usual sup-norm, recalling
that 'y is a separable Banach space for every 0 < T < +o0.

1.1 Measure theory

In this section we recall some essential definitions and results on measure theory.
Our main references for this part are [9,74].

Definition 1.1.1 (Probability measures). Let X be a complete separable metric
space, Z(X) be the set of Borel probability measures on X. Since &(X) can be
identified with a convex subset of the unitary ball of (CP (X))’ (the dual space
of the space of bounded continuous functions on X), we can equip #(X) with
the weak* topology induced by (Cp(X))’. In particular, we say that a sequence
of probability measures {p, Inen is w*-convergent (or narrowly converges) to
a probability measure u € #(X), and write p,, —* u, if and only if for every
f € CY(X) it holds

n—oo

tim [ f@)duaa) = [ @) duta).

We will consider on (X)) the o-algebra of Borel sets generated by the w*-open
subsets of Z(X).

We have that the space &(X), endowed with the w*-topology, is metrizable
(for instance by the Prokhorov’s metric). We will denote by dg any metric on
Z(X) inducing the w*-topology on Z(X).
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Definition 1.1.2 (Tightness). Let X be a metric space and & C Z(X). We
say that 2 is tight if for every € > 0 there exists a compact subset K. of X such
that u(X \ K.) < ¢ for every u € 2. Every tight subset of Z(X) is relatively
compact in #(X). The converse is true if there exists an equivalent complete
metric on X.

This last result is known as Prokhorov’s theorem (see for instance [9, 73, 74]
or the recent books [8,71]).

Given a separable metric space X, we denote by .#(X) the set of finite
Radon measures on X, with .#"(X) C .#(X) the measures that are also
positive and with . (X;R?) the set of Radon R%valued measures on X.

Definition 1.1.3 (Push forward). If X, Y are separable metric spaces, p €
AM(X), and r: X — Y is a Borel (or, more generally, y-measurable) map, we
denote by riu € #(Y) the push-forward of u through r, defined by

rip(B) := u(r~*(B)), for all Borel sets B C Y.

Equivalently, we have

/X £(r(@)) dua) = /Y £ () drip(y),

for every bounded (or rfu-integrable) Borel function f:Y — R.
Observe that, by definition, the push-forward operator is mass-preserving.

Proposition 1.1.4 (Properties of push forward). Let X, Y, Z be separable
metric spaces, p € P(X), and let r : X —'Y be a Borel map.

1. If v € P(X) satisfies v < p, then ri{y < riu.

2. Given a Borel map s:' Y — Z, the following composition rule holds
(sor)ip = si(rip).

3. If r € CUX;Y) then rff : 2(X) — P(Y) is continuous with respect to
the narrow convergence and

r(supp p1) C supp(riu) = r(supp p).

4. Let{r, : X = Y}nen be a sequence of Borel maps uniformly convergent to
r on compact subsets of X, and let {pin}nen C P(X) be a tight sequence
narrowly convergent to . Then if r is continuous, we have that rpfu, —*

ri.
Proof. See [9], Chapter 5, Section 2. O

Definition 1.1.5 (p-moment). Let X be a separable Banach space, p € 2(X),
p > 1. We say that u has finite p-moment if

mp(p) = [ Jal du(o) <+
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Equivalently, we have that p has p-moment finite if and only if for every zp € X
we have

/ |z — zo|P du(x) < +o0.
X

We denote by &7,(X) the subset of Z?(X) consisting of probability measures
with finite p-moment.

Definition 1.1.6 (Uniform integrability). Let X be a separable Banach space,
H CP(X),g: X — [0,400] be a Borel function. We say that

1. g is uniformly integrable with respect to & if

lim sup g(x)du(z) = 0.
k=00 per {zeX:g(z)>k}

2. the set & has uniformly integrable p-moments, p > 1, if |z|P is uniformly
integrable with respect to J¢ .

Lemma 1.1.7 (Uniform integrability criterion). Let X be a separable Banach
space, K = {pntnen € P(X), p> 1, p = n € P(X). Then the set X has
uniformly integrable p-moments if and only if

tim [ f(a)dien(2) = /X f() dpu(z),

n—oo

for every continuous function f : X — R such that there exist a,b > 0 and
xo € X with |f(z)] < a+ blx — xo|P for every x € X.

Proof. See Lemma 5.1.7 of [9]. O

1.2 Optimal transport and Wasserstein distances

This section is devoted to recall the very basic definitions and results in transport
theory. We mention that a first research attempt in this field was proposed by
Monge in 1781 in [62] and then reformulated by Kantorovich in 1942 in [53].
We refer the reader to [73,74] or to the recent books [8,71] for an introduction
and a deep study in this field.

For the following, let X be a separable Banach space.

Definition 1.2.1 (Wasserstein distance). Given py,pus € £(X), p > 1, we
define the p- Wasserstein distance between pp and po by setting

Wytprop)i= (it { [ Jor = ol dn(or,an) s m e Hml,m)})w ,
(1.2)

where the set of admissible transport plans II(puy, ps) is defined by

(A1 x X) = p1(A1),

(p1, p2) = {” € Z(X x X): (X x Ag) = pua(Asg),

for all p;-measurable sets A;, i = 1, 2} .
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We also denote with II?(u1, pi2) the subset of II(uq, p2) consisting of optimal
transport plans, i.e. the set of all plans 7 for which the infimum in (1.2) is
attained. We will also use the notation IT,(u1,p2) when the context makes
clear which distance W), is being considered.

In the following, we summarize some properties of the Wasserstein metric.
For a detailed discussion on Wasserstein distance we refer to chapter 7 in [74],
chapter 6 in [73], or section 7.1 in [9].

Proposition 1.2.2. &,(X) endowed with the p- Wasserstein metric Wp(-, ) is a
complete separable metric space. Moreover, given a sequence {fin tnen € Pp(X)
and p € Z,(X), we have that the following are equivalent

1. lim Wy (pn, ) =0,
2. pn —=* u and {pn tnen has uniformly integrable p-moments.
Proof. See Proposition 7.1.5 in [9]. O

Proposition 1.2.3. The Wasserstein distance defined above satisfies the fol-
lowing properties:

e Metric character. W, is a pseudo-distance on P(X), i.e. it satisfies the
azioms of the distance, but it can assume the value +co. Namely, for all
Ho, f1, 2 € P(X) we have

(i) Wy(to,p1) >0, and Wy (o, p1) = 0 if and only if po = 1 (positive
definiteness);

(i1) Wy(jio, 1) = Wi, o) (symmetry);
(111) Wy (o, p2) < Wp(po, 1) + Wp(pa, o) (triangle inequality).

When restricted to Z,(X), W) is actually finite, so it is a metric.

e Topological properties. The topology induced by W, on Z2,(X) is finer
(equivalently stronger) than or equal to the narrow one.

e Lower semicontinuity. If u8 —* u®, pl —* pl in 2(X) when n — +oo,
then
Wp(lu’ov /Ll) S lég}rrg WP(M?N #71L)
e Gronwall-like property. Let X,Y be separable Banach spaces. If f : X —

Y is a Lipschitz continuous map, then Wy (fu1, fipe) < Lip(f) Wy (1, p2),
for all py, p2 € P (X).

Proposition 1.2.4 (Monge—Kantorovich duality). Given py,pe € P(X), p >
1, the following dual representation holds

Wy (1, p2) = (1.3)

@, € CY(X)
=sup /}(W(Il)dul(ﬂﬂl)+/X’/’(x2)dﬂz($2) sop(n) H(r2) < zr — @2f?

for pi—a.e. z; € X

Proof. See Theorem 6.1.1 in [9]. O
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1.3 Continuity equation

For this part the main reference is [9].

Definition 1.3.1 (Continuity equation). Given 7 > 0, a Borel family of prob-
ability measures p = {114 }rep0,-] € Z(R?) and a Borel map v : [0,7] x RY — R?
(we will write also v;(x) = v(¢,x)), we say that p solves the continuity equation

Oppie + div(vepy) = 0, (1.4)
if for every o € CgP(R?) there holds

a
dt Jga

(@) dpue () = / (0e(z), Vip(2)) dpus (),

Rd
in the sense of distributions on ]0, 7].

According to Lemma 8.1.2 in [9], if the above v satisfies

/T/ |ve(2)| dpe(z) dt < +o0, (1.5)
0o Jra

then there exists a curve ji : [0,7] — Z2(R?) which is continuous with respect
to narrow convergence and such that fi(t) = p; for Ll-ae. t € (0,7), ie.
each solution of the continuity equation admits a unique narrowly continuous
representative.

The following gluing lemma will be also used.

Lemma 1.3.2. Let T1,T5 > 0 be given. For i = 1,2, assume that p' =
{ﬂi}te[mn] are narrowly continuous families of probability measures on R%, and
v':[0,T;] x RT — R? are Borel maps such that U\ltle = u%t:o and

Oppy + div(vip) =0,

. i=1,2.
[ i duiede < +oc,
0 R4

Then if we set

(N%»’Utl)a for0<t<T,
(/‘l’tavt) = 9 5
(:uth17/Ut7T1)7 forTy <t <Ty+Ts,

we have that p := {1t }+ejo,1,+15) S0lves the continuity equation Oppuy+div(vepy) =
0.

Proof. See Lemma 4.4 in [41]. O

Under very mild assumptions on the vector field v¢, the following important
result gives us the possibility to characterize a solution of the continuity equation
by mean of a measure concentrated on the pairs (z,7), where ~ is an integral
solution of the underlying ODE, #(t) = vi(y(t)) for a.e. 0 < t < T, with

~(0) = z.
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Theorem 1.3.3 (Superposition Principle). Let p = {p}icjo,r) be a solution
of the continuity equation Opy + div(vepy) = 0 for a suitable Borel vector field
v:[0,T] x RY — R? satisfying

vt (z
dt
/ /Rd 1 + |.13‘ ) < oo

Then there exists a probability measure n € P(R% x I'r) such that

(i) m is concentrated on the pairs (z,7) € RYx 'y such that v is an absolutely
continuous solution of

€z,

{W(t) = v (y(t)), for L1-a.et € (0,7)

(ii) for allt € [0,T) and all p € CY(RY) we have

/Rd z)dpe(x //RMT ) dn(z,).

Conversely, given any m satisfying (i) above and defined p = {pit}recjor) as in
(ii) above, we have that Oypuy + div(vepe) = 0 and py—o = v(0)fn.

Proof. See Theorem 5.8 in [15], Theorem 8.2.1 in [9] and Theorem 3.2 in [2]. O

1.4 Differential inclusions and classical minimum
time

We recall now some concepts about the classical optimal control problem with
dynamics represented as a differential inclusion in R%. For this part, our main
references are [12,13].

Definition 1.4.1 (Standing Assumptions). We will say that a set-valued func-
tion F : R? = R? satisfies the assumption (F}), j = 0,1,2,3,4 if the following
hold true

(Fy) F(x) # 0 is compact and convex for every x € R, moreover F(:) is
continuous with respect to the Hausdorff metric, i.e. given x € X, for every
€ > 0 there exists 6 > 0 such that |y—z| < ¢ implies F(y) C F(x)+B(0,¢)
and F(z) C F(y) + B(0,¢).

(F1) F(-) has linear growth, i.e. there exists a constant C' > 0 such that
F(z) C B(0,C(|z| + 1)) for every z € RY.

(Fy) F(-) is uniformly continuous, i.e. for every £ > 0 there exists 6 > 0 such
that F(y) C F(z) + B(0,¢) for all z,y € R? such that |z —y| < 4.

(F3) F(-) is Lipschitz continuous with respect to the Hausdorff metric, i.e.,
there exists L > 0, L € R, such that for all 2,y € R? it holds

F(z) € F(y) + Lly — 2[B(0, 1).
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(Fy) F(-) is bounded, i.e. there exist M > 0 such that |y| < M for all x € R?,
y € F(x).

Theorem 1.4.2. Under assumptions (Fy) and (Fy), the differential inclusion
&(t) € F(x(t)), (1.6)

has at least one Carathéodory solution defined in [0, +oo| for every initial data
2(0) in R, i.e., an absolutely continuous function x(-) satisfying (1.6) for a.e.
t>0.

Moreover, the set of trajectories of the differential inclusions (1.6) is closed in
the topology of uniform convergence.

Proof. See e.g. Theorem 2 p. 97 in [12] and Theorem 1.11 p.186 in Chapter 4
of [36]. O

The following simple classical lemma will be used.

Lemma 1.4.3 (A priori estimate on differential inclusions). Assume (Fp) and
(F1). Let K C R? be compact and T > 0 and set |K| := max lyl. Then, for all
ye

Carathéodory solutions v : [0, T] — R? of (1.6) we have

(i) forward estimate: if v(0) € K then |y(t)| < (|K|+ CT)eCT for all t €
[0, T7;

(i4) backward estimate: if v(T) € K then |y(t)] < (|K| + CT)eCT for all
t€10,T],

where C is the constant in (Fy).

Proof. Recalling that 4(s) € F(y(s)) for a.e. s € [0,T] and that F(y(s)) C
B(0,C(|z] + 1)), we have

()] < 1 (0)] + / 5(s)| ds < |K| + CT + C / Iy(s) ds

According to Gronwall’s inequality, we then have |(t)| < (|K|+CT)e“t, whence
(i) follows.

Next, we define w(t) = (T — t) and observe that w is a solution of w(t) €
—F(w(t)). Since —F(+) still satisfies (Fy) and (F}) and w(0) € K, the previous
analysis implies

V(O] = [w(T = 1) < (K[ +CT) T,
whence (i7) follows. -

Definition 1.4.4 (Weak invariance). Given a set-valued map F : R? = R, we
say that S C R? is weakly invariant for F(-) if for every x € S there exists a
Carathéodory solution z(-) of (1.6), defined in [0, +oo[, such that z(0) = z and
x(t) € S for every t > 0.

For conditions on S and F' ensuring weak invariance, we refer to Theorem
2.10 in Chapter 4 of [36].
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Definition 1.4.5 (Strong invariance). Given a set-valued map F : R? = R%, we
say that S C R? is strongly invariant for F(-) if for any Carathéodory solution
x(+) of (1.6), defined in [0, 4+o00[, such that there exists t > 0 with x(t) € S, we
have also that z(s) € S for all s > .

Definition 1.4.6 (Classical admissible trajectory). We say that an absolutely
continuous curve v is an admissible trajectory for F starting from x € R defined

on [0,T] if v € AC(]0,T); R?) and

{w) iF(v(t)), fora.e 0 <t<T an

1(0) = .
Definition 1.4.7 (Minimum time function). Let F(-) be a set-valued function

satisfying (Fp), S be a nonempty closed subset of R?. We define the minimum
time function T : R? — [0, +00] by setting

T(z) =inf { >0 : Iy(-) adm. traj. for F starting from x s.t. v(¢) € S},

where by convention inf ) = +o00. T'(-) is the minimum amount of time needed
to steer z to the target set S following an admissible trajectory for F. An
admissible trajectory 7 is called optimal for z if 4(0) = z and it realizes the
infimum in the above functional.

Theorem 1.4.8 (Classical Dynamic Programming Principle). Let s > 0, = €
R?. Let v be any admissible trajectory for F starting from x. Then

T(¥(0)) < s+ T(v(s))- (1.8)

Moreover, vy is an optimal trajectory starting from x if and only if the above
equality holds for all s € [0,T] s.t. v(1) & S for T € [0, s].

We refer the reader to Chapter I, Section 2 of [14] for this fundamental
result.
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Chapter 2

A general overview on
control problems in the
space of positive finite
Borel measures

In this chapter we discuss some aspects related to control problems in the space
of positive and finite Borel measures on R?. The interest in this argument comes
from applications to pedestrian dynamics or, more generally, from multi-agent
systems, i.e. systems with a number of agents so large that only a macroscopic
(i.e. statistical) description can be provided. In many cases, the interaction
between the agents prevents a simple reduction of the macroscopic behaviour of
the agents to the superposition of the optimal behaviour for each agent, leading
possibly to complex behaviours (e.g. self-organization, flocking...).

The main ingredients of this study will be as follows:

1. a microscopic dynamics, providing an Fulerian description of the available
velocities for the agents;

2. a superposition principle, providing a connection between the microscopic
dynamics of each agent and a macroscopic dynamics describing the evo-
lution of the system;

3. a micro/macroscopic cost functional, embedding the main characteristics
of the model in which we are interested.

We will choose the microscopic dynamics to be a controlled dynamics in form
of an autonomous differential inclusion #(t) € F(x(t)), where the set-valued map
F : R = RY satisfies some standard assumptions (namely, nonempty compact
convex values, continuity w.r.t. Pompeiu-Hausdor{f metric, linear growth).

Two main cases have to be considered to connect the microscopic dynamics
to the macroscopic evolution of the system:

1. there is neither agent loss nor creation, i.e., the total population considered
is preserved throughout the whole evolution;

11
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2. there may be a loss or creation of agents during the evolution.

The first case amounts to make the assumption that the system is isolated,
without any interaction with the rest of the universe. In this case it is always
convenient to normalize the size of the population (i.e., the total mass) to be 1
throughout the whole evolution.

The second case can occurr, for example, in problems with a boundary in
the underlying finite-dimensional state space, where, as soon as an agent crosses
the boundary, it is immediately removed from the system and does not affect
the system any more (e.g. studying the behaviour of the pedestrians entering
and exiting from a room).

In any case, the evolution of the macroscopic system can be expressed by a
possibly non-homogenous continuity equation

{@Mt +div (vepee) = wy, (2.1)

Hit=0 = Mo
where

1. w4 is a time-dependent measure giving the macroscopic description of the
system, in the following sense: given a domain  C R? the quantity

pe(§2) = /Q dp

gives the size of the population encompassed in the domain 2 at time ¢,
2. g represents the initial distribution of the agents,

3. the vector-valued measure vy = vypy describes the macroscopic flux of the
mass during the evolution,

4. the term w; is the rate of creation (w; > 0)/destruction (w; < 0) of the
agents during the evolution. Under the assumption of isolated system, we
have w; = 0.

The main results we proved in this general framework are:

- a Dynamic Programming Principle for a generic value function in the
mass-preserving case (Proposition 2.2.6 and Corollary 2.2.7);

- analysis of lower semicontinuity of some kinds of cost functionals inter-
esting from an applicative point of view (Lemma 2.2.12, Lemma 2.2.15,
Corollary 2.2.16 and Lemma 2.2.21);

- definition and probabilistic representation of an admissible trajectory with
mass annihilation in a given space region (Lemma 2.3.2 and Lemma 2.3.3)
and derivation of an associated continuity equation with sink described by
an absorption measure in [0, 7] x R? (Proposition 2.3.7);

- correspondence between the cost functionals defined in the annihilation
case with the ones in the mass-preserving case (discussed at the end of
this chapter).
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2.1 Semicontinuity of functionals depending on
measures

Here we recall some notations and a result that will be used in this chapter to
prove lower semicontinuity of cost functionals depending on measures.

Given a l.s.c. function f : R™ x R™ — [0, +00] such that f(x,-) is convex
for all z, and denoted by

foo(x ’U) — hm f($7w + OZU) — f(x,w)

a——+o00 0]

the recession function of f(x,-),we are concerned with functionals
G: M (R™) x M (R";R™) — [0, +00]

of the form

660 = [ 1(nw) deor+ [ 1o

where (° is the singular part of { w.r.t. £.

¢ s
< <x>) Al (22)

Notice that, if f(z,-) has bounded domain (or, more generally, superlinear
growth) we have foo(x,v) = 0if v = 0, and fo(z,v) = 400 if v # 0. This
means that, in those situations, the functional G' becomes

G(E () = /”f(m’g(x)> dé(x), if [¢] <&,

400, otherwise.

In the present chapter, we will often use the following result (see Lemma
2.2.3, p. 39, Theorem 3.4.1, p.115, and Corollary 3.4.2 in [18]).

Lemma 2.1.1. Consider the functional G defined as in (2.2). Assume that at
least one of the two conditions below holds true:

(i) there exists a continuous function zo : R™ — R™ such that the function
s+ f(s,20(8)) is continuous and finite;

0(t)

(i) there exists a function 6 : R — R such that , HI_EI = 400 and f(s,z) >
— 100

0(|z|) for every s € R™, z € R™.

Then if {Cp}then C A (R™;R™) and {&ptheny C AT (R™) are sequences of mea-
sures such that (, —* ¢ € A (R";R™) and &, —* € € AT (R"), we have
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2.2 The isolated (mass-preserving) case (w; = 0)

2.2.1 Description of the macroscopic dynamics

Consider now the isolated case w; = 0 and let us normalize the mass to 1 for
simplicity by taking ug € Z2(R?%). According to the Superposition Principle
(see Theorem 8.2.1 in [9]), under mild integrability assumptions on v, we may
express the solution ¢+ p; € 2(R?) of (2.1) in [0,T] by

Mt = €tﬁ77a
where we recall that

ey : R x 'y — R? is the evaluation operator defined by e;(z,7) = ¥(t),
with T'r = C°([0, T]; RY),

- m is any probability measure satisfying the following property: (z,7) €
suppn iff v € 't is an absolutely continuous curve which is an integral
solution of the characteristic system

(2.3)

{W(t) = v, 07(2), for a.e. t €]0,T
7(0) = .

- the initial condition is satisfied, i.e., epfin = po-

By using the disintegration theorem (Theorem 5.3.1 in [9]), we have

N = o @ Nz,

where {1, },cra is a family of probability measures on I'}, := {y € I'r : 4(0) =
x}, which is pp-a.e. uniquely determined. In other words, n, assigns a weigth
on each (possible non unique) characteristic curve starting from .

To establish the link between the microscopic and the macroscopic dynamics
it is thus enough to assume that v, (z) € F(x) for a.e. ¢t € [0,7] and u-a.e.
x € RZ. In this way, the agents move along admissible curves of the underlying
finite-dimensional control system. When v; is locally Lipschitz continuous, we
have that n, = d,,, where ~,(-) is the unique solution of the characteristic
system (2.3), thus the formula simplifies, becoming p; = Tifuo where Ty is the
flow of v, at time ¢, i.e., Ty(z) = vy o Ty(z), To(z) = .

Definition 2.2.1. Let F': R? = R? be a Borel set-valued map, p > 1.
1. Given p € Z(R%), we define

I

VE(u) = {1/ e MRERY) ;v < p, %(az) € F(x) for p-a.e. € RY, o < +oo} .
“w

2. Given n € Z(R¢ x I'7), we define ¥~(n) to be the set of Borel maps
v:[0,T] x R* — R? such that

(a) v(t,z) € F(z) for all z € R? and a.e. t € [0,T];

(b) m is concentrated on the pairs (z,7) € R? x ACP([0,T]; R%) with
~¥(0) = z and 4(t) = v(y(t)) for a.e. t € [0,T];
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© [ ' I/ o oA dna, ) de < 4o

We will often write v;(x) instead of v(t, x).

Definition 2.2.2. Given p > 1, a Borel set-valued map F : R = R?, and a
family of measures p = {t }1ejo,r) € P (R?) we say that p is a p-admissible
curve if there exists a family of measures v = {v;}1ej0,r) € 4 (R%R?) such
that

1.t~ py is Borel, i.e., t = py(B) is a Borel map for every Borel set B C R9,
2. Oupy + div(4) = 0 in the sense of distributions in [0, 7] x R4,
3. vy € VE () for ae. t €[0,T],

T
i
0

In this case, we will say also that p is driven by v.

I/tp

Ht

dt < +o0.
Ly,

Remark 2.2.3. We precise that in Chapter 3 and 4 we will give a slightly different
definition of (mass-preserving) admissible curve in the space Z(R?). Indeed,
there we will ask condition 3 in Definition 2.2.2 with p = 1, and we will not
require condition 4, substituting this last requirement, when necessary, with the
condition (F7) on the growth of F' and the boundedness of the p-moments for
the evolving measure.

In Proposition 3.2.17 in Chapter 3 we will see another alternative proof of
the following result regarding the closedness of the set of admissible trajectories.

Lemma 2.2.4 (Closedness of the set of admissible trajectories). Assume hy-
pothesis (Fp). Let {u™}nen be a sequence of p-admissible curves on [0,T)
such that p™ is driven by v™. Assume that there exists p = {pt}ejo,r) and
v = {Vi}iepo,m) such that for a.e. t € [0,T] we have i —* py and vy —* vy,

and
T
lim inf
n—-+oo 0

Then p is a p-admissible trajectory driven by v.
Proof. Define

sup {// Orp(t, ) dps (x) dt+// Vo(t, z) dv(z) dt} s
¢EC%°([O,T]><R¢) [0,T]xRrd [0, 7] x R4

i fl 5

+o0, otherwise.

n
Vg

dt < +o0.
'

LP
ny

e (p,v) -

P v .
+Ie (;(z))) du, i ] <

We notice that C’é}) 2 [0, T)2® x [0, T]# R [0, 4-00] is convex Ls.c.
since it can be written as supremum of linear and continuous maps (we endow
the domain with pointwise convergence a.e. w.r.t. weak* convergence)

(u,v) — // Oro(t, ) dps(x) dt + // Vo(t, z) dv(z) dt.
[0,T)xRd [0,T)xRd
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Moreover, Cé} ) takes only the values 0 or +oco0.

Set f: R x R? — [0, +00], f(z,v) = |v|P + Ip()(v). Since F is u.s.c. with
convex values, we have that f(-,-) is Ls.c., and f(z,-) is convex. By compactness
of F(z), we have that the domain of f(z,-) is bounded, thus following the
notation in Section 2.1, foo(x,v) = 0 if v = 0 and foo(z,v) = +o00 if v # 0.
Thus for all ¢ € [0, T] we have that (u, v) — C®)(u, v) can be written in the form
of (2.2) for this choice of f. By Ls.c. of F, there exists a continuous selection
20 : RT — R? of F, i.e., there exists 2o € C°(R% RY) satisfying zo(z) € F(z)
for all x € R%. Thus z — f(x, 20(x)) is continuous and finite. The functional
C®)(.,.) satisfies now the assumptions of Lemma 2.1.1, and so it is Ls.c.

Define now

T
G =)+ [ )
0

and notice that €(T, p,v) < 400 if and only if we have that p is a p-admissible
trajectory driven by v.
If we have sequences pu" = {uf}ticpr) € PRY), v" = {1 }hepr C

AM(RERY) such that pu? —* uy and v —* v, for a.e. t € [0,T], recalling
the Ls.c. of Crfpl) and C®, we have

€ (T, p,v) <liminf €(T, u", v"™).

n——+oo

Since the right hand side is finite by assumption, we have € (T, u,v) < +o0,
i.e., u is a p-admissible trajectory driven by v. O

2.2.2 The cost functional

Now we turn our attention to the cost functional to be minimized during the
evolution described by (2.1).
We can distinguish two kinds of contribution to the final cost, i.e.,

- a part related to the superposition of the (microscopic) costs of each agent,
which depends basically only on the microscopic dynamics;

- a part related to the macroscopic effects of the evolution.

We can write
J(T, p,v,m) = J™(T, ) + J"(T, p, v), (2.4)

in order to distinguish between these two contributions (the link between 1 and
(p,v) is given by the Superposition Principle).

Some cost terms admit a description both in terms of superposition of the
costs of each agent and of macroscopic effects, but in general this is not true.

Roughly speaking, we have that the contribution J™%(T, u,v) can be writ-
ten in the form

T
T (T, ) = / Lar(t, o, ve) dt + g(T, ), (2.5)
0



2.2. THE ISOLATED (MASS-PRESERVING) CASE (wr = 0) 17

i.e., we are considering the macroscopic description of the system as a curve in
the space of measures, assigning a running cost and computing the final cost
as an integral over the time interval plus an exit cost, in analogy with the
finite-dimensional case. Notice that only macroscopic quantities and Eulerian
description of the velocities are involved.

The contribution given by the superposition of the microscopic costs of each
agent is obtained by considering

e = [[ | La(an)dnt.). (2.6

where L,, (T, z,) is the total contribution given by a single agent starting at x
and moving along the curve v. Notice that in this case we are interested in the
microscopic description only. Moreover, it is important to notice that the cost
Ln(T,x,v) depends on the whole of the trajectory ~.

We can give a natural definition of value function of the minimization prob-
lem.

Definition 2.2.5 (Value function). Let p > 1. Given a cost functional

T T

J(T,p,v,m) = / L (t, e 1) dt+// / Lo (8,7(1),7(8)) dt dn+g(T' pr)
0 RidxT'p JO

we define the value function V : [0, T] x .#*(R%) — [0, +00] by

V(s, ) = inf {/T Cor(t, e, o) dt + //Rder /ST Lonlt,4(8), 4(t)) dt dn + g(T, MT)} ,

where the infimum is taken on the families p = {1 }1efs,1), ¥ = {Vthels 1)
n € PR? x I'r) such that p; = eifin for ae. t € [s,T], pu is a p-admissible
trajectory driven by v, and us = p.

A p-admissible trajectory p is called optimal for p if it realizes the previous
infimum.

In the following proposition and subsequent corollary we will prove that a
dynamic programming principle holds also in our infinite-dimensional setting
for the generic value function just defined.

Proposition 2.2.6 (Dynamic Programming Principle). Let p > 1. For all
0<s<7<T we have

Vs, u) = inf{/ Lar(t, pe, ve) dt + //d / Lo (t,v(t),5(t)) dtdn + V (T, MT)}»
s RexT'p Js

@2.7)

where the infimum is taken on the families p = {pt}tie(s,1), V = {Vtbeels,1)>

n € PRY x T'p) such that u; = ein for a.e. t € [5,T], p is a p-admissible
trajectory driven by v, and ps = p.

Proof. For all 0 < s < 7 < T, ¢ > 0 there exist pu® = {uf}ies,), V° =
{5 Yies ), m° € P(R? x I'r) such that u§ = e, fn° for a.e. ¢ € [s,T] and pc is
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a p-admissible trajectory driven by v¢, with

V(S,u)+82/ EM(t,ui,Vf)dt+// / Lo (t,7(1),5(1)) dt dn”+
S ]RdXFT

S

T T

[ tutepioyaes [[ [ Laea. ) dn + o )
T RexI'pr J T

> [ eattionas [[ [ Laa.40) dan + Vi),
S RXFT

S

where we used the fact that, since we have that {yf}ic[r 7] is a p-admissible
curve driven by {vf }ie(r, ) With pf = eifin® for all ¢ € [7,T] and pf,_, = p3, we
have

T T
Ve < [ euioiyas [ [ La(ea.50) dedn T ).
T X117 T
Thus we have
V(s, j)+e > inf { / Lot gue, v2) di+ / / d Lon(t,y(8), (1)) didny + V (7, m} ,
s RAXTp Js

where the infimum is taken on the families pu = {jt }refs,1), ¥ = {Vtheels 1)
n € ZR? x I'y) such that p; = eifin for a.e. t € [s,T], p is a p-admissible
trajectory driven by v, and pus = p.

By letting ¢ — 0T we obtain that

Vs, ) > inf{/; ﬁM(t,Mt,ut)dt—&—//RdXFT ;Em(t,fy(t),"y(t))dtdn+V(T,MT)}7

Conversely, let ™ = {uf Yoz, vV = v hes.r, 0 € P(RY x Tr)
1 = {1 eray, v = W ey, 1) € PR x T'r) be such that

1. uﬁl) = eifin™® for ae. t € [5,T], u(V) is a p-admissible trajectory driven
by v, and g = p;

2. MEE) = e;in®) for a.e. t € [1,T], u'®) is a p-admissible trajectory driven
() (e) _ (1)
by v'¢ and pr’ = pr

3. for all € > 0 we have

T
Vi) e > / Car(t, 1@, ) de+

T
+ / / / Lon(t, (1), 4(1)) dtdn® + g(T, 1),
dxTp JT

Then we define p = {uitieisr), v = {vihies), by setting pe = ugl) and
v = I/t(l) for t € [s, 7], and p;, = Mf) and vy = Vt(e) for ¢t € [r,T]. Thus we have
that g is a p-admissible trajectory driven by v and there exists n € 2(R% x ')

such that p; = e;fin for ¢t € [s,T]. We then have

V) < [ Luttprydes [[ [ Laa®s@)dedn+ Vi) +e
S RdXFT S
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By letting ¢ — 0T and taking the infimum on the families p = {p}res,77,

v =A{vitics,), 1 € PR x T'p) such that py = eifin for ae. t € [s,T], pis a
p-admissible trajectory driven by v, with us = u, we obtain

V(3>N) < lnf{/ Eﬂf(t,ﬂt7yt)dt+ // / ‘Cm(tvf)/(t)7ry(t)) dtdn+V(T7MT)} ’
s RIXTr Js
and so equality holds. O

Corollary 2.2.7. Letp > 1. Given the families pp = { s }re(s, 1), V = {Vt }eels, 1]
n € PR x I'r) such that yu; = eifin for a.e. t € [s,T)], u is a p-admissible
trajectory driven by v, we have that the map

)= [ Luttpandes ([ [ Lot ddnt v

S

is nondecreasing for 7 € [s,T]. Moreover, it is constant if and only if p is
optimal.

Proof. The first assertion comes directly from (2.7), indeed for all s < 73 < 75 <
T we have

T1 T1
Vi) < )| [ easttmmyacs [ [" g5 dean)
s REXTp

and so h(7y, p,v,n) < h(12, p, v, ).
Suppose now that p is an optimal trajectory, i.e.,

T T
Vi = [ Luttridis [ [ Lnter50)dedn -+ o(Tn).

S

Recalling that V(T, ur) = g(T, ur), we have

V(s ps) = h(s,p,v,m) < W(T, p,v,m) = V(s, ps),
and so A(-, u,v,m) is constant on [s, 7.

Conversely, assume that h(-, pu, v, m) is constant on [s, T]. Then in particular
we have

h(s,p,v,m) = WT, p,v,n),

which amounts to say

T T
Vi) = [ Luttemomdes [ [ Lt 50) dein+ o),

S
i.e., p is optimal. [

In this way we proved the Dynamic Programming Principle for a generic
functional in the framework of curves in the space of probability measures.

We will pass to analyze now some kinds of cost terms which can be useful
from an applicative point of view. Basically we will consider cost terms of the
following type:
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I): cost terms expressing the superposition of the costs of each agent travel-
ling along the admissible trajectories of the underlying finite-dimensional
control system;

II): cost terms due to the evolution of the macroscopic distribution of the mass
and of the velocities of the agents;

III): cost terms taking into account the interactions between the agents.

As a general rule, we will put assumptions in order to ensure that each cost
term is nonnegative and l.s.c. Together with some compactness assumptions,
this will ensure existence of minimizers.

Let us begin by analyzing the first case of cost functionals.

Definition 2.2.8 (Instantanous microscopic cost functional). Let L2 : R x R x
R? — [0, +0c] be a Borel function. We define the functional

T
htm = [[ ( JRAGCRIO) dt) an(e.).  (28)

which, recalling (2.6), is the superposition of a microscopicagent cost in the form

T
LT, ,7) = / L2 (£, (). 4(1)) dt.

This amounts to say that there exists a current cost given by L%(-) that all the
agents pay instantaneously along their trajectories.

We can give an analogous definition from a macroscopic point of view.

Definition 2.2.9 (Instantanous macroscopic cost functional). Let L% : R x
R? x R? — [0, +00] be a Borel function. We define the functional

T
[ (fe @) duntorar,itve 7

A 0 JRd Mt

Jsys (T, p, V) := for a.e. t € [0,T],

+-00, otherwise,
(2.9)

which represents a current cost for the curve g = {4 }ep0,r) in the space of
probability measures.

The following Lemma proves that, under the assumptions of the Superposi-
tion Principle, these two costs agrees.

Lemma 2.2.10 (Equivalence). Let p > 1, n € Z(R? x I'r), and v € €5 (n).
Define py = efn, vi = v, p = {Mt}te[O,T]’ V= {Vt}te[o,T]- Then

O¢p + divy = 0, szs(T7 "7) = szs(T7 K, V)‘



2.2. THE ISOLATED (MASS-PRESERVING) CASE (wr = 0) 21

Conversely, let p = {pt}ico.1), V = {Vihiepo,r) be satisfying vy € V(i) for
a.e. t €[0,T], Oppr + divey =0, and such that

T
szs(T7 M, V) + / /
0 Rd

Then there exists a measure n € P(RIxTr), andv € €h(n) such that p; = e,fn
for allt €0, T], ve(z) = &(I) for a.e. t €[0,T] and pi-a.e. x € R, and
e

P
dp dt < 400.

E(I)

szs(Ta 71) = JSyS(Ta H, V)'

Proof. In both cases the assumptions of the Superposition Principle (Theorem
8.2.1 in [9]) holds, allowing to pass from one description to the other. O

Remark 2.2.11. Choosing L% (t,z,v) = 1 amounts to say that the cost for a
single agent is the total time traveled, i.e., T. This is the choice, e.g., if we
are interested in the problem of minimizing the time needed to steer an initial
measure po to a target set Sc (R9) along the admissible trajectories of the
system (see Chapter 3). A sligthly more general situation is to take LS (t, x,v) =
XRd\V(m), where V' C R? is a given closed set. In this case for each agent we
count only the time travelled outside V.

We pass now to analyze the regularity of the cost terms.

Lemma 2.2.12 (L.s.c. of the instantaneous cost). Let L : R x RY x R? —
[0,4+00] be a Borel map. Assume hypothesis (Fy), that Le(t,-,-) is continuous,
and L¢(t,x,-) is convex. Then

1. the functional Lgys(t,-,-) defined as

[ (t,x, ”m) du(a),  if v < i and L (@) € (o)
R4 H o
Leys(t, p,v) == for p— a.e. x € R%,

400, otherwise,
(2.10)

s l.s.c. w.r.t. narrow convergence.

2. given {T, }nen C [0,400[, a sequence of measurable curves u™ = { i} }re(0,1,]
in P(RY), and a sequence of Borel vector-valued measures v™ = {v] }re (o1,
in M RERY), T, — T, pp —* py, v —=* v for a.e. t € [0,T),
v € VEW) for alln € N and a.e. t € [0,T,], we have for a.e. t € [0,T]

n
Vi

i

Vi
Mt

< liminf
n—-+oo

LP

L
7 n
Ht My

Moreover, if the left hand side of the above inequality is finite, we have
v € VE(pe) for a.e. t €10,T], and

jsyS(T, w,v) < limJirnf jsys(Tn, utvn).
n—-+0oo
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Proof.

1. Fix t and define f(z,v) = L{(t,2,v) + Ip(z)(v). Since F is us.c. with
convex values, and recalling the assumptions on L%, we have that f(-,-)
is L.s.c. and f(z,-) is convex. By compactness of F(x), we have that the
domain of f(z,-) is bounded, thus following the notation in Section 2.1 we
have foo(2,v) = 0ifv = 0and foo(z,v) = +o0 if v # 0. Thus (2.10) can be
written in the form of (2.2) for this choice of f. By ls.c. of F, there exists
a continuous selection zp : R? — RY of F, i.e., there exists zg € C°(R%; R?)
satisfying zo(z) € F(z) for all x € R%. Thus = — f(z, 29()) is continuous
and finite. The functional (2.10) satisfies now the assumptions of Lemma
2.1.1, and so it is l.s.c.

2. Consider the functional defined as

P
du(x), fv<up,

400, otherwise.

This functional clearly satisfies the assumptions of Lemma 2.1.1, and so
it is Ls.c. Fix ¢ € [0, 7] such that we have that v* € ¥ (u}') for alln € N
(this is a full measure set on [0,77]). By the l.s.c. of the above functional,
we then have for a.e. t € [0,7T] that

n
Vi

Hy

Vt
Ht

< liminf
n——+00

LY L?,
bt p

Assume now that the left hand side of the above inequality is finite and
that R
liminf Joyo (T, ™, V") < +00,

n—-+oo

otherwise there is nothing to prove. According to Fatou’s Lemma,

T
/ lim inf Lays (t, plt, ) dt < liminf Joyo (T, ™, v™)
0

n—-+oo n—-+oo

< liminf jsyS(Tn, ptr™) < 4oo.

n—+oo

According to item (1), we have that for a.e. ¢t € [0, 7],

Lays(t, pe, v) < liminf Leys(t, uy,v") < 400,
n— oo

which implies that ﬁ(:17) € F(z) for p-a.e. x € R thus v, € ¥F(uy) for
Ht
a.e. t € [0,7T]. This implies that we have

T T
Jsys (T, p,v) = / Lsys(t, e, 1) dt < / liminf Lgys (¢, ', v*) dt,
0 0

n—-+oo

which completes the proof.
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We pass now to examine the second case of cost functionals, i.e. a cost term
involving the macroscopic behaviour of the agents during the evolution, taking
into account the density of their positions and distribution of velocities w.r.t.
a fixed reference measure. Notice that this is a term dealing with some global
properties of the system which cannot derived simply by the superposition of
the behaviours of single agents.

Definition 2.2.13 (Density cost). Let Lgens : R x R? x R x R? — [0, +-00] be
a Borel map. Given o € . (R%), we define the functional

T
/ / Ldens (t, T, &(a:), &(w)) dodt, ifpu <oand|n| <Ko
o JRrd o o

jgenS(T7 M, V) = fOI' a.e. te [O,’I‘}7

400, otherwise,
(2.11)
with T > 0, p = {p}iejo.r) € P(R?) and v = {1 }iepo. 1) © A (R? x RY).

Remark 2.2.14. We can use this term to model some pointwise constraints of
the maximum allowed density w.r.t. a reference measure o of the distribution of
agents and of their velocities. For instance, imagine that the agents are moving
on a frozen lake: clearly, the thickness of the ice is related to the maximum
affordable load, and in any case there is a constraint on the maximum density
tolerable by the agents (overcrowding threshold). To model this situation, we
can simply take 0 = £? and Lgens (t,2,dy, d,) = 110,y () Adinre) (), Where
dmax () is the maximum affordable load at point « and dp,e is the overcrowding
threshold. Similarly, we can penalize distribution in the velocities: assume for
example that in a certain point the agents are allowed to travel in a certain
direction, but the road heading to that direction is very narrow. Clearly, if we
have many agents all trying to move in a direction where the road is narrow,
the travelling cost will be higher with respect to the same situation in which we
have only few agents.

The following results provide some sufficient conditions ensuring the l.s.c. of
Jdens'

Lemma 2.2.15. Let Lgens : R x R x R x R? — [0, +00] be a Borel map such
that

(Z) Ldens(t, Yyt ) iS l.S,C.,
(11) Laens(t, @, ) is convex satisfying

1.111 dens (ta z, drﬂ dv)
i
(da oy )| —+00 |(dz, dy)|

= +oo’

(iii) for any fized t € R, one of these two properties holds

a) there exists a continuous map x — (dy(x),d,(x)) such that the map
&+ Lgens(t, x,dy (), dy(x)) is finite and continuous,

b) there exists a function 6 : R — R such that lim @

s—+o0o S

Laens(t, 2,y dy) > 0(|(de dy)]) for every z,d,, d, € RY.

= 400 and
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Then the functional jgens defined in (2.11) is lower semicontinuous.
Proof. The functional
/ Ldens (t,:m H(x), K(x)) do, ifp<oand v <o,
Rd o o
£gens(t7,u/7 V) = (212)

+o00, otherwise.

is l.s.c. according to Lemma 2.1.1 recalling that LSS (¢, 2,ds,d,) = 400 if

(dg,dy) # (0,0) and L3 .(t,2,0,0) = 0. By using Fatou’s Lemma, we can
conclude arguing as in the last part of the proof of Lemma 2.2.12 (2). O

However, as already noticed, from a modelling point of view, it is more
realistic to fix a uniform upper bound on the density of agents (overcrowding
threshold) and also on the density of their velocity distribution. Moreover,
we introduce explicitly a constraint on the agents’ density and agents’ velocity
distribution density depending on the point. In this way, the above results
simplifies as follows.

Corollary 2.2.16. Let dyax > 0 be a constant, D, C R? be compact and
convezr. We set

Ldens(tv z, daﬁ dv) = Lgens(tv €, dwa dv) + I[O,dmax]XD,U (dJCv dU)7

where Laens : R X REX R x R? — [0, +00] is a Borel map such that LS, _(t,-,",")
is Ls.c., Laens(t,x,-,-) is conver. Then the functional J3, . (t,-,-) defined in

(2.11) is lower semicontinuous.

Proof. All the assuptions of Lemma 2.2.15 are satisfied, by taking 0(s) =
$%X[R,+oo[($) — 1 where R > 0 is constant such that [0, dmax] X Dy € B(0, R).
Indeed, we have that lim @

= +o00, and
s—+o00o S

Laens(t, z,dy,dy) > 0> 0(|(d, dy)]|), for every (¢t,z,d,,d,) with |(ds,d,)| < R,

while

Laens(t, z,dy, dy) = 400 > 0(|(dy, dyy)|), for every (¢, x,ds, d,) with |(d,dy)| > R.
O

Remark 2.2.17. Notice that in Corollary 2.2.16 we are not asking Lg, . to be
neither continuous, nor finite at every point, thus we are completely free to add
for instance further constraints on the density of agents depending on the point:
it is enough to add a term I[O,Jz(m)]xﬁv(m) (dy,dy) to LY, (t,x,dy, dy), where
d, R4 — [0, +00] is a measurable function, and D, : RY = R is a measurable
set-valued map with closed convex values (not necessarily bounded). We can
model also obstacles by imposing that d,(z) = 0 in a region Q C R?. In this
way, when the functional is finite, we have that no mass can flow through €.

We pass now to consider the third case of cost functionals, i.e. a cost term
dealing with the interaction between the agents.
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Ezample 2.2.18. The simplest interaction model between agents is provided by
assuming that the interaction between two agents depends only on their mutual
distance. In this case, we have

Jontor (T, 1, v) = / ' I W= ) dufa) (o)

with T > 0, = {p}eepo,r) PR, v = {vthieom §~ M (R x R?), and
where W : R? — [0, +o0] is a radial function, i.e. W (z) = W(|z|) for all z € R%.
The above integral can be expressed also in convolution form as

T
Jinter (T ) = / W () dpe ().
0 Rd

More complex interactions may involve also the velocities of the agents. This
occurs, for instance, in modeling the consensus phenomenon in flocking, i.e. the
alignment to a global common speed of all the agents (see for instance [45]).

For example in [63] the authors studied some models for self-organized dy-
namics focusing on concentration around an emerging consensus: each agent
adjusts its state according to the state of its neighbors. The paper focus its
attention on the role of mid-range alignment which stands between the short-
range attraction and the long-range repulsion, i.e. on the tendency to adjust
to agents’ “environmental averages”, studying conditions for flocking and the
formation of clusters. In [50] a kinetic description of such models is given.

We give the following definition.

Definition 2.2.19 (Interaction cost). Let Lipter : R x R? x R x R? x R? —
[0, +00] be a given Borel map. Define Xj,er := R x 'y x R? x 'y, and the
interaction cost functionals

T
Jinter(T7 77) = / / Linter (t7 Yo (t)7 Yy (t)) Ya (t)) ;Y’y (t)) dt dﬂ(% ’Ym) d"l(% 'Yy)v (213)
Xinter 0

T Vi Vi .
[ ], e (t, 2y, (@), —(y)) dpue (@) dpe(y) dt, i v € V(o)

0 R4 xRd Mt Mt

for a.e. t € [0,T],

+o00, otherwise,

jinter(Tv M, V) =

(2.14)
in microscopic and macroscopic point of view, respectively.

Remark 2.2.20. Note that, under the assumptions of the Superposition Princi-
ple, these two costs agrees. The proof follows the same argument used for the
functionals Jgys and Jgys in Lemma 2.2.10.

Lemma 2.2.21 (L.s.c. of the interaction cost). Let Liger : R x R? x R? x

R? x RY — [0,4+00] be a given Borel map. Assume hypothesis (Fy), that
Linter(t, -, -, -, +) s continuous, and Linter (t, 2, y, -, -) is convex. Then given {Tp }nen C
[0, 4+00[, a sequence of measurable curves u™ = {u} }rejo,m,) in 2(RY), and

a sequence of Borel vector-valued measures v™ = {v'}ie0,1,) in A (REGRY),

T, = T, uf =* w, vy =* vy for a.e. t €[0,T), v € ¥E(u}) for alln € N
and a.e. t € [0,T,], we have for a.e. t € [0,T]

n
Vi

1%

Ut

[t

< liminf
n—-+o0o

Lt L?,
wt u
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Moreover, if the left hand side of the above inequality is finite, we have vy €
VE () for ace. t €[0,T], and

jintcr(Ta H, V) é hm ll’lf jintcr(Tnv P"na Vn)'

n—-+oo

Proof. The proof follows the very same argument of Lemma 2.2.12, by replacing
we and vy by gy ® py and vy ® vy, respectively. O

Ezxample 2.2.22. In the pedestrian dynamics case, we may assume that the agent
at € R?, heading to the direction v € S!, can interact only with the agents in
its viston cone

Vis(z,v) := {y € R? : {y —z,v) > |y — 2| cosal,

where « is an angle that, for human beings, can be taken as a ~ 7/2. In the
simplest case we can take the interaction domain C(x,v) = Vis(x,v), however
the presence of obstacles in the environment can reduce the interaction domain:
for example, a pedestrian cannot be aware of the presence of another pedestrian
behind a solid wall. If O C R? is a closed set representing an obstacle, to
compute the interaction domain we must remove from the vision cone all the
points hidden by the obstacle itself, i.e.

C(z,v) = Vis(z,v)\{z+Ap—2z): A>1,peO}.

Moreover, other factors (such that for example fog, or darkness) can affect the
vision field and so the intensity of the interaction itself. In such a situation,
the simplest choice is to take Linger (£, 2, ¥, V2, Vy) = XC(a,0,)(y) Where the set
C(z,v,) is the interaction domain of the agent at point « with speed v, however
with such a choice the functional fails in general to be convex in the last two
variables. This can cause some problems, for example if we allow the speed to
switch instantaneously its direction, it is possible to have agents who follow a
trajectory which doesn’t allow them to see an obstacle located in front of the
target even if they are very closed to it and so, by passing to the limit we can
face the inconvenience that the optimal trajectory goes through the obstacle.
To tackle this situation, a second-order approach in the dynamics is needed in
order to ask more regularity on the velocities.

Definition 2.2.23 (Terminal cost). We assume that the map
g:Rx 2R — [0, +00),
appearing in (2.5), is a l.s.c. function. It will be called terminal (or exit) cost.

Remark 2.2.24. The terminal cost can be used to model terminal constraints.
For instance, g(T, ur) = I5(uur) for a given closed set S C Z(R?%) models the
terminal costraint ur € S in the generalized minimum time problem. More
generally, it can be used also to model a less sharp penalization or simply an
exit cost: for example we relax the constraint pur € S penalizing the generalized
distance of the final measure from the target S by taking ¢(T, pur) = deS(,uT),

where k£ > 0 is a suitable constant and CZS(MT) = inf s Wa(ur, o).
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In the mass-preserving case, gluing of admissible trajectories holds. More-
over, the functional is (sub)additive w.r.t. gluing of the trajectories. As already
seen in Proposition 2.2.6, these two ingredients yields a Dynamic Programming
Principle, whose form depends on the structure of Ly, £, and g(T, pr).

Concerning this general treatment, we leave some open problems (see Chap-
ter 5) that we will face only for two specific cases of cost functions: the minimum
time function for a mass-preserving case which will be defined in Chapter 3 and
for a non-isolated case studied in Chapter 4.

2.3 Non-isolated case

In this case we have a nontrivial creation/destruction of mass during the evo-
lution, so we have w; # 0, hence the total mass is not preserved during the
evolution. For instance, we consider a room with some doors, and the agents
may enter or exit these doors at some rate. The problem can be complicated
assuming that the rate depends on the concentration of the agents near to the
doors, and maybe also on the direction.

The main difficulty in this case is to provide a Superposition Principle com-
parable to the one holding in the mass-preserving case. For a work on this
subject we refer to [57]. Another possibility to circumvent this difficulty, that
is the one adopted here, is to drop completely the continuity equation, and
thus working only with the functional, building a solution as a superposition of
characteristics, as we will do in Section 2.3.1.

This amounts to consider for instance functionals of the following kind

J(T,7) = / / / Lt 2,7) di(t, 2, ),
[0,T]xRd x 'y

where T > 0, and /) € .Z*([0,T] x R? x T'r) is concentrated on (t,z,7) €
[0,7T] x RY x 'y satisfying 7(0) = .

Notice that L = L(t,x,y) in this case depends not only on the current value
of t and x, but also on the whole history of the trajectory. The first issue is how
to embed the underlying finite-dimensional system in this setting.

A natural choice, that we will deepen in Section 2.3.1, is sketched below.

We disintegrate 7} w.r.t. the first component, i.e., we define a measure 7 €
A" ([0,T]) such that

/ o(t) dr = / / / (1) dA(t, 2, ),
[0,T] [0,T)xR¢ X

for all o € CZ([0,T]). Then, we can write ) = 7®@n,, where n, € .4 (R xT'r),

and we define the measure pu; = e;fin, € .#+(R?) as before. The measure T

may be used to take into account a variation of the total mass during the

time. Usually, we will restrict our attention to 7 < £ with Hé” <1,
LOQ

i.e. we consider only mass loss due to the position in space. Consequently,
1 = {jt }ref0,7 is a trajectory which can loose its mass depending on the crossed
region of the space.
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However, it does not appear immediately evident how to define v4, i.e. the
corresponding Borel vecor-valued measures. A possibility is to write n, = u: ®
ot with oy, € 4T () and define

Vg 1= Vgfhy 1= (/ y(t) dUt,gc(’Y)> e, (2.15)
{v€lr:~(t)=a}

provided that the set where 4(t) does not exists is 7-negligible. This is actually
what we will get from Proposition 2.3.7, where ), uy and nX » are respectively
what here we just have called n,, p; and o 5.

If the above construction in (2.15) holds, we can use the same terms of the

v
mass-preserving case to embed the constraints — () € F(x) for p-a.e. x € R?
Ht

and a.e. t € [0,7].
In order to have well-posedness of the definition of 14, it is sufficient to
observe that the set

N = {(t,x,'y) €[0,7) x R* x T'r : ~4(0) # = or #(t) does not exists}

is Z1®@n,-negligible. Indeed, let us call with 77} a convex combination of n Dirac

deltas concentrated in points belonging to suppn,. We have that 7y —* n,,
n — +oo, hence £ ® 7} —* £ ®@mn,. By construction, £ @ #}(N) = 0,
indeed N' N supp(L! @ 1)) is a finite union of sets with zero measure w.r.t.
Lt @n}. Thus, £ @n,(N) = 0 and by projection on the first component, we
have that 4(t) exists for Z!-a.e. t € [0,7] and oy z-a.e. v € I'r.

The major difference with the previous case is that the functional is taking
into account the whole history of the trajectory ~. In particular, this allows us
to consider for instance, to make the mass disappear for all the time after the
first time in which the characteristic has entered into a region of the space (this
fact implies that at every time, knowing the whole history of the curve, we know
if the characteristic curve has already entered the region or not).

Gluing of two trajectories n;, ¢ = 1,2, seems not to be straightforward in
this case, since not only we must have e, i1, = epfin,, but maybe we should ask
something also on the weights of the characteristics. The Dynamic Programming
Principle is then far from being trivial.

2.3.1 A more rigorous construction for the annihilation
case

For what concerns the treatment about the non-isolated case, here we will con-
sider the particular situation in which the mass is annihilated as soon as it enters
into a region V of the space and this represents the only cause of destruction of
the mass during the evolution.

Definition 2.3.1 (Absorption time). Let V C R< be closed. Define the map
7 :T'p — [0,T] to be the first time in which the curve v enters in V, i.e.,

T(7) =inf{0 <t <T:~@) e V}=min{0 <t <T: () €V},

where the infimum is attained by the closedness of V' and the continuity of ~.
We will call 7(v) the absorption time of v € T'r. We define now a map from 'y
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to A *([0,T]). Given v € I'r, we set
7,(B) = ZYBnN0,7(7)]) = / X[0,7()[(t) dt, for any measurable B C [0, T].
B

Lemma 2.3.2. The following properties hold:
1. the map 7(-) is L.s.c.;

2. the map v — 7y(B) is l.s.c. for any fired measurable B C [0,T;
3. for any Borel measure n € 2(R% x ') the product measure
fi=n@7, € 4 (0,T] xR x Tr)

is well-defined and for any bounded Borel map f : [0,T] x R x 'y — R
we have

Proof.

1. Let {vn}nen € I'r be a sequence uniformly convergent to v € I'p. Since 7
is nonnegative, the result is trivial if 7(y) = 0. Otherwise fix 0 < ¢ < 7(7).
By definition, for any 0 < s < 7(7) — € we have that y(s) € R?\ V, which
is open. Let

6 = inf{dy (v(s)) : s €[0,7(7) —€l},
and notice that the infimum is a minimum by Weierstrass Theorem, and
moreover that § > 0. Since for n sufficiently large we have
() = 7($)| < llvm = lloo < 6/2,

we conclude that for n sufficiently large we have

5 < dy (1(5)) < () = 1)+ (1(5)) < 3 + dy (a(s)),

and so y,(s) ¢ V for all 0 < s < 7(7) —e. Thus for n sufficiently large
we obtain 7(v,) > 7(y) —e. By taking the liminf as n — +o00 and then
letting £ — 0" we have that 7(-) is Ls.c.

2. Since for n sufficiently large we have 7(v,) > 7(y) — €, we have also that

X[0,m(ra)((8) 2 X[0,7(1)—e[(8) = X[o,r()[(8 +€),
and taking again the liminf as n — +oo0, and € — 0T, recalling the ls.c.
of X[o,r(v)((*) on [0, +oc[, we have

lim inf X (0,7 (+,)(($) = X[0,r(+)((8)-

n—-+oo

Given a measurable B C [0,7] we have by Fatou’s Lemma
T—Y(B) = / X[O,T('y)[(t) dt S / hg}rnf X[O,T(’Yn)[(t) dt
B B n o0
<timint [ Xor,(t)dt = limint 7, ().

which yields the ls.c. of v — 7,(B) for any measurable B C [0, 7.
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3. Since we have that (z,7v) — 7,(B) is a Borel map for any measurable
B C [0,T], according to Section 5.3 in [9], if T < 400 we can define the
product measure A := n® 7, on [0, 7] x R? x T'y for any Borel measure n
on R? x I'7 (which is separable since T' < +00).

O

In the following result we state probabilistic representations for an admissible
trajectory with mass annihilation in the space region V' under examination,
through the measure 7) just defined in the previous lemma.

Lemma 2.3.3 (Representations). We have the following representations
=2 on =L ou @nl,,

where ) € MT(RExTr) and p) = esin) € M+ (RY) are defined for £'-a.e.
t €1[0,T) by

//Rder ¥(z7) dnz/(m, v) = //RdxFT V(z,7)X[0,7 () dn(z,7),
/ o(@) dp (z) = / e(v()X[0,7()((8) dn(z, ),
R4 RexTp

for all p € CL(RY x T'r) and ¢ € CAL(RY), and for a L' @ pu) -a.e. uniquely
defined family of Borel measures {n},}(t.x)e0,1)xre S A+ ().

Finally, for a.e. t € [0,T] we have u} < eifn and for a.e. t € [0,T] and
(eifn)-a.e. x € R it holds

v
My /
—0 ) = T t d x )
etﬁn( ) i) X[0,r(x)[(t) dnez(7)

where {nNt.2}(t,0)ci0,1)xre S P(T'r) is a family of probability measure uniquely
defined for a.e. t € [0,T] and (e;in)-a.e. x € R? and such that n = (e4fn) @1 ..

Proof. For any fixed t, the map
Giw)i= [[ o O dnte )
RdXFT

is trivially linear and continuous from CZ(R¢ x I'r) — R, since we have

|Ge(1) — Ge(¥2)] < [[¥1 — Y2]lo0,

thus we have that

Guw = [[ v yan!

for a uniquely defined ;" € .#* (R¢xT'r). Thus we have that ;" is well defined.
By the disintegration theorem (Theorem 5.3.1 in [9]), we define p}” = e;fn;” and
the family {nxz}(tﬁz)e[oﬁT]XRd, which satisfy the properties of the statement. To
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prove that the product 2! ®n) is well-defined, we fix a Borel set B C R% x 'z,
and notice that the map

tes Y (B) = /B dnY (2,7) = /B X0 (o (1) d(2,7)

is L.s.c., hence Borel measurable. Thus the product £ ®mn)” is well defined, and
moreover it coincides with 7} since for all bounded Borel functions f we have

[ seenantena= [[[  somnie

The last assertion comes from the fact that for every ¢ € CP(R?) with ¢ > 0,
we have

[ snttas [, donten= [ oo

and so for every Borel set B we have u) (B) < e;fn(B), moreover by taking the
disintegration of 7 w.r.t. the Borel map e; we obtain

/ ) dpy (x // )Xo, ()((t) dn
R4 RdXFT

- / / P O)X0,r 1 (8) .o (1) d(ertm) ()
Re J(e:) 1 (z)

= /Rdw(x) (/( - )x[o,rm[(t) dm,m(’v)> d(eiin)(x),

which yields the statement on the density. O

Remark 2.3.4. Since (e;) *(z) = {y € I'r : ~(t) = z}, we can interpret
\%4
Hg

(e:tin)

t that never passed before through the sink V.

(z) as the fraction of the characteristic curves passing through x at time

Remark 2.3.5. In general, due to instantaneous mass loss, we cannot expect
absolute continuity of the trajectory [0,7] — .#+(R?), t = u}, w.r.t. narrow
convergence and consequently w.r.t. WS convergence, where W denotes the
generalized p-Wasserstein distance defined in [64,65] for finite Borel measures
with possibly different masses.

Our aim now is to describe the instantaneous annihilation of the mass when
it reaches the sink V' and use this defined object to study a continuity equation
satisfied by the measure p} which looses its mass as soon as the underlying
characteristics touch the sink V.

Lemma 2.3.6 (Absorption measure). Let n € 2(R% x T'r). There exists a
unique Radon measure o/" € .# ([0, T] x R?) such that

//[O,T]X]Rd o(t, x)da? " (t, x) = //Rder o(1(7),v(T(v))) dn(z,7),

for all p € CY([0,T] x RY). We will call &/™ the absorption measure associated
to m.
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Proof. Indeed, since for any ¢1, s € CP([0,7] x R?) we have

//WXF 1 (T(7), 7 (r(0)) = 2(7(7), v (r(7) dn (2, 7) < 1 = palloo

we have that the map from CP ([0, 7] x R%) to R defined as

e [, etrae) dnte)

is linear and 1-Lipschitz continuous, thus &7 € [CP([0,T] x R%)]". O

We want now to apply the previous consideration to find a PDE satisfied
by p} when n is chosen in order to have that ¢t ~ u; = e;fin satisfies the
homogeneous continuity equation gy + div(vepy) = 0, in the spirit of the
Superposition Principle in Theorem 8.2.1 in [9)].

Proposition 2.3.7. Let p > 1. Assume that v : [0,T] x R? — R? is a Borel

time-depending vector field and n € P(R? x I'v) is a measure such that 0 is
concentrated on the pairs (x,7y) where v is an ACP solution of (t) = v o y(t),

v0) =2V and
T
/ // |vg o y(t)|P dnpdt < +oo.
0 RIX T

Define § = n®7y as in Lemma 2.5.2, and {41} }repo,r) as in Lemma 2.3.3. Then
in the sense of distributions we have

Oy + div(vgp)) = —a/M. (2.16)
1+1d
Moreover, if 1+ dpe S L:oji and there exists C' > 0 such that vi(2) <
dy 0&m 1+ |z

P RY) such that i) = p) for a.e. t € [0,¢], t = i} is narrowly continuous,
and [L“;:O = epfin.

for all (t,z) € [0,T] x R, then there exists ¢ > 0 and a family {i }1e0,e) €

Proof. Consider a test function ¢ € C&([0,7] x RY), we have

/OT [ Orsplt ) dpy dt = /OT //RF Owp(t, () dn (. 7) dt
B ///[O,T]dexFT at(p(t’ ’Y(t)) dﬁ(t’ * ’Y)
B / //m (i Lot v (e)) - <w<t,v<t>m<t>>) di(t,z,7)

Recalling that n is supported on (v(0), ) where 4(t) = v,0v(t) for a.e. ¢t € [0,T]
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and so for 7y-a.e. t € [0,T], we have

///[OVT]XRdxFTV%"(taW(t))ﬁ(t) dii(t, z,y) =

//Rder 0 (Vo(t,7(1)), vi 0 7(1)) dry dn(, )
- ///OT XRdxFTW@(t (8),ve 0 y(2)) di(t, @, y)

/ //Rdm Ve(t, (1), v 0 y(t)) dny (z,7) dt

_ / (Ve(t, z), v () duy (x) dt
0 R4

Since ¢ € C([0,T] x RY) we have ¢(0,y) =0 for all y € R, and so

///[QT]X]RMT % [p(t,v(1)] di(t,z,v) = //Rder /T % [o(t, ¥(1))] dry dn(z,7)

//WXFT / " @ (. 1(1))) de (. )
//Rder A (T()) dn(z, )

= // o(t,z)dd M (t, ).
0,T] xR4
We have that (2.16) follows.

To prove the last assertion, we recall that since |v(z)| < C(|z| +1), then for
all (x,v) € suppn we have

(t) = 1(0)] < / 5(s)| ds = / v 0(s)|ds < C / Iy(s)] ds + Ct
<c / () = 7(0)| ds + CH(1 + | (0))).

and so by Gronwall’s inequality
(1) = 7(0)] < CHL + [4(0))e”" < Ct(L + [y(0)])e ™ = Ct(1 + |a)e”

By assumption, for egfin-a.e. € R? we have 1 + |z| < C'dy () for a constant
C’" > 0, thus

Iv(t) —v(0)| < C - C'tdy (x)eT, for n-a.e (z,7) € R? x I'z.

o—CT o—CT
This implies that if ¢ < cor Ve have v(t) ¢ V, and so 7(y) > cor Set
e =e 9T/(2CC"). Then for every ¢ € C ([0, T] x R%) with supp ¢ C [0,¢] x R?

we have
/ / p(t,7) de/ M (1,) = 0,
[0,T]xR4
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and so we have that the restriction of ¢t — )} to [0, ] solves the homogeneous
continuity equation with initial data egfn). Thus the existence of a continuous
representative follows from Lemma 8.1.2 in [9]. O

The previous result provides us with a continuity equation in the non-isolated
case with annihilation. We precise that here the sink is described by an absorp-
tion measure that is defined in [0,7] x R%, hence ) satisfies the continuity
equation with sink in the sense of distributions with integration also in time.
This allows us to hide the impulsive term in the absorption measure o/".

We pass now to consider some cost functionals defined on curves {u} Yeelo,1)
which are constructed as in Lemma 2.3.3 by mean of Lemma 2.3.2. We will
see that it is possible to write such functionals defined for the non-isolated case
with annihilation, in the form of the functionals of the mass-preserving case. In
this way we inherit the results of the isolated case.

Let p > 1. Assume that v : [0,7] x R? — R? is a Borel time-depending
vector field and n € Z(R? x I'7) is a measure such that 7 is concentrated on
the pairs (z,7) where v is an ACP solution of ¥(t) = v; o y(t), v(0) = x and

T
/ // lvg o y(8)|P dn dt < +o0.
0 RexTp

Define 7 = 7 ® 7, as in Lemma 2.3.2, u" = {1 }+cjo,7] as in Lemma 2.3.3,

and set vV = {1} = Utuy}te[o,T], = {ptteepo,r), With p; := efn, and
v = {vy := vfis}rejo,r). Then we get the following relations for the three
different types of cost terms already analyzed for the mass-preserving case.

o Let L : R x R? x R? — [0,4+0oc] be a Borel function, and consider the
functional

T \%
Ity e= [0 1 (10 2@ ) and
0 Jrd 0.

Then

szs<T7 IJ/VaVV> = szs(T7 77)7

where

T
Ty = [[ [ oo L a0.50) dedniz. ).

o Let LV : R x R% x R x R — [0, +oc] be a Borel map, o € .#*(R?), and
consider the functional

T e v
/ / LV (t,:v, (), L(‘76)) dodt, if py < o and
o Jrd o o
|V <o
\4 Vy .
Jdens(Tyuf yV ) T for a.e.t S [O,T‘]7
00, otherwise.
(2.17)
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Recalling Lemma 2.3.3, we have that u) < g, more precisely, we have

py = </ X[0,~(7)(t) d77t,x(7)) s
(e0)~1(x)

We can set
1% %4
. \% M Vy
Ldens(ta‘r,dm;dv) =1L (taxa (’JZ) dmai(x) dv>
ot 147
T Mt 147
/ / Ldens (t, z, —(x), —(w)) do dt, if for a.e.t € [0,T],
o Jrd o o
v
~ either B =0
Jdens(Tw 122 V) = Hi Lllif

or puy K o, |ve| {< o.

+o0, otherwise.
(2.18)

We thus obtain

Jdcns(Ta HV> VV) = jdcns(Ta M, V)'

o Let Ligter : R x R x R? x R x R? — [0, 4+-00] be a Borel function, and
consider the functional

T v v
Jinter (T, 1 0Y) = / / / Linter (t, 2y, 2 (), ’%(y)) dpf () duY (y) dt.
0 RA x Rd M My
Then _
Jinter (T7 vav VV) = Jinter (T, 77)7
where

T
/0' X[O,min{T(’Yy),T(’Ym)}[(t).

* Linger (£, v (1), vy (8), Y2 (1), 5 (8)) dt dn(z, va) dn(y, vy)-

jinter(T, 77) ::/
X

inter
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Chapter 3

Time-optimal control
problem in the
mass-preserving case

In this chapter we investigate a time-optimal control problem in the space of
positive and finite Borel measures dealing with a mass-preserving situation. The
dynamics is thus described by an homogeneous continuity equation. Without
loss of generality we choose to normalize the total mass to 1, dealing with Borel
probability measures.

This study can be found also in [28,30-32].

The main results obtained in this Chapter can be summarized as follows:

1. a theorem of existence of time-optimal curves in the space of probability
measures (Theorem 3.2.20);

2. a Dynamic Programming Principle (Theorem 3.2.25);

3. comparison results between classical and generalized minimum time func-
tion (Proposition 3.2.12, Corollary 3.2.22 and Corollary 3.2.23);

4. sufficient conditions providing upper bounds of the generalized minimum
time function (attainability results) (Theorem 3.2.26, Theorem 3.2.32 and
Theorem 3.2.35),

5. sufficient conditions yielding Lipschitz continuity of the generalized mini-
mum time function (Theorem 3.2.42);

6. the introduction of a natural Hamilton-Jacobi-Bellman equation for the
generalized minimum time function, which turns out to be a solution in a

suitable infinite-dimensional viscosity sense (Theorem 3.3.9).

7. some tools which would lead to the study of higher order attainability
conditions (Section 3.4).

37
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3.1 Generalized targets

In this section we propose some suitable generalizations of the classical target
set in R? that can be used in our framework in the space of probability mea-
sures and we analyse some properties (convexity, closedness, compactness) and
relations with the classical target, when possible. Also regularity properties of
the correspondent generalized distance from the target are studied.

Definition 3.1.1 (Generalized targets). Let p > 1, ® be a given set of lower
semicontinuous maps from R to R, such that the following property holds

(Tg) there exists 29 € R? with ¢(zg) < 0 for all ¢ € ®, and all ¢ € @ are
bounded from below.

We define the generalized targets S® and 5’;1’ as follows

S® .= {u € PR : ¢ €L}, and / é(z) dp(z) <0 for all ¢ € <I>},
Rd

Sp:=5% N 2,(RY).

We define also the generalized distance from S’f as

dga () i= inf Wy(-,p0).
P ueSE

Notice that S"g’ # () because d,,, € gg’, hence S® # (). The 1-Lipschitz continuity
of dNS@() follows from the structure of metric space: indeed let p,v € Z2,(R%),
P

and fix ¢ > 0. Choose o, € S*g’ such that cig(p (v) > W,(v,0,) —e. Then we
have by triangular inequality

dsa (1) — o (v) < Wy(,0,) = Wy(0,0,) 42 < Wiy (pr.0) +<.

By switching the role of u, v and letting ¢ — 0, we obtain the desired Lipschitz
continuity property.

For further use, we will say that ® satisfies property (7,,) with p > 1 if the
following holds true

(T,) for all ¢ € @ there exist Ay, Cy > 0 such that ¢(z) > Ag|z|P — Cy.

Remark 3.1.2. Roughly speaking, a physical interpretation of the generalized
target can be given as follows: to describe the state of the system, an observer
chooses to measure some quantities ¢. The results of the measurements are the
average of the quantities ¢ with respect to the measure u; representing the state
of the system at time ¢. Our aim is to steer the system to states where the result
of such measurements is below a fixed threshold (that without loss of generality
we assume to be 0).

Remark 3.1.3. Given a nonempty and closed set S C R? and « €]0, 1], a natural
choice for ® can be for example ® = {dg(-) —a}. In this case, a measure belong-
ing to S® corresponds to the state of a particle which is on S with probability
1—a. Ifa=0,ie ®={ds(-)}, then S® reduces to the set of all probability
measures supported on S.
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The following proposition establishes some straightforward properties of the
generalized targets.

Proposition 3.1.4 (Properties of the generalized targets). Let p > 1 and ® be
a given set of lower semicontinuous maps from RY to R such that (Tg) holds.
Then:

(1) 8% and 5’;1) are convex;

(2) S® is w*-closed in P(RY);

(3) S’g’ is closed in Z,(R?) endowed with the p-Wasserstein metric W, (-, +);
(4) for every p € Z,(R%) we have dg;? (1) =0 if and only if p € 5'3’;

(5) if there exists ¢ € ®, A,C >0 and p > 1 such that ¢(z) > Alz|P — C,
then S® = S’g’ s compact in the w*-topology and in the Wy-topology. In
particular, this holds if ® satisfies property (T}).

Proof.
1. The convexity property is trivial from the definition.

2. Let {fin }nen be a sequence in S®, and p € Z(R?) be such that i, —* p.
Since for any fixed ¢ € @, ¢ is a Ls.c. function bounded from below, we
have ¢(x) = sup,ey ¢k (2), © € RY, where

ou(a) = min{ inf (6(0) + Kz ~ bk}

k € N, and ¢, is a bounded Lipschitz continuous function for every k € N.
Then by Monotone Convergence Theorem we have for all n € N,

02 [ o) = [ [supor)] dunte)

keN

=sup [ oula) @) > [ 0u(e) dua (),

keN JR4

for all k € N. By letting n — 400, recalling the weak* convergence of p,,
to 41, we obtain that 0 > [, ¢k (x) du(z), for all k € N. Hence, by passing
to the supremum on k € N we get 0 > [, ¢(2) du(z), and so p € S2.

3. It follows from the fact that convergence in Wp(-, -) implies w*-convergence,
and that &2,(R?) endowed with the p-Wasserstein metric W,(-, -) is a com-
plete separable metric space according to Proposition 1.2.2.

4. It is obvious that if p € 5’3’ then dge () = 0. Conversely, if dgs (1) = 0
there exists a sequence {n fnen C S’;I’ such that lim W(u,, 1) =0, and,
n—oo
by the closedness of S“;I’ , we conclude that p € S;I) .

5. Given p > 1, trivially we have that 5’;}’ C S®. Conversely, given pu € S,
we have

/ (Alal? — C)d < / o) dyu < 0,
Rd Rd



40

CHAPTER 3. MASS-PRESERVING CASE

where ¢, A, C, p, are as in the assumptions. Thus for all y € S® we have
C
/ |z]P dp < = < 400,
Rd A

hence p € S’f . So all the measures in S’f = S% have uniformly bounded p-
moments. Hence, if {jin }neny € S® and i, —* p, by the w*-closure of S®
we have that u € S = S’f and it has finite p-moment. Thus, the family
{#tntnen has equiuniformly integrable p-moments, and W, (un, ) — 0
by Proposition 1.2.2. This means that the w*-topology and W,-topology
coincide on S® = gg’ , which turns out to be tight, according to Remark

5.1.5 in [9], and w*-closed, hence w*-compact and W,,-compact.
O

Given a nonempty closed set S C R‘{, and set ® = {dg(-)}, a natural problem

is to express the generalized distance dgs(-) in terms of dg(-). More generally,
P

we give the following definition.

Definition 3.1.5 (Classical counterpart of generalized target). Let p > 1 and
® C C°(R% R) satisfying (Tg) in Definition 3.1.1. Given a set S C R?, we say

that

1. S is a classical counterpart of the generalized target S if the following

equality holds :
S*={ne PR : suppp C S}.

2. S is a classical counterpart of the generalized target 5’3’ if the following

equality holds R
Sy ={n€ PR : suppp C S}.

Proposition 3.1.6 (Existence, uniqueness and properties of the classical coun-
terpart). Let p > 1 and ® C C°(R%R) satisfying (Tr) in Definition 3.1.1.

Then

if 8% admits a classical counterpart S, then Sf’ admits S as a classical
counterpart for all p > 1.

Cif S, S, are classical counterparts of the generalized targets S, Sg’, re-

spectively, then S = 5';

. if S is a classical counterpart of S® or of Sf, then S is closed;

. if S is the classical counterpart of S* then d(x) <0 forallgp € @,z €S;
Cif ¢(x) >0 for all g € ® and x € RY then the set

S:={zxecR:: ¢(x) =0 forall p € ®}

is the classical counterpart of S® and of Sg’ (uniqueness follows from item
(2) above);

. if S is the classical counterpart of S then there exists a representation

of S® as S®', where ¢ (x) > 0V € RY, ¢/ € ®'. In particular we can
take ® = {ds} and we have S* = S{4s} and S'g’ = S';dS}, i.e., we can
replace ® with the set {dg};
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if for every ¢ € ® we have either ¢(x) > 0 or ¢(x) < 0 for all v € R,
then S® and Sg’ admit as classical counterpart the set

S=(V{reR: ¢(x) <0} = () {weR: ¢(x) =0},
pED pedt

where ®F = {p € ® : ¢(z) > 0 for all v € R}, and if @+ = () we set
S = R4,

Proof.

1. By definition, for all p > 1 we have

Sf =8N 2,RY) = {ue P(RY) : suppu C S} N Z,(RY)
={u e Zp(R?) : suppu C S}.

. Let S and S’ be two classical counterparts of S® and of S’;f , respectively.

For every = € S we have that J, € S’;,D - S? for all p > 1, hence we must
have also z € S’ since 5" is a classical counterpart of the generalized target
Sg’. So S C S’. By reversing the roles of S and S’ we obtain S = S’.

. Let S be the classical counterpart of S® (the proof is analoguos for S'g’ ).

Let {2y }nen C S be s.it. x, — T for some Z € 3S. By contradiction, let
us suppose Z ¢ S, thus 0z ¢ S®. Then there exists ¢ € @ s.t. ¢(zZ) > 0,
and thus for n sufficiently large we have ¢(z,) > 0 by continuity of ¢. It
follows that 6, ¢ S? for n sufficiently large, thus z, & S by definition of
classical counterpart and we get a contradiction.

Immediate by definition of generalized target and of classical counterpart,
in fact we have 6z € S® for all 7 € S.

Obviously we have
{pe 2RY) : suppp C S} C S

Let us prove the other inclusion. Note that by hypothesis ¢ > 0 for every
¢ € @, hence

S = {u e PR"): ¢ € L), and / $(z) du(z) = 0 for all ¢ € @}.
R4

Let € S®, then
o(z) du(z) =0 Vo € ,
R4

ie. ¢(z) =0 for p-a.e. x € RY Vo € @, ie. ¢(x) =0 for all x € supp u,
V¢ € ®. Thus suppp C S. By item (1), S is the classical counterpart also
of S2.

p

Let us prove that Stds} = §®  First Sids} C S in fact if p € Sids}
then p(R?\ S) =0, and so p € S® by definition of classical counterpart.
Moreover, S{9s} D §% in fact if u e 5% then suppp C S and it follows
that [o. ds(z)du(z) =0, thus p € Slds},
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By item (1), it is sufficient to prove that S is the classical counterpart
of S®. Assume that ®+ = . This means that ¢(z) < 0 for all z € R
and for all ¢ € ®. In this case we have that S® = P(R?) since for every
p € Z(R?) we have

¢(x) dp(z) < 0.
Rd
Thus we have trivially S = R9.

Suppose now ®* # ). Clearly, every measure supported in S belongs to
5% since all the elements of ® are nonpositive on S, i.e. Slds} C §2.
Conversely, let u € S?® and by contradiction assume that there exists
Z € suppp \ S. This implies that there exists an open neighborhood A
of Z such that u(A) > 0, and an element ¢ € ®* such that ¢(z) # 0.
By continuity of ¢, we can assume that ¢ > 0 on the whole of A, thus,
recalling that ¢(x) > 0 for all x € R?, we obtain

$@)du(x) > [ o(a) dulz) >0,
R4 A

contradicting the fact that u € S®.

Example 3.1.7.

1.

In general S® may fail to possess a classical counterpart: in R, take ® =
{¢} where ¢ : R — R, ¢(z) := [z + 1| — 1 (notice that ¢ is bounded
from below). Then if S® or S admitted a classical counterpart S, we
should have S C [—2,0] by item (4) of the Proposition above. Define
1 -
po =5 (6_1 4+ d1). Thus we have pgy € S;I’, in fact /qﬁ(m) duo(z) = 0,
R ~ ~

but supp o = {—1,1} € S for any possible S. So neither S® nor Sg’
admit a classical counterpart.

The converse of item (7) of Proposition 3.1.6 is not true: in R, take & =
{b1, P2, 3} where ¢; : R — R, i = 1,2,3 are defined to be ¢1(z) =
max{z,0}, ¢2(x) = min{max{—z,—1},0}, ¢3(x) = max{x,—1}. Then
both Sf and S® admits S as their classical counterpart, with S =] — oo, 0],
but ¢3 can change its sign.

We are now ready to state some comparison results between the generalized
distance and the classical one.

Proposition 3.1.8 (Comparison with classical distance). Let p > 1, uo €
Z,(RY), ® C CO(R%R) satisfying (Tg) in Definition 3.1.1, and set

Then
1.

2.

C:={zxeR?: ¢(z) <0 for all p € D}.

dza (o) < llde|l oy,

if there exists ¢(-) € ® such that ¢(x) >0 for all z € R?, then J@ (10) >
P
ldpllzz, . where )
D :={z cR%: ¢(x) =0}.
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3. if 5’5 admits a classical counterpart S, then C = S and cigcp(yo) =
P

ldsllzz, . moreover dg@ : Z,(RY) — [0, 400] is conver.
p

Proof. Clearly, according to assumption (Tg) in Definition 3.1.1 we have C # §).
L. If ||[dc|| e (uo) = +oc then there is nothing to prove. So let us assume that
lldell Lr (ue) < +oo.

Define the multifunction
G(x):={yeR?: |z —y| =dc(x)} NC = dB(z,dc(z)) N C.

Since the map f : R xR? — R defined by setting f(z,y) := |z —y|—dc(z)
is continuous, we have that G() has closed graph in R? x R? and in
particular G(-) is measurable. According to Theorem 8.1.3 in [13], there
exists a Borel map g : R? — C such that |z — g(z)| = dc(z) for all z € R?
(that is g(z) € G(z) for all z € RY).

We define vy := gfipp and prove now that vy € 5‘5 Indeed, since g(x) € C
for all z € R%, we have

/ 6(z) dgtpo(s / 6(9(x)) do(x) < 0, for all 4(-) € ®

whence vy € S®.

It remains to prove that the p-moment of vq is finite. Owing to

([oeran)” = ([ towrran)”

= llgllzr(uo) < Ilg = 1Al Lo (o) + Al e () 5

we have to prove that the sum in the right hand side is finite. But
po € Pp(R?) implies [[Id]|1r(uy) < 400 and |g(z) — x| = do(a) holds
by construction, so that ||g — Id||zr(ue) = ldc|lzr(ue) < +o00. Therefore,
we conclude vy € 5‘;} and we have

1/p
g(ﬂo) < Wy(po, o) < (//Rd y |z —y|P d(1d x g)ﬁm;)

1/p 1/p
|x —g(z)P dMo) (/ de: (@ duo) ;

2. Let us now assume that there exists ¢(-) € ® such that ¢(z) > 0 for all
z € R? and prove that dgs (10) > ldpllz, - Let {¢n}nen C Co(R? [O 1))
be such that

as desired.

1, if x € B(0, n),

on(r) =
0, ifx¢ B(O,n+1).
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Set ¥% (y) = ¢n(y)d(y) and ¥} (z) = @, (z)d%(z), hence we have ¥}, Yl €

CY)(R?). Given ¢ € S(I’, we notice that for f-a.e. y € R? we must have
d(y) =0, and so y € D thus for f-a.e. y € R? and pg-a.e. € R? it holds

1(@) + 95 (y) = enlz)dp(z) < dp(z) < |z —y|".

So, according to Kantorovich duality (1.3), we have

W2 (po,0) = sup { Y1(x) dpo(x /1/)2 ) do(y }
1,2 €CF (RT) Rd
Y1 (2)+2(y) <|z—yl?

> [ en@dy(a) duofe).

Since {17(-) }nen € CP(RY) is an increasing sequence of nonnegative func-
tions pointwise convergent to df,(-), by letting n — +o0o and applying the
Monotone Convergence Theorem we obtain

(1o, 0 / di () dpo (),

for all 6 € 5';?.

3. The equality C' = S is trivial: from item (4) in Proposition 3.1.6 we have
S C C, moreover if p is a measure supported in C' we have that u € 5’;}’,
since all the functions of ® are nonpositive on C', thus C C S, and so
equality holds. By item (1) above we have already cigp(,uo) < lldsllrz, -

By item (6) in Proposition 3.1.6, we have S‘I> S{dC} hence by applying
item (2) above with D = C' = S and ¢ = dg we obtain dSCP (o) = llds|lzz, ,

thus equality holds. Finally, the last statement is trivial, and it follows
from the fact that

Ly = [ dela)dn
is linear in p.
O

Without the assumption of existence of a classical counterpart for 5’}? , the
inequality dgs (po) < |dc||zz, may be strict.
p

Ezample 3.1.9. In R, take ® = {¢1, 2, 3} where ¢; : R — R are defined by
pi(@) =z =1 =1, ¢o(z) =z +1[ -1, ¢a(z)=|z(z®-1)|.
1
Define also pg = 5(6,1 + 41). For any z € R, we have ¢;(x) > —1 for i = 1,2
and ¢3(xz) > 0 (thus ¢ is uniformly bounded from below for i = 1,2, 3), moreover

C:={zeR: ¢; <0, fori=1,2,3}
={z€eR: ¢ =0, fori=1,2,3} = {0},

/ @i(x) duo(z) =0, 1=1,2,3,
R
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hence, py € Sg’ for all p > 1, thus cis@ (mo) = 0. However, since df,(z) = |z|?,
P

we have

/ 0P (2)dpo(z) = 1> 0.
R

We notice that 5'5) does not admit a classical counterpart: indeed if a classical

counterpart would exist, it would be reduced to C' = {0}, however pg € S’;b cs®
and supp po € C, thus no classical counterpart may exist.

Without the p-th power, the generalized distance in the case of the Propo-
sition 3.1.8 above may fail to be convex.

Ezample 3.1.10. Let p > 1. In R?, consider P = (0,0), @1 = (1,0), Q2 =
(0,2'/7). Set § = {P}, ® = {ds(-)}, hence 5S¢ := {6p}, and define vy =
Ag, + (1 — X)dg,, A € [0,1]. By Proposition 3.1.8, we have

(va) = WP(0p,va) =A+2(1 =) =2— ),

P
Sy
whence Js@ (va) = ¥2 — A, which is not convex.
P

In the metric space Z,(R?) endowed with W),-distance, another concept of
convexity can be given, related more to the metric structure rather than to the
linear one.

Given any product space XV (N > 1), in the following we denote with
pri: XN — X the projection on the i—th component, i.e., pré(zy,...,2x5) = ;.

Definition 3.1.11 (Geodesics). Given a curve p = {4 }1ej01] € ZPp(R?), we
say that it is a (constant speed) geodesic if for all 0 < s <t < 1 we have

Wy (pss pie) = (t — 8)Wp (g0, p11)-

In this case, we will also say that the curve p is a geodesic connecting g and
i

Theorem 3.1.12 (Characterization of geodesics). Let g, u1 € P,(R?) and let
m € IIP(ug, 1) be an optimal transport plan between g and pq, i.e.

WP ko, p1) = // |x1 — xo|P dr (1, 22) .
R4 xR
Then the curve p = {1t }1e(0,1) defined by

pe = (1 —t)pr* +tpr?)ir € PZ,(RY) (3.1)

is a (constant speed) geodesic connecting o and pi.
Conversely, any (constant speed) geodesic p = { it }efo,1] connecting po and
w1 admits the representation (3.1) for a suitable plan m € T2 (o, p11).

Proof. See Theorem 7.2.2 in [9]. O

Definition 3.1.13 (Geodesically and strongly geodesically convex sets). A sub-
set A C Z,(RY) is said to be

1. geodesically convez if for every pair of measures pg, p1 in A, there exists
a geodesic connecting pg and pg which is contained in A.
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2. strongly geodesically convez if for every pair of measures pg, 11 in A and for
every admissible transport plan 7 € II(ug, 1), the curve ¢ — p; defined
by (3.1) is contained in A.

The interest in this alternative concept of convexity comes from the fact
that, in many problems, functionals defined on probability measures are convex
along geodesics (a notion related to geodesically convex sets) and not convex
with respect to the linear structure in the usual sense. We refer to Section 9.1
in [9] for further details.

Remark 3.1.14. Notice that, even if the notations does not highlight this fact,
the notions of geodesic and geodesical convexity depend on the exponent p which
has been fixed.

Proposition 3.1.15 (Strong geodesic convexity of S;p). Letp > 1, ® satisfying
(Tg) in Definition 3.1.1. Assume that all the elements of ® are continuous and
convex. Then the generalized target S;I’ is strongly geodesically convex.

Proof. Let pg,p1 € 5';,1) and let w € TI(uo, 1) be an admissible transport plan
between po and pp. Consider the corresponding curve p = {4 }4ejo,1) defined
by (3.1), and fix ¢ € [0,1]. We have for every ¢(-) € @

[ ¢t dua) <
<=0 [[ o) den+e [ o@ren) aren
= (=0 [ o)+t [ o) dmi) <0,

since prifim are the marginal measures of 7, which belong to S‘;f . The conclusion
follows from the arbitrariness of ¢(-) € ®. O

Remark 3.1.16. In particular, the above result holds for ® := {ds(-) — o} when
S is nonempty, closed and convex, and « € [0, 1]. In this case, since in the above
proof we use only the convexity property of dgs(-), the statement holds also if
we equip R? with a different norm than the Euclidean one.

We conclude this section by investigating the semiconcavity properties of the
generalized distance along geodesics. The case p = 2 is particularly easy thanks
to the geometric structure of the metric space &5(R9).

Proposition 3.1.17 (Semiconcavity of (ng) Let S be the generalized tar-

2
get in Po(RY) corresponding to ® C CO(RY;R) satisfying (Tr) in Definition
3.1.1. Then the square of the generalized distance satisfies the following global
semiconcavity inequality for every ug, 1 € P2(R%) and every t € [0,1]

02y () > (1~ 1) d2 (o) + 142y (1) — t(1 — 1) W o, ).
where p = {1 }1ef0,1] i5 any constant speed geodesic for W joining po and piy .

Proof. Owing to Theorem 7.3.2 in [9], we have that for any measure o € Z5(R%)
the function pu +— W3(u, o) is semiconcave along geodesics, with semiconcavity
constant independent by o, i.e. it satisfies for every ¢t € [0,1]

W3 ke, 0) + (1 = ) W3 (p0, p12) > (1= ) W3 (o, 0) + t W3 (s, 0).
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By passing to the infimum on o € S'g’ , we have
130 (p1e) + (1 =) W3 (o, ju1) = (1= 1) dZ (p10) + tdZg (111)
whence the conclusion follows. O

In the case p # 2 we need additional requirements on ®. We start with a
technical lemma.

Lemma 3.1.18. Given p > 1, define the map h, : R — R by setting h,(£) ==
sign(€) |€|P. Then

1. hy € CY(R) is increasing, and h},(€) = plhy_1(€)] >0,
2. for every &,&1 € R we have

[hp(€1) = hyp (&) < p max{[&], [}~ &1 — ol
3. for every &,& € R, t € [0,1] we have that the quantity

(1 - t) hp(go) + thp(gl) - hp((l - f)fo + tfl)

s bounded above by

t(1=1)p(p — 1) max{|éol, |62} P22 g — & pminte2,
Proof. The proof of (1) is trivial. Property (2) follows from the equality

[ (€1) = p(€0)| = |1, () (€1 — €0)| = plEI"~ &1 — o,

for some ¢ in the interval joining & and &y, and from the monotonicity of
s+ sP~ 1 on RY.

To prove (3), we adapt the argument of Proposition 2.1.2 in [22]. By regularity
of h, we have for all ¢ € [0, 1]

(1=t) hp(&o) +thp(&1) — hp((1 = )€ + t61) =
= (1 =1) [hp(0) = hp(So + (&1 — &) + 1 [hp(&1) — hp(&1 + (1 = 1)(0 — &1))]
=t (1 —1t) (hy(no) — hiy(m)) (&1 — &o) < t (L —1t) [hy,(no) — hy,(m1)| €0 — &1
<pt(1—1t) |Inol”~" = m [P~ |€0 — &I,

where 19,77 are suitable points in the interval joining &, and &;. In particular,

they satisfy also |no — 1| < |§o — &1] and max{|no|, |n1]} < max{|&ol,|€1]}. Now
we distinguish two cases.

a. For p > 2 we have that s — sP~1 is convex on Rt (thus its derivative is
monotone increasing), hence by combining (1) and (2) we have

pllmolPt = ImlP~H < p(p — 1) max{|nol, [n |} =2 [no — m|
<p(p—1) max{[&], [&[}P 72 16 — & -
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b. For 1 < p < 2, we have that

“770|p_1 - \771|p_1’

p o’ = m P <p o= o —m[P!
70| = Il
. -1
L (mln{lnolalm})p
maxq|7o|, |71 —
. sclboblll)
(1 _ min{[no|, |771})
max{|nol, 11 [}
1—¢pt
Since for ¢t € [0,1], the map t +— m has derivative that is less

P

2
[0,1]) at ¢ = 0 and such maximum is equal to 1, so that

-1
or equal than (5775)2 (1 ) < 0, then it attains its maximum (over

[Ty (m0) = hip ()| < p o — P~ < p Jéo — &P
Combining a. and b., the proof is concluded. O

Proposition 3.1.19 (Semiconcavity of cZg(?). Let p > 1, and assume that
P

® C C°(R%R) satisfies (Tg) in Definition 3.1.1 and that 5';1’ admits a clas-
sical counterpart S C R4, Let K C ]R;d \ S be compact and conver. T/}en the
p-th power of the generalized distance dg«(-) from the generalized target S;)I) cor-

responding to ®, satisfies the following local semiconcavity inequality: there
exists o constant C' = C(p, K) > 0 such that for every po, 1 € Pp(K) we have

12, () > (1= 1) d2y (o) + tdZy (1) — CL(L =) W2 g, ), (3.2)

where p = {it}ef0,1] 8 any constant speed geodesic for Wy, joining po and p.

Proof. In this proof to make clearer the notation we will omit the superscript @,
since ® is fixed. Under the above assumptions, and recalling Proposition 3.1.8,
we have dg (o) = ||ds|| s,

Given zg, 71 € R? and t € [0, 1] we set

xy = (1 —t)ag + tay, dy = (1 —t)dg(zo) + tds(x1).
Let D > 0 such that D™! < dg(y) < D for any y € K and denote with
M = diam(K) := max_|z; — 23]
21,22€

According to Proposition 2.2.2 in [22], there exists ¢ = ¢(K) > 0 such that
dg satisfies the following inequality for all zg,z; € K:

ds(xy) > dy — ct(1 —t)]zg — xl\Q,

i.e., dg(-) is semiconcave (with linear modulus) of constant ¢ according to Defi-
nition 2.1.1 in [22]. Without loss of generality, we can assume ¢ > 1 and D > 1.
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Define h, (-
ds (Jﬂt) hip(
hip(

hyp(

) as in Lemma 3.1.18. Given zg, 21 € K and ¢ € [0, 1], we have
ds(z¢)) > hy (dt —ct(l—t)|zo — 1:1\2)

dy) — pmax{dt,|dffct(l—t)\xo—ml\ |} ct(1 —t)|zo — z1)?
dy) — ert(1 — t)|zo — oy |™in{P2})

where ¢; = ¢1(p, K) :=cp (D + CMQ)ZF1 M™2x{0:2=P} and we have used Lemma
3.1.18-(2). Relying on Lemma 3.1.18-(3), we also obtain

hp(di) > (1 —t) hyp(ds(zo)) +thy(ds(z1))
—t(1 =) p(p — 1) D™ P2 2| dg(20) — dg ()P}
> (1—t)d%(zo) + td(x1) — cat(l —t) |wg — ay [P},

where ¢y = ca(p, K) := p(p — 1) D™a{P:2}=2 and we used the 1-Lipschitz conti-
nuity of dg. Combining the estimates above, we finally conclude that

A% () > (1 —t) d% (o) + td%(xy) — C'H(1 — t)|zg — 2y [M0EP2 (3.3)
with C' = C'(p, K) = c1 + co.
For any Borel sets A, B C R? and 7 € (g, 111), we now have
AxBC[(AxB)N(K x K)JU[(A\ K) x RYUR? x (B\ K)],
so that

(A x B) < 7((A x B)N (K x K)) + po(A\ K) + pu (B K)
= (A x B) N (K x K)),

because pg and pp are concentrated on K. In particular, supp(r) C K x K.
Therefore, we choose a transport plan 7 € IIE (0, p11) realizing the p-Wasserstein
distance between g and gy, so that the representation in formula (3.1) holds,
and we integrate the estimate (3.3) to find that

/Rd () dysy =//RW () dr > (1 — 1) /R o () du0+t/Rd 08 () dos

—C't(1—1) // d|x07m1|mi“{p’2}d7r,
R4 xR

where p = {p:}ejo1] € Pp(R?) is the constant speed geodesic corresponding
to 7. But according to Proposition 3.1.8, there holds

2 ) = [ B@due),  ad 3w = [ E@dse, =0
P R4

and applying Jensen’s inequality to the concave map & — &/P on R, with
~ = min{p, 2}, we obtain that

// ‘xo_xl‘min{p,Q} dm <
R4 xR4

// |zg — x1|P dm, for 1 <p <2,
R xR4

2/p
// |zg — 21 |P dm , forp>2.
R4 xRd
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We thus conclude that
0 () 2 (L= 0)d (o) + % (1) = C' ¢ (1 = ) W03 (g, ),
and the proof is completed. O

Remark 3.1.20. Notice that inequality (3.2) implies that, for p > 2 and under
the assumption of Proposition 3.1.19, the functional —d¢ (-): &,(K) —]—00,0]

is A-geodesically convex, in the sense of Definition 9.1.1 in [9], with A = —2C".

3.2 Generalized minimum time problem

In this section we define a suitable notion of minimum time function, modeled
on the finite-dimensional case.

Definition 3.2.1 (Admissible curves). Let F : R? = R be a set-valued func-
tion, I = [a,b] a compact interval of R, a, 8 € Z(R?). We say that a Borel
family of probability measures g = {p¢ }res is an admissible trajectory (curve)
defined in I for the system X joining o and (3, if there exists a family of Borel
vector-valued measures v = {v; }ier C . (R% R?) such that

1. p is a narrowly continuous solution in the distributional sense of
at,ut + diVl/t = 0,
with pjj—q = o and pj—, = 8.

2. Jp(p,v) < 400, where Jp(+,-) is defined as

// (1 + Ip ) <ﬁ(m))> dps(x) dt, if |ve| < pe for ae. t €1,
I JRd ot
Jr(p,v) =

+o00, otherwise.
(3.4)
where I,y is the indicator function of the set F'(z), i.e., Ip()(§) = 0 for
all £ € F(x) and Ip(,)(§) = +oo for all { ¢ F(x).

In this case, we will also shortly say that p is driven by v.

Remark 3.2.2. The finiteness of J(u,v) forces the elements of v to have the
form vy = vy for a vector field vy € L}“ for a.e. t € I, and moreover we have
vi(x) € F(z) for p—ae. * € R and a.e. t € I. When Jp(-,-) is finite, this
value expresses the time needed by the system Y p to steer a to 8 along the
trajectory p with family of velocity vector fields v = {v; }ter.

In view of the superposition principle stated at Theorem 1.3.3, we can give
the following alternative equivalent definition.

Definition 3.2.3 (Admissible curves (alternative definition)). Let F : R = R?
be a set-valued function, I = [a,b] a compact interval of R, o, 8 € Z(R%). We
say that a Borel family of probability measures p = {pt}ier is an admissible
trajectory (curve) defined in I for the system X joining a and (3, if there exist
a probability measure n € Z(R? x I'7) and a Borel vector field v : I x R — R?
such that:
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1. m is concentrated on the pairs (x, ) such that v is an absolutely continuous
solution of Z(t) = v(x(t)) with initial condition y(a) = x;

2. for every p € CP(R?), t € I we have

/Rd ) dpy(x //RMI t)) dn(z,v),

3. y(a)in = o, v(b)in = 5,
4. vi(z) € F(x) for ps-a.e. € R and a.e. t € I and v; € L,, forae tel.
In this case, we can define v; = vy thus we have simply Jp(p,v) =b — a.

In the following, we will mainly focus our attention on admissible curves de-
fined in [0, T'], for some suitable T' > 0. We recall Definition 1.0.6 and introduce
the following notation.

Definition 3.2.4. Given T € [0, +o0|, we set

Tr (o) := {n € P(R? x I'y) : T > 0,7n concentrated on trajectories of
Y(t) € F(y(t)) and satisfies v(0)in = po},

where 9 € 2(R?).

Remark 3.2.5. By the Superposition Principle (Theorem 1.3.3), given F : R =
R? satisfying (F}), a Borel family of probability measures pu = {1t }iepo,m is an
admissible trajectory if and only if there exists n € Jr (o) such that p; = esfin
for all t+ € [0,7], i.e., n = pg ® 1, where for pg-a.e. = € R we have that
ne € P(I'%.) is concentrated on the solutions of &(t) € F(z(t)), z(0) = «.

In this case, we will shortly say that the admissible trajectory u = {1t }rep0,1
is represented by m € Tp (o).

The following lemma states that under some regularity hypothesis for the
multifunction F, it is possible to construct a regularization of an admissible
(mass-preserving) curve with the property to be driven by a smooth velocity
field which is closed to be admissible.

Lemma 3.2.6 (Approximation with almost-admissible smooth curves). As-
sume hypothesis (Fo) and (Fs). Let p = {pi}iejo,r) be an admissible (mass-
preserving) trajectory driven by v = {vi}cp0,r). Consider a family of mollifiers
{pe}e>0 € CX(R?) in the z-variable with supp p. C B(0,¢), and set

W = it * pe, Vi = U % pe, fort e [0,T).

Then for all § > 0 there exists € = &5 > 0 such that for all 0 < ¢ < & we have
that pu® = {,ut Yeeo, 1) 98 @ mass-preserving trajectory driven by v = {vf hepo,1)

satisfying v (z) € F(z) +6B(0,1) for a.e. t >0 and ps-a.c. x € R
i

[
t

Proof. Fix § > 0. Clearly the equation O u§ 4+ div v = 0 is satisfied in the sense
of distributions for all € > 0, and so we have only to check that there exists
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1)

€ = &5 > 0 such that for all 0 < ¢ < & we have V—( ) € F(z) 4+ 6B(0,1) for a.e.
i
t >0 and pi-a.e. x € R
To this aim, in the spirit of Lemma 8.1.10 in [9], we prove the following claim:
let p € C*(R?) be any convolution kernel, and let u € 2(R?), v € .4 (R%;RY)
with v < u, then

Vkp

Ip() 158D (W(w)) o p(x) de <

/]Rd /Rd x)+6B(0,1) (Z(?ﬂ) plx —y) du(y) dz.

Indeed, define the map ® : R**! — [0, +o0]

/{xeRd: pwrp(x)#0}

1

z .
F(2)+6B(0,1) (;) t, ift >0,

®(z,t) =40, if (2,t) = (0,0),

—+00, if either ¢t <0 ort =0 and z # 0.

We notice that ®(-) is convex, l.s.c., nonnegative, and 1-positively homogeneous,
indeed we have

B(t) = sup {20 =100 5555 | + Tomer(®):

By Jensen’s inequality, for any Borel map v : R? — R*! and any finite positive
measure 6 on R% we have

o ([ vwan) < [ aww)as).

We fix € R? such that p * p(x) # 0 and apply the above inequality by setting
S <:, 1) and 0 = p(z — -)u. We obtain

o ([ vwasn) =2 ([ Lot duto. [ oo - )
=0 (/Rd p(z —y) dv(y), /Rd plr — y)ﬂ@))

vk p

= Ip) 15500 (M " p(x)) px p(x)

< [ o (Z.1) o)

= /R Ip(o) 15801 (:(y)> p( —y)duly).

Integrating w.r.t. z we have

vk p v
1 e [ —— dx < 1 = [ — —y)d d
/]Rd F(z)+6B(0,1) (H % p(m)) pxp(z) do < /]Rd /]Rd F(z)+6B(0,1) (M(y)) p(z—y) du(y) dz,
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as desired. Note that there exists & = &5 > 0 such that for all 0 < ¢ < & we
I/ S —
have M—t(y) € F(y) C F(z)+6B(0,1) for all y € B(x,e) by uniform continuity
t

of F, and furthermore supp p:(z — -) € B(x,e). Thus, to conclude the proof,
we just apply the claim to p; and v with p = p.. O

For later use we state the following technical lemma.

Lemma 3.2.7 (Basic estimates). Assume (Fy) and (Fy), and let C be the
constant as in (Fy). Let T >0, p > 1, pg € Z,(R%) and p = {pi}re0,1) be an
admissible trajectory driven by v = {vi}icp0,r) and represented by n € Tr(uo).
Then we have:

(i) les(z,y)| < (leo(z, )| + CT)eCT for all t € [0,T] and n-a.e. (x,7) €
R? x I'p;

(ii) ey € LB(R? x T'p; RY) for all t € [0,T];

(iii) there exists D > 0 depending only on C,T,p such that for all t € [0, T] we
have
et —eol|”

~ < D (g (o) + 1)

Ly

(iv) there exist D', D" > 0 depending only on C,T,p such that for allt € [0,T]
we have

my, (pg) < D' (my(po) + 1),
my (1)) < D//(merl(MO) +1).

In particular, we have g = {pi }rejo,r) C Pp(RY).

Proof. We set o, (z,v) = ei(w,y) —eo(x,7)
(z,7) = @¢(z,7) does not depend on z-variable.

, notice that for all ¢ > 0 the map

Item (i) follows from Lemma 1.4.3. To prove (ii) it is enough to show ey €
L?(R*xT'y) and then apply item (i). Indeed, recalling that (a+b)? < 2P~ (aP+
bp) for any a,b > 0, we have

JL. et antey = [ d@me) = myu) < e
//Rdxpﬁ(”;”)'pd’?(xw) <
<o ([ P+ o)

< K (mp(po) +1),

for a suitable constant K > 0 depending only on C, T, p.
We prove now (iii). For all ¢t €]0, T[ we have

et )| = (1) /w |ds<—/|v ) ds +C
<C(\eo( |+ CT) T + C < K(|y(0)| + 1),
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for a suitable K > 0 depending only on C,T.
Squaring and integrating w.r.t. n we get

p
Lr N //IRdXFT
< [[ &)+ 17 dne)
R’iXFT

e[ v

< D(myp(po) + 1).

€t — €0
t

et(z, 7) —eo(z,7)|"

dn(z,7)

Since

mp(ut)=/d|m|”dut=//d lec(a, )P dn = [ledl7
R RexTr

from the above estimate we have also
p
my (1) < [md/P () + (D (10) + 1)) < 2771 (i pa0) + 7 Dlomy (1) + 1))
< D'(my(po) + 1).

The estimate for m,(|1;|) follows recalling that

molll) = [ ol | @) die) <€ [ (ol + 17 ()
< 2°C (mpy1(pe) +1)
< 2°C [ D(myya (o) +1) +1]
< D"(mp11(po) +1).

O

Corollary 3.2.8 (Uniform p-integrability). Assume hypothesis (Fy), (F1). Let
1 = {it }repo,m) be an admissible trajectory driven by v = {vi}icp0,r), p > 1, and

set v(x) = ﬁ(:10) Assume that my(po) < +0o, then
Ht

T
/ / | (2)|P dp dt < +o0.
0 Jre

Proof. We have

T
/ / [ (@)l dpsy dt <TCP / (J] + 1) dpsy < 271 TCP(my (1) + 1),
0 Rd Rd
< K (my (o) + 1),

for a suitable constant K > 0 depending only on C,T,p and where the last
inequality comes from Lemma 3.2.7(iv). O

The following definitions are the natural counterpart of the classical case.
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Definition 3.2.9 (Reachable set). Let yug € 2(R?), and T > 0. Define the set
of admissible curves defined on [0,T] and starting from po by setting

@ (po) == {p = {pt }eepo,m C P(R%) : p is an admissible trajectory with Hjt=0 = Ho}-
The reachable set from pg in time 7T is
Rr(po) == {p € PR : there exists p = {p}repo,r) € Fr(po) with p = pr}.

Definition 3.2.10 (Generalized minimum time). Let p > 1, & C C°(R%;R)
satisfying (Tg) in Definition 3.1.1, and e 5‘;}’ be the corresponding generalized
targets defined in Definition 3.1.1. In analogy with the classical case, we define
the generalized minimum, time function T® : P(R?) — [0, +0c0] by setting

T (uo) = inf {JF(;L, v): € o), pis driven by v, pj—r € 5@} , (3.5)

where, by convention, inf ) = +oo.
Given g € Z(R%) with T® (110) < 400, an admissible curve g = {1} e o, 7 (o))
C Z(RY), driven by a family of Borel vector-valued measures v = {14}, €10,7% (10)]

and satistying j;—o = po and =T () € 5% is optimal for po if

T®(no) = Jr(p,v).

Given p > 1, we define also a generalized minimum time function TI? :
Z,(R?%) — [0, +0c] by replacing in the above definitions S® by S and 2(R?)
by Z,(R%). Since S’S’ C S, it is clear that T®(u) < T;’(Uo).

Remark 3.2.11. In view of the characterization in Theorem 8.3.1 in [9], and of
Remark 3.2.2, one can think to T? as the minimum time needed by the system
to steer po to a measure in S®, along absolutely continuous curves in f@p(Rd).

When the generalized target S® admits a classical counterpart S, it is natural
to ask for a comparison between the generalized minimum time function and
the classical minimum time needed to reach S.

Proposition 3.2.12 (First comparison between T® and T). Consider the gen-
eralized minimum time problem for X as in Definition 3.2.10 assuming (Fp),
(F1), and suppose that the corresponding generalized target S admits S as
classical counterpart. Then for all py € Z(R?) we have

T (u0) > |7 5

where T : R — [0, +00] is the classical minimum time function for the system
z(t) € F(x(t)) with target S.

Proof. For sake of clarity, in this proof we will simply write 7" and S, thus
omitting P, since we can always replace the set ® by {ds} by the assumption
of existence of the classical counterpart S for S®.

If T(j0) = 400 there is nothing to prove, so assume T'(uo) < +o0o. Fix
e > 0and let p = {p}iep,r) € P(R?) be an admissible curve starting from
1o, driven by a family of Borel vector-valued measures v = {v;}+c; such that
T = Jp(p,v) < T(p) + € and Ppe=T € S. In particular, we have that v(z) :=
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:t( r) € F(z) for yp-a.e. z € R? and ae. t € [0,T], hence |vi(x)| < C(1 + |z|)
t

for py-a.e x € R Accordingly,

|Ut
du; dt < CT < .
//Rdm el S GRS oo

By the Superposition Principle (Theorem 1.3.3), recalling Definition 1.0.6 and
3.2.4, we have that there exists a probability measure n = po®n, € J#(ug) such
that for pp-a.e z € R%, the measure 1, € Z(I'%) is concentrated on absolutely
continuous curves 7 satisfying 4(t) = v (vy(t)) for a.e. ¢, and p = efipg. In
particular, if & ¢ supp uo or y(0) # x, then (x,~) ¢ suppn.

Let {t, }nen € CF(R%;[0,1]) with ¢, (z) = 0if x € B(0,n+1) and v, (z) =
1if 2 € B(0,n). By Monotone Convergent Theorem, since {1, (-)ds(-)}nen C

CP(R?) is an increasing sequence of nonnegative functions pointwise convergent
to dg(+), we have for every t € [0, T

//RdxFT ds(’y(t))dn(x,v)—nlgr&/AdXFT )ds(y(t)) dn(z,~)
= Jm_ [ ¥n(@)ds (@) dp(x)

n—oo

By taking ¢t = T', we have that the last term vanishes because pj—r € S and so
supp pji—r € S, therefore

//RdXFT ds(y(T)) dn(x,7) = 0.

In particular, we necessarily have that v(T) € S and v(0) = z for n-a.e. (x,v) €
P(R? x T'p), whence T > T(x) for pg-a.e. x € R? since T(x) is the infimum
of the times needed to steer x to S along trajectories of the system. Thus,
f(uo) +¢e > T(z) for po-a.e. x € R? and, by letting ¢ — 0, we conclude that
(o) 2 T 15 . 0

We notice that the inequality appearing in Proposition 3.2.12 may be strict
without further assumptions.

Ezample 3.2.13. In R, let F(z) = {1} for all z € R and set ® = {] - [}, thus
S = {0} is the classical counterpart of S® = {§}. Moreover, we have T'(z) = |z|

for x < 0 and T'(z) = 400 for x > 0. Define py = 5(5_2+6_1). We have

||T||Loo =max{T(—1),T(-2)} = 2. However there are no solutions of &(t) = 1
steerlng any two different points to the origin in the same time, thus the set of
admissible trajectories joining uo and &g is empty, hence T‘b(uo) +o00.

Remark 3.2.14. This implies that in general the problem of the generalized
minimum time cannot be reduced to the underlying finite dimensional control
problem, even in the cases where the underlying control problem is particulary
simple. A consequence of this fact is that even if the underlying system enjoys
some properties as closure and relative compactness of the set of admissible
trajectories (provided for instance by good assumptions on the set-valued map
F), which lead to the existence of optimal trajectories for the problem, in our
generalized framework all these results must be proved.
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Definition 3.2.15 (Convergence of curves in Z(R%)). We say that a family of
curves " = (il brcio r) in 2(RY)

1. pointwise converges to a curve p = {}iepo,r) in P (RY) if and only if
up —* g for all ¢t € [0,T]. In this case we will write " —* p.

2. pointwise converges to a curve p = {fit}iecfo,r] in ﬂp(Rd) if and only if
" = {utepr) € Zp(R?Y) and limy, 4o Wy (uft, 1) = 0 for all t € [0, T7.
In this case we will write u™ —? u.

3. uniformly converges to a curve g = {14 }repor] in Pp(R?) if and only if
n" = {1} beom) © Pp(RY) and

lim sup W,(uy, pe) = 0.
n—+0 4c(0,T] PR

In this case we will write " =P p.

The following results will be used to prove l.s.c. of the generalized mini-
mum time function in Theorem 3.2.19 and existence of optimal trajectories in
Theorem 3.2.20.

Lemma 3.2.16. Assume that F : R? = RY satisfies (Fy). Then the functional
F: PRY) x M(RERY) — {0, +00} defined by

F(u, E) = (3.6)

400, otherwise

s l.s.c. w.r.t. narrow convergence.

Proof. Define f(z,v) = Ip()(v). Since F is u.s.c. with convex values, we have
that f(-,-) is Ls.c. and f(z,-) is convex. By compactness of F(z), we have that
the domain of f(x,-) is bounded, thus following the notation in Section 2.1 we
have foo(x,v) = 0if v = 0 and foo(x,v) = 400 if v # 0. Thus (3.6) can be
written in the form of (2.2) for this choice of f. By ls.c. of F, there exists
a continuous selection zy : R? — R? of F| i.e., there exists zg € C°(R%; R?)
satisfying zo(x) € F(z) for all x € R%. Thus x — f(z, 20(z)) is continuous and
finite. The functional (3.6) satisfies now the assumptions of Lemma 2.1.1, and
so it is Ls.c. O

Proposition 3.2.17 (Convergence of admissible trajectories). Assume (Fp).
Let pu™ = {pu} }rejo,m) be a sequence of admissible curves defined on [0,T] such
that " is driven by v™ = {v{" }1ej0,1) and suppose that there exist p = {1 }ref0,1)
PR and v = {vi}repr) € A (R RY) such that for a.e. t € [0,T] it holds
(uy,vlt) =" (e, ve). Then p is an admissible trajectory driven by v.

Proof. Fix t € [0,T] such that (u?,v}") —=* (ut,v¢) and F(uf,v) = 0 for all
n € N. By Ls.c. of .# and recalling that .% > 0, we have

0 < F(ug, ) <liminf F(uy,v}') =0,

n—-+oo
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and so for a.e. t € [0,T] we have %(x) € F(x) for yp-a.e. x € R

t
Since for every ¢ € CL(R?) we have in the sense of distributions on [0, 77,

G | e@ii@ = [ Vowar)

and for the last term we have

lim | V@) (@)= | V(@) du(x),
n—oo Rd Rd

due to the w*-convergence of vj* to v, thanks to Lemma 8.1.2 in [9], we deduce

that, up to changing u; and v, for all ¢ belonging to a .#*-negligible set of [0, T,

we have that p is an admissible curve driven by v. O

The previous Proposition is the key ingredient to prove the following theorem
which, in analogy with the classical case, establish a sufficient condition to have
relative compactness of a set of admissible trajectories.

Theorem 3.2.18. Assume (Fy), (F1). Let </ be a set of admissible trajec-
tories defined on [0,T] and C; > 0, p > 1 be constants such that for all
u = {uticppr) € & it holds my(py) < Cy for a.e. t € [0,T]. Then the
pointwise w*-closure of &7 is a set of admissible trajectories.

In particular, this holds if {my,(uo) : there evists p € & with pp—o = po}
is bounded, and, in particular, it holds for o/r(uo) when g € P,(RY).

Proof. Let {u"™}nen be a sequence in 7. Since pu™ is an admissible trajectory,
it is driven by v™ = {v{'ui }epo,r) With v € L}L? and v}’ (z) € F(x) for a.e.
t €10,7) and pl-a.e. x € R Since for a.e. t € [0, 7]

[ JaP (o) < 1

according to Remark 5.1.5 in [9], we have that for a.e. ¢ € [0,T] there exists
we € 2 (R such that p —* py. Similarly,

/ |x\p*1|dyf(x)|=/ P~ ol (@) dul (&) < LCy + 1,
R4 Rd

for a constant L > 0. Thus there exists v, € .#(R%R?) such that v} —* v;.
By Proposition 3.2.17, we have that g = {1 }¢cjo,7] is an admissible trajectory
defined on [0, T driven by v. The last assertion comes from Lemma 3.2.7, which
allows to estimate the moments of p; and v; in terms of the moments of py. O

Theorem 3.2.19 (L.s.c. of the generalized minimum time). Assume (Fy) and
(F1). Then Ty : 2,(R%) — [0, +00] is Ls.c. for all p > 1.

Proof. Let pp € 2,(R%), we have to prove that Tf(uo) < liminf Tf(,u).
Wy (#110)—0

Taken a sequence {uf}nen C Zp(RY) s.t. W, (ul, po) — 0 for n — 400, and
w}%ﬁfﬁie T;,I’ () = ngrfoo Tf(ug) =: T, we want to prove that T,y (p0) < T.

If T' = 400 there is nothing to prove, so let us assume T' < +o00. Then there
exists a sequence {T,}nen such that T, — T, and a sequence of admissible
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trajectories {pu" }en, with u” = {uf }iejo,1,,) € Z,(RY), such that Hier, € Sg’
for all n € N.

Without loss of generality, we can assume that all {u"™},,cn are defined in an
interval containing [0, T, since if T;, < T we can use Lemma 1.3.2 and extend
©™ to a trajectory defined in [0, 7] simply by taking any Borel selection o of F(+)
(which exists by (Fp) and by Theorem 8.1.3 in [13]), and considering the solution
of the continuity equation Oy + divoy, = 0 in T, T| with py—p, = uf, -
Now, since g converges in W), to pg, we have that there exists n > 0 such
that the set {m,(uf) : n > A} is uniformly bounded by m,(po) + 1. Then,
by Lemma 3.2.7 and by Theorem 3.2.18 there exists an admissible trajectory
p = {petiep ) € Pp(R?) such that p™ —P p, n — 400, up to subsequences
and pi;—o = po. Recalling Theorem 8.3.1 in [9], for all n € N we have

dge(ur) < Wolpr, i, ) < Wylpr, i) + Wy (g, pr,)

T I/n
<WGuroi)+ | [ | 5] ]
T, |Ht [lpe,
M
]/n
If we show a uniform bound on —tn , then by letting n — 400 we have
My

LP
e

that pr € Sg’, thus Tf (1t0) < T and the proof is concluded.

n

For a.e. ¢t € [0,T] and uj-a.e. z we have V—tn(:r) € F(z). By (F1) there exists
W

t
C' > 0 such that
v

n
M

L, <C (m;/f’(u?) + 1) .
uy

We conclude by using the Lemma 3.2.7 to estimate my,(x}) in terms of my, (1))
and recalling that since pg converges to po in W), for n sufficiently large we
have my(ug) < mp(po) + 1. O

Thanks to the preliminary result of Theorem 3.2.18 about relative compact-
ness of a set of admissible trajectories in the space of Borel probability measures,
together with the lower semicontinuity of the time functional Jr coming from
Lemma 3.2.16, we can prove the following result.

Theorem 3.2.20 (Existence of minimizers). Assume (Fy), (F1), and let p > 1.
Let g € Z,(RY), ® C CO(R%R) satisfying (Tg) in Definition 3.1.1, and let
S® be the corresponding generalized target. Let T‘I’(po) < 00. Then there exists
an admissible curve p = { it }ecjo,r) driven by v = {vi}iejo, ) which is optimal
for po, that is T® (o) = Jr(m,v). Moreover, we have also T® (o) = Tf(uo),

Proof. By the hypothesis of finiteness of T® (1) and by definition of infimum
we have that there exist {t, },en C R and a sequence of admissible trajectories
p* = {17 b iejo.,)s such that =0 = po, p"*|i=r, =: 0™ € S, t,, = T (o)™
Moreover, by Lemma 3.2.7, we have that o" € S’f for all n € N. We restrict all
p" to be defined on [0, 7% (1))

By Theorem 3.2.18, p™ w*-converges up to subsequences to an admissible
trajectory pu = {:“t}te[o,f@(po)] starting from pgo driven by v = {Vt}te[o,'f'q’(/to)]’
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and by w*-closure of S® we have o —* /”L‘t=fq>(ﬂo) € S®. Applying again
Lemma 3.2.7, we have that ul,_ss(,,) € 5';)1). Thus T® (o) = Tf(,uo) =
Jr(p,v). O

The following result, which allows us to embed classical admissible trajec-
tories into an admissible trajectory in the space of measures, will be the main
tool used to prove the next comparison results (Corollaries 3.2.22 and 3.2.23)
between the classical and the generalized minimum time function. We will see
that these results allow us to justify the name of generalized minimum time
given to functions T®(-) and T;’().

Lemma 3.2.21 (Convexity property of the embedding of classical trajectories).

Let N € N\ {0}, T > 0 be given. Assume (Fy) and (Fy). Consider a family

of continuous curves and real numbers {(vi, Ai) }i=1,...n € T'r x [0,1] such that
N

vi(+) is a trajectory of &(t) € F(x(t)) fori=1,...,N, and Z)‘i =1

Foralli=1,...,N andt € [0,T], define the measures ,ug) Oni(t)s Mt =

Z )\z/’Lt ’

Fi(t) 0y, ey, if Yi(t) exists,
4 =

0, otherwise,

N
and vy = Z)\iut(l). Then p = {pi¢}ecjo,r) s an admissible trajectory driven by

v = {Vt}te?O,T]-

Proof. By linearity, clearly we have that
8t/,l,t + div Ve = 0

is satisfied in the sense of distributions, moreover p;(B) = 0 implies v4(B) = 0
for every Borel set B C R?, thus |v;| < j. It remains only to prove that for
a.e. t € [0,T] we have vy = vy for a vector-valued function v, € L'(R%;R?)
satisfying v;(z) € F(z) for p-a.e. x € RY. Set

T={t€[0,T]: 4;(t) exists for all i = 1,..., N and ;(¢t) € F(y:(¢))},

and notice that 7 has full measure in [0, 7).

Fix t € 7, v € supppy. By definition of i, we have that there exists

I C{l,...,N} such that ME’) = 0, if and only if 4 € I. So it is possible to find
0 > 0 such that for all 0 < p < § we have

0

(i) )
=N B ZA/ U (i () = 3N ().

jel iel (z:p) :ut iel Mt

Thus for every ¢ € 7 and = € supp u; we have

(2)

. v(B(z,p)) Ai v
ve(x) ;== lim = o\t
1(@) p=0t pu(B(,p)) S Xjer N Ml(sl)( )
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o)

i.e., a convex combination of ;(t) = t(l.) (z) € F(x) for u-a.e. z € R Thus
Hg

&(x) =vy(z) € F(x), and so o = {pt }1eo,7) is an admissible trajectory driven

Ht

by v = {Vt}te[O,T]' O]

Corollary 3.2.22. Assume (Fp), (Fy). Let ® C C°(R%R) satisfying (Tg) in
Definition 3.1.1, and assume that the generalized target S® admits a classical
counterpart S C R? which is weakly invariant for the dynamics &(t) € F(x(t)).
Let po € Pp(R) with p > 1. Then T (o) = T (o) = HT()”L;;%

Proof. Since S® admits classical counterpart S, we have that S is closed and
we can always take ® = {dg(-)}. Thus in this proof we will simply write T}, and
Sp in place of T;,I’ and Sg’ , respectively.

By Proposition 3.2.12, we have only to prove that T),(ju0) < T := ”T()”Lﬁ%
Assume that T' < 400, otherwise there is nothing to prove. For pp-a.e. point z €
R? we have T'(z) < T, thus there exists a trajectory ,(-) such that v, (T(z)) €
S. By the weak invariance of S, we can extend this trajectory to be defined
on [0, 7] with the constraint ~,(t) € S for all T'(z) < ¢ < T, thus in particular
v:(T) € S. Fix € > 0, then there exists N = N, € N\ {0}, and {(z;,\;) : i =
1,..., N} Csupp pg x [0, 1] such that:

N,
1. Z)\i =1;
i=1
N,
2. Wy (MOyZ)\i(Sm> <g;

i=1
3. there exist classical admissible trajectories {v; : [0,7] = R%: i =1,..., N.}
satisfying v;(0) = z; and y(T) € S for all i = 1,..., N..

()

It is possible to find an admissible trajectory p(®) = {ut C Z,(RY)

}te[O,T]
such that [LE)E) = ZZN=51 Aiby, and u(TE) € S,, indeed, we can set

Ns

N. D A0y, I 4i(t) exists for all i =1,..., N,

w? =3 N, mT =4
i=1

0, otherwise,

and then apply Lemma 3.2.21.

Since uéa) converges in W), to pp, we have that there exists £ > 0 such

that the set {mp (,u((f)) t0<e< s‘} is uniformly bounded by m,(po) + 1. In

particular, by taking a sequence ¢, — 0%, and the corresponding admissible
trajectories p(®*) driven by v(¥%), we can extract by Theorem 3.2.18 a subse-
quence converging to an admissible trajectory @i driven by ¥ satisfying g = po-
Since ,u,gf) € S, for all ¢ > 0, by the closure of S, we have fir € S,, thus

Tp(po) < T. O
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Corollary 3.2.23 (Second comparison result). Assume (Fy), (F1). Let ® C
CO(R%R) satisfying (Tg) in Definition 3.1.1, and assume that the generalized
target S® admits a classical counterpart S. Then, for every zo € R% we have
T%(0,,) = Tf(dwo) = T(xo) for all p > 1, where T(-) is the classical minimum
time function for &(t) € F(xz(t)) with target S.

Proof. Apply Lemma 3.2.21 to the family {(v,1)}, where v(-) is an admissible
trajectory of &(t) € F(x(t)) satisfying v(0) = z¢ and v(T'(zg)) € S. We obtain
an admissible trajectory steering ¢, to Sp for all p > 1 in time T'(xg), thus
T,(8s,) < T(x0). By Proposition 3.2.12, since HT()”L?ZO = T(x9), equality

holds. O

Remark 3.2.24. This means that if we have a precise knowledge of the initial
state, we recover exactly the classical objects in finite-dimension.

The following is a generalization of a cardinal result in Optimal Control

Theory recalled in Theorem 1.4.8. The proof is based on gluing results for
solutions of the continuity equation.

Theorem 3.2.25 (Dynamic programming principle). Let 0 < s < 7, let F :
R? = R? be a set-valued function, let p = {1t }eepo,r) be an admissible curve for
Y r. Then we have

T (o) < 54T (s)-

Moreover, if T®(ug) < 400, equality holds for all s € [O,rfiq)(uo)] if and only
if pis optimal for po = pp—o. The same result holds for T;’ in place of T,
p=>1

Proof. Let v = {vi}iepo,r) € #(R%R?) be such that g is driven by v. Fix

s €[0,7],e > 0. If T®(us) = +oo there is nothing to prove. Otherwise there
exists an admissible curve p® := {uf},co 7 ()1 S P(R?) driven by v° =

{uf}te[oj(p(us)ﬂ] C (R4 R?) such that Hfi—o = Hs and Mlet:Tq’(us)Jrs e 5°®.
We consider

—(z), for 0 <t <s,
Mt

Gy =]
v .
—=5(x), fors<t<T®(us)+s+e.
Hi—s
Ht, fOI‘OStSSa

=

wi_,, fors <t <T®(u)+s+e.

It is clear that ff,_ = po, that ﬁ|6t=Tq>(us)+s+e € 5%, and that #5(z) € F(x)
for jii-a.e. x € R? and a.e. t € [0,T%(us) + €]. Moreover, t — jii is narrowly
continuous. Since Lemma 1.3.2 ensures that i := {fif},c(0 7o (u.)151e) IS @
solution of the continuity equation driven by o€ = {Vf = Ui [if },c(0 72 (,..)
thus an admissible trajectory, we have that

+s+e]’

T%(no) < Jr(A,0°) =T (ns) + s +e.

By arbitrariness of € > 0, we conclude that T® (1) < s + T (115).
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Assume now that T () < +00 and equality holds for all s € [0, 7% (0)].
Then, in particular, when s = T® (o) we get

T (o) = T* (o) JFT(I)(H:F@(HO)) = Tq)(ﬂzﬂ(,,o)) =0.

In turn, this implies pja () = Heife () € S® and so p = {/‘t}te[O,T‘I’(uo)]
joins po with the generalized target in the minimum time 7% (ug), thus p is
optimal for pyg.

Finally, assume that p, driven by v, is optimal for yo and T® (po) < +oo.
To have equality T%(po) = s 4+ T®(us), it is enough to show that T'*(ug) >
s+ T®(us). If we define v] := v;1,, we have that p' = {1t} ie0, 7% (uo)—s

{45 e, 7o (ug)—s) 1S an admissible trajectory driven by v" = {V},c (0 7 (10) 4
and starting by ps. This implies that

T (o) = Jp(p,v) = s + /ST(I)(M) /Rd (1 + Ip@) (Z(@)) dpy () dt

i@(lto)—s v! -
:s+/ / (l—i—IF(z) (i(x))) du;(x)dtZS—i—T‘b(us),
0 Rd H

which concludes the proof. O

3.2.1 Attainability results

We are now interested in proving sufficient conditions on the set-valued function
F(-) in order to have attainability of the generalized control system, i.e. to
steer a probability measure on the generalized target by following an admissible
trajectory in finite time.

In other words, we want to prove a generalization of the so called Petrov’s
condition that gives, in the classical case, an attainability property for the con-
trol system, i.e. a sufficient condition for continuity of the minimum time func-
tion at the boundary of the target.

Theorem 3.2.26 (Attainability in the smooth case). Assume (Fy), (Fy). Let
® C CHRYR) N Lip(RYGR) satisfying (Tg) in Definition 3.1.1 and let po €
Zy(RY), p> 1. Assume that:

1. for all ¢ € ® there exists a L -integrable map k® :)0, +00[—]0, +oo[;
2. there exists T € [0, +oo[ such that

¢
T > sup inf {t >0: () dpo(z) < / k?(s) ds} ;
PP R4 0

3. there exist a Borel vector field v :
trajectory p = {p}eepo,r) € P(R
and satisfying piji—o = o,

[0,7] x RY — R? and an admissible
) driven by v = {v := v tieo 1)

such that the following condition holds:

(C.) for all € @ we have /Rd (Vo(x),v:(x)) dus(x) < —k?(t) for a.e. t €]0,T).
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Then we have

T (o) < sup inf {t >0 : / o(x) dpo(z / k(s }
ped

Proof. We notice that by Lemma 3.2.7, we have p C Z,(R?).
Given ¢ € ®, we set LY = / é(z) dpy(z). Take pg € Z,(R?) and notice
Rd
that if T'= 0 we have

Zléginf{t>0 /¢ Ydpo(z) < /0k¢()d}:07

SO po € 5;1) and Tf(,uo) = 0. We assume then T > 0.
From the continuity equation we have that in the distributional sense it holds
(see Remark 8.1.1 in [9], allowing to use the functions of ® as test functions)

_ %/Rd P(z)dpe () = /Rd (Vo(x), v (2)) dpy () < —k2(2).

Then LY < LY — f k?(s)ds for 0 < ¢t < T. Thus if we take t €]0,7] s.t. we
have [, ¢(z) duo(z) < fo k?(s)ds for all ¢ € ®, then we have that LY < 0 for
all ¢ € ®, hence G Sg’ for all such ¢, which ends the proof. O

Remark 3.2.27. In particular, if in the condition (C.) above we can choose
k?(t) = k® for a.e. t > 0, for a constant k? > 0, then we get T (o) <
SUPgyco {kab fRd dMO( )}

In the next part, we will weaken the strong assumptions required in the
previous result, dealing with the case p = 2, proving the attainability result in

Theorem 3.2.32.
Throughout this and the next section we will use the following notation.

Definition 3.2.28. Given Q,T, H, M,h > 0 and ® C C°(R% R), we define

¢ € SC(R% R) has semiconcavity constant
SC’MvH(Rd;R) :=J¢:RY 5 R: less or equal than M and ,
Lip(¢, B(0,2R+ 1)) < H(R+ 1), for all R >0
23 1
DQ,H,h(S) = TH(S + Q + 1)% 5
Gy, (r,s) == HMr +2s+3)
2
— z)d, G TS
AR {H cam®y: T2 <4S>lel§> ) du(z) + G, (Ty (1), mz(ﬂ))) '
(m)=<Q

Lemma 3.2.29. Let C' > 0, and consider the problem

Oppt(z) + div(v(x)pe(z)) =0,  fort €)0,T), x € R4,
(3.7)
Hjt=0 = Mo € Py (RY),

where v : R? — RY is a Borel map satisfying |v(x)| < C(|x|+1) for every x € RY
and t — [Jvl|L1 € L'. Let n € 2(R? x T'r) be such that t — e fn is a solution



3.2. GENERALIZED MINIMUM TIME PROBLEM 65

of (3.7) as in the Superposition Principle (Theorem 1.8.3). If v € CP(R%RY)
and for all x € R? it admits a nondecreasing modulus of continuity w,(-) at the

point x, with (z,7) — w,(r) in Lio@fl(Rd X [0,T||v]lco]), then

2 1 ol
< ||’U|| /]Rd/o ww(rt) drd/J/O('/E))
L o0

and the left hand side tends to zero for t — 0.

€t — €
t

—wvoeg

Proof. We write 1 = o ® 1z, nz € P(I'%), thus for pp-a.e. z € R and 7,-a.e.
v € I'T. we have that « is an absolutely continuous solution of

{ﬁ(t) = v(y(t)), for Ll-ae. t €0, T,
~v(0) = x.

Let M := ||v||oc- By hypothesis we have

:/R/T 1/0tf'y(s)ds—v0fy(0)
_/R/T 1/;(@0%3)_@07(0))615

dne (7v) dpio ()

dne (v) dpio ()

€t — €0
t

—wvoeg

dne (v) dpio ()

2

< L G eotot =r0as) dn ot
< /Rd (1 /Oth(M'S)dS)szO(x)
- / d (]\14 / Y ) d7’>2d,uo(93)

1 M
< M/}Rd/o wi(rt)drduo(x),

where we used Jensen’s inequality for the last passage.
Finally, recalling the assumptions on w,, we conclude by letting ¢ — 07 and
using the Dominated Convergence Theorem. O

The following result gives an upper bound on the “observable measure-
ments”, involved in the definition of generalized target set, evaluated along
an evolving admissible trajectory.

Lemma 3.2.30. Assume (Fy), (Fy) and take M as in (Fy). Let 7 > 0, pg €
Py(RY). Let @ € CO°(R%R) satisfying (Tg) in Definition 3.1.1. Suppose that
there exists H > 0 s.t. for all R > 0, we have Lip(¢, B(0,2R+ 1)) < H(R+ 1)
for all $ € ®. Then for any admissible trajectory p := {fit }rejo,7], K=o = Ho,
we have

sup (x) dpi(x) < sup (x) dpo () + Gar, (7,ma (o).
ped JRd oed JRa

forall0 <t <T.
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Proof. Let p := {pt}iefo,r], Hjt=0 = Ho, be an admissible trajectory and n €
P(R? x T';) be such that u; = eifin, for 0 < t < 7, as in the Superposition
Principle (Theorem 1.3.3). We write n = po ® 0, 1, € P (I'%), thus for ue-a.e.
r € R? and n,-a.e. ¥ € I'® we have that «y is an absolutely continuous solution
of

{y(t) € F(y(t)), for Ll-ae. t €)0,7],
7(0) = =.

In particular, for all ¢ € [0, 7] we have that |y(t) — v(0)] < fot |9(s)|ds < Mt.
Notice that for all ¢ € ® and ¢ € [0, 7], it holds

[¢(v(£)) = d(v(0)] < H(ly@)] + [v(0)] + 1) - [4(t) — 7(0)]
< H(ly(t) = v(0)] +2[7(0)| +1) - Mt
< H(Mt +2|7(0)| + 1) - Mt =: P(t).

Hence,

/ o(1(t)) dm(zr,7) < / 6(1(0)) dn(z, ) + / P(t) dn(z. )
RIxT, RIxT,

RaxT,
(3.8)
= [ s@du@ < [ o@du@+ [ POdnE), (39
Rd R4 RaxT,
forall0<t< T, ¢€d.

Observe that

/ P(t)dn(z,7) < H(Mr + 2my(jio) + 1) - M7 (3.10)

RdxT,

< H(MT + 2ma(po) +3) - M7 =: G, (17, m2(10)),
(3.11)

for all 0 < ¢ < 7, where we used the fact that mj(u) < mg(u)% < msy(p)+1, for
any p € 2(RY) by Holder inequality.

Hence the conclusion follows by passing to the supremum on ¢ € ® in (3.9)
and using the estimate (3.11). O

Remark 3.2.31. The simplest choice for ® is to take ® = {dg}, where dg is the
distance function from a given closed set S C R?. This case can be used to
model the so called evacuation problem, i.e. situations that arise for example
in pedestrian dynamics in which we want to steer a mass of people outside a
room with one or more exits. In this kind of problems the set-valued function
F, representing the admissible velocities of the pedestrians, takes into account
the presence of possible obstacles modelling the geometry of the environment.
In this case, the next result will bound the total time needed to evacuate the
room by taking into account the initial distribution of the agents.

Theorem 3.2.32 (Attainability result). Assume (Foy), (Fi) and take M as in
(Fy). Let K,H > 0, ® C SCk g(R%R) such that ® satisfies (Tg) in Defini-
tion 3.1.1.
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Assume that there exist h, T > 0 and a modulus of continuity &(-) such that
for allpp € P2(RH\ST there exist a continuous vector field v = v, € C°(R% R?)
and a function (x,r) — wy(r) in Li®$1 (R4 x [0, TM]) satisfying:

1. v,(x) € F(x) for p-a.e. © € RY;

2. wg(+) is a nondecreasing modulus of continuity at x for v, for p-a.e. x €
R?, and

M 3
wu(t) == (]\14 /Rd/o w2 (rt) drd,u(a:)) < o(t),

for0<t<T;

3. for all ¢ € ® there exists ("? € Bor(R% R?) satisfying ¢*®(z) € 01 é(x)
for p-a.e. € R% and

[ (€@, oe)dnte) < .

Then we have

T () < izlelg ” o(z)dp(),

for all i € Po(R?) such that 2 sup [ o(x)dp(x) <T.
h geo Jra
Proof. We will adapt a method used in finite-dimensional case in Theorem 5.10
in [59].
First, notice that by hypothesis (Fy) we have v, € CP(R%R?), for all u €
PR\ 53
For all ¢ € ®, u € Po(R?), set

L(p) :=sup [ o(x)du().
ped JRA

Take fi € P5(R%) and notice that if L(7z) < 0, then i € S$. We assume then
L() > 0 and T > 2L(fi), otherwise there is nothing to prove.

We define by recurrence the sequences {t; };ien C [0, +o00[, {19 }ien € P2(R?),
{vD}ien € C(RERT), {¢D9}ien C Bor(RGR?) and {Li}ien C [0, 00l.

Define to = 0, (9 = 7, and, for all ¢ € ®, let v(0) = Vp, )¢ = (A? a5 in
the statement with p = fi. Set Lo = L(z) > 0 as above.

Suppose to have defined for all ¢ € ® the quantities t;, u and v =
Uy, (D = i L; = L(p®) > 0, where v(®) = Uy, (D = ¢ are

taken as in the statement with u = p(? and Ztk < T, and where (9 is joined
k=0

?
to i by an admissible trajectory in time Z k-
k=0
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Consider the problem

Dupae () + div(v® (@)1 ())

=0, fortel0,T— S} ots), z € R
(3.12)
:u|t:0 = M(i)7

and let n € Z(R? x Cposi | ) be such that ¢ — u; = efin solves (3.12) as in

123
the Superposition Principle (Theorem 1.3.3) and u; is connected to f along an

K2
admissible trajectory in time ¢t + Z tr. We recall that egfn = pu(9.

k=0
Recalling the hypothesis on ®, we have that for all ¢ € ®

IO 20e,, < MEin(6. 50211+ D)lzz,, < 7 ([ (el +17 @)
< V2H (ma () +1)% < 2H (my(p) +1).
Furthermore, by definition of L(-), for any ¢ € }O,T — ZZ:O tk[ there exists

6 = ¢"* € ® such that L(u) < / b() dpe (z) + 2.
Rd

Thus, recalling the semiconcavity property of ®, Lemma 3.2.29, and taking
C%.,CY as in Lemma 3.2.7, we have the existence of C’',C” > 0 depending only
on H, K,T and [ such that

L) =1 < [ @) = [ dw)duo(e) +
:/ (poer —poeg)dn(z,y) +1°
RexTp

< / (D9 0 eq, e — eo)dn(a,y) + Klle, — eo22 + 13
RaxTr K

= t/ <C(i),¢3 o eo7v(i) oeg)dn + t/ <C(i),¢§ oo, € —€ey NOR o)+
RdxI'p RIXTy
2
LK |8l 4
L3
§ t/ <<(1)’J”'U(Z)>dlul(l) +t||<(z),$||L2 . m ,v(i) oo .
R4 20 n y
n

+ 2K Ch(ma(u?) 4+ 1) + 3

—ht + 2tH(ma (1) + 1) w0 (£) + * KCp(ma (W) + 1) + ¢

—ht + 2tHO(t) [C7(m2 () + 1) + 1] + t* KO [CF (ma () + 1) + 1] + ¢
—ht +&(t)C't+C"t2 + 3.

ININIA

Thus we have that there exists 7 > 0 independent on ¢ such that L(u:)—L; <
“Btfor0o<t<7A [T— S o tk}, where we adopt the notation a A b =
min{a,b}.

At this point we can define ¢;11 := 7 A [T — ch:o tk} AT (@), pt1) =
s, € Po(R?) and take, for all ¢ € @, a velocity field v(i+1) = v+ and a
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Borel map ¢(+1-¢ = g”(i+1)’¢ as in the statement. Define L;; = L(u(tY) > 0.
it1
In this way, we have also provided that Z t <T.
k=0
Thus we have

h
Liys—L; < _§ti+1 <0.

It follows that {L;}en is a decreasing sequence bounded from below by 0, so it
admits a limit value Lo, > 0. From the above relation we have also

(Li — Liy1) > tig1,

= o

and so
2 2 —
E(LO_LOO):EE (Li = Lit1) E tiy1 > 0.

Thus, in particular, we have also that ¢; — 0 as j — +o0.
We notice that

W;(u(i—’_l), ) < HetbJrl EQHL2 = / / z+1 (0)|2d77w du(l)

tit1
/Rd /m (/ )|2d3) dng dp ™ < M? -t

where for the first inequality we have used the property (7.1.6) in [9] (u(+1) =

ety i1, ) = egfin). Then we used the disintegration Lemma, the property of

absolute continuity of v € T'y, Jensen’s inequality and hypothesis (Fy). Since
(oo}

the series Zti-H converges, we have that {u(i)}ieN is a Cauchy sequence in
=0
the complete space (Z3(R%),Ws), and so there exists i € P5(R?) such that
pu® = i in Wy for i — +o0.
According to the definition of ¢;11, we have:
Z te| A T2 )) R
and so, using l.s.c. property of the minimum time function proved in The-

0= hm tiv1 = hm mf <

this implies ‘
lim inf T3 (1Y) = 0,

1—> 00

orem 3.2.19, we have that T (i) = 0, ie. i € SE. Since we have con-
o0

structed an admissible trajectory connecting i to 551) in time Z ti+1, we have
i=0

oo
Zti-H > T (i), and so
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Remark 3.2.33. In the special case of Remark 3.2.31, the above result yields
- 2 - 2 -
T () < ﬁHdS”L,lz’ hence by Proposition 3.1.8, we obtain Ty (i) < Edé«p ().

P

The result of Theorem 3.2.32 can be applied also to the system described in
the following example.

Ezample 3.2.34 (A model of optimal displacement of solar panels on a hill).
Assume to have a certain amount of solar panels distributed in an initial con-
figuration (for instance stored in some warehouses) near to a hill in a fixed
region. Our aim is to steer the solar panels in suitable positions on the hill,
such that the new configuration achieves a fixed minimum efficiency threshold
(target) averaged in one year of solar exposition, and minimizing a cost depend-
ing on the “effort” required to move them from the initial position to the final
configuration. This problem can be modelized as follows.

After a normalization, we represent by pg € P(R?) the given initial distri-
bution of solar panels, and by a map h € C&(R?; [0, hmax]) the shape of the hill
and the surrounding region, where h(x,y) represents the altitude of the point
(z,y). We are assuming that the region is quite small compared with the surface
of the Earth, i.e., that the Earth’s curvature effects are negligible w.r.t. the scale
of the system. Furthermore, let 7#(s) = (r1(s), r2(s),73(s)) € R? be the unit vec-
tor giving the direction joining an observer in the region with the position of
the sun at time s € [0, 7], where T is set to one year. Of course, the function
7(-) is given taking into account the latitude, and we have # € C*([0, T]; R?).
If the scale of the system is not too large, we may assume that #(s) does not
depend on the position of the observer in the region of interest.

Then, given ¢, §, o > 0, we can model the instantaneous efficiency 1)=%® (s,z,y)
at time s € [0, T}, for a panel lying at the position (z,y) € R? , for example by
the formula

(_Vh(x7 y)7 1)

eda (g 2 y) = P (ra(s)) 65 [ 7(s) - L2 Y)s )
w (’ 7y) 1/11( 3( ))wZ( () |(7Vh($,y)71)|

) ,(/J?a(sa xay)v

where

- pf € C([~1,1]; [0, 1]), represents the presence of solar light, hence 1 ()
is set to 1 when z € [d, 1] (day time), it is set to 0 when z € [0, —1] (night
time), and it is strictly increasing for z €] — 4, §[ (dawn and twilight).

-5 € C([-1,1];[e, 1]), expresses the instantanous performance at time s
for a solar panel lying on the ground in position (z,y), which depends on
the angle of exposure to the sun light, i.e., on the angle between #(s) and
the normal to the ground at (z,y) (which is the normal to the hypograph
of h). The function 9§ is strictly increasing and we set ¢¥5(—1) = ¢
(representing the default background radiation due to the diffusion effect
of the atmosphere), and ¥5(1) = 1, hence the maximal instantaneous
performance at (x,y) is achieved when the panel’s surface is orthogonal
to the direction of the sun light.

-3 € C°°([0,T] x R?;[e,1]), takes into account the presence of bumps
in the straight line between the panel and the sun. For any s € [0,T] we
define the set of points directly exposed to the sun at time s by

V(s) = {(z,y) € R? : h(x,y) + Ara(s) > h(z + Mri(s),y + Ara(s)), for all A > 0},
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and we set Y5 (s, z,y) = 1if (z,y) € V(s), 3% (s, 2, y) = eif dy () (z,y) >
a (which defines the shadow region, where the only radiation is given by
the default background radiation).

The averaged efficiency for a configuration pu € P(R?) is given by

E(pn) = /R2 (/0 VEO (s, 2, y) d8> dp(z,y) € [0,T].

Given a target efficiency ¢ > 0, our aim is to have F (1) > ¢, hence the target
set S is defined as in Definition 3.1.1 by taking ® = {¢}, where

T
¢(x,y) == — /O 0 (s, 2,y) ds € C*(R*; R) N Lip(R?) € SC(R* R).

We take into accout the “effort” (cost) to move the panels in the controlled
dynamics by defining the set-valued map F : R? = R? as

) =5 (0 )

which expresses the fact that the movements are much costly at the point of
the hill where the slope is higher. The assumptions of Theorem 3.2.32 are thus
satisfied.

We notice that the model can be refined by adding further cost terms, e.g.,
penalizing an excessive concentration or sparsity in the position of the panels.
These effects can be included by considering instead of the usual Wasserstein
distance, some variants of it (we refer e.g. to [56] for further details).

With much milder assumptions w.r.t. the previous attainability result, in
the case of existence of a classical counterpart for the generalized target set, it
is possible to prove a weaker controllability result, as showed below.

Indeed, representation formula for the generalized minimum time provided in
Corollary 3.2.22 allows us to recover many results valid for the classical minimum
time function also in the framework of generalized systems.

Theorem 3.2.35 (Controllability). Let ® C C°(R% R) satisfying (Tr) in Def-
inition 8.1.1. Assume that the generalized target S® admits a classical counter-
part S C R? which is weakly invariant for F. Assume (Fy), (F1), (F3) and that
for every R > 0 there exist ng, or > 0 such that for a.e. x € B(0,R)\ S with
ds(x) < og there holds

0p(x)(=Vds(z)) > g, (3.13)

where o (g is the support function of the set F'(x) as in (1.1).
Then, if we set for p > 1

ZpR) g = {p € Zp(R) : ||ds|re < R and suppu € B(0,0r)},

there exists cg > 0 such that for every g € P,(R%) g we have

~ 1 R
T® < ldgllpe < —.
» (Ho) < CR|| sllze < n
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Proof. According to Proposition 2.2 in [21], the present assumptions imply that
there exists a constant cg > 0 such that the classical minimum time function
satisfies

T(x) < —ds(x), (3.14)

for every x € B(0, R) \ S with ds(x) < og. Moreover, T(-) is Lipschitz contin-
uous in such set.
Now, the result follows immediately from (3.14) and Corollary 3.2.22. [

Remark 3.2.36. For other controllability conditions generalizing (3.13), the reader
may refer e.g. to [37,58].

Remark 3.2.37. Notice that the result above is, in a certain sense, sharp for

T, (o) in such mild hypothesis. In particular, although the assumptions of

Theorem 3.2.35 imply that the classical minimum time function satisfies T'(z) <
1 ~ 1 -

—dg(z), the natural conjecture Tf (o) £ —dga(po) in general fails for the
Cc CR p

generalized minimum time function, as the following example shows.

Ezample 3.2.38. ITn R?, let S = {0}, S, = S = {do}, zo € R?\ {0}. Define

py = Ao + (1 — Aoy, and set F(z) = B(0,1) for all x € RY. We have

that (3.13) is satisfied, since S is convex, and by setting v;(z) := —1a7 forz #0
and v;(0) := 0, we obtain that Tp,(ud) = T(xo) for every A € [0,1]. On the other

hand, )1\1_>Hll W, (113, 90) = 0, hence the quotient Tp(,ué\)/dgp (1) is unbounded as
A— 1

3.2.2 Lipschitz continuity of T3’

This section is devoted to the study of sufficient conditions yielding Lipschitz
continuity property for the generalized minimum time function once we have
the estimate of attainability previously proved in Theorem 3.2.32.

We stress the fact that the lack of a result of continuous dependence on
initial data for the continuity equation with no strong regularity hypothesis on
the optimal velocity field makes hard to have a property of Lipschitz continuity
of the generalized minimum time function. Indeed, in this case this property is
not a direct consequence of an attainability result as it is for the classical case
with smooth dynamics.

Next result states a relation between the generalized minimum time function,
Tz‘b , and the distance from the generalized target set, dgg. This will be used

to prove Lipschitz continuity of T2<I> in Theorem 3.2.42. A similar result, called
Petrov’s condition, holds for the correspondent classical objects.

Corollary 3.2.39. Assume the same hypothesis and notation of Theorem 3.2.52
and that there exists C > 0 such that my(p) < C for all p € S$. Then Ty (i) <

~ 2
De,pn(ma (i) - dge (), for all i € Po(R?) such that 5 sup/ ¢(z)djip(z) <T.
2 @ JRa

Proof. Note that for all ¢ € ¢ it holds

[6(2) — o(y)| < H|z[ + |y[ + 1) |2 —y].
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Thus for all ¢ € ®, p/ € S and 7 € II(jz, 4/), by Holder’s inequality and using
the fact that (a + b+ ¢)? < 3(a? + b + ¢?) for any a, b, c > 0, we have

[ owdnta) = [ swaw) < [ Hlal+ ol + 1o -yl dnay)

N|=

<var | [[ e y|2d7r<x,y>r (@) + ma (i) + 1]1.

Note that the left hand side is greater than / ¢(x)df(z), since p' € SE. By

d

passing to the infimum w.r.t. = € (a, p'), we get

2 _ 2V/3 _ 1 _
i L owydata) < == i) + mo() + 115 W)
2V/3 _ 1 _
< TH[HD(M) +C+1]2 - Wa(p, 1)
Recalling Theorem 3.2.32, the thesis now follows by passing to the supremum
w.r.t. ¢ € ® and to the infimum w.r.t. u € S. O

Next two propositions will lead to the Lipschitz continuity result proved
in Theorem 3.2.42 through various degrees of generality, giving more relaxed
estimates under weaker assumptions.

Proposition 3.2.40. Assume the same hypothesis and notation of Theorem 3.2.32
and that there exists C > 0 such that mo(ji1) < C for all i € S§. Then, for any

Q > 0 and any ph, p3 € AAQ/[”;L”?}, there exists a constant Cy p.c(Q) > 0 such

that we have
T3 (1)) — T (1) < Crrn,c(Q) - Wa(n', m?),

for every ' := py @, € PRIxTy), i =1,2, 1 =T (ud) NTL(12), such that
n, € P(I'7) is concentrated on absolutely continuous solutions of

A(t) € F(y(t), for Ll-ae. 0<t <t
7(0) =z,

for pi-a.e. x € R and such that if T (u)) = &, then {etﬁni}te[ojg(ug)] -
P(RY) is an optimal trajectory for pb.

Proof. Fix any @ > 0 and set A := Ag#g Let uh € A, i = 1,2, and
notice that if 4§ or p2 belongs to S, the conclusion immediately follows from
Corollary 3.2.39. From now on we suppose puf ¢ Sg for i = 1,2. Assume that
ty i= T3 (1) > t1 = T3 (u)-

Notice that T > Zzlelg /]Rd ¢(z) dpf, (z), for every admissible trajectory ¢ —
uz, ,u|2t:0 = p. Indeed, by Lemma 3.2.30 with 7 = t5, we have

2 2
— sup (z)dp; (x) < + | sup (z) dug(x) + Garp(ta, ma(pg)) | < T,
h pED JRA h ped JRA
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where the last inequality comes from the fact that we took p3 € A.
Hence, we can apply Corollary 3.2.39 along with the Dynamic Programming
Principle (Theorem 3.2.25) to obtain

ty <ty + T3 (7)) <ty + Doy (ma(pf,)) - Wa(pi,, it

for every admissible trajectory t ~— 2, /f\2t=0 = p?, and for every optimal
trajectory t = ut u‘lt=0~: 1, since pf, € S3.

Let & := T5°(u) A T3 (pg). Let p' = {pi}icpon, and n° € P(R? x Ty),
i = 1,2, be such that u; = e;fin* for 0 < ¢ < ¢ as in the Superposition Principle
(Theorem 1.3.3). Since the evaluation map e; is 1-Lipschitz continuous, we have

ty < t1+Demn(ma(pz,)-Waler, 117, er, ') < ti+De o n(ma(u?,)-Wa(n?,n'),

for every n? such that p? is an admissible trajectory and for every n' such that
p! is an optimal trajectory. By reversing the roles of u} and p2, we obtain

T (1d) — T3 (18)| < max{Dc g7, (m2(ud,)), Do, mn(ma(pf,)) }Waln', n%)
< C'unc (ma(pg), ma(pg)) Wa(n',n?),

for every m’ such that p' is an admissible trajectory, i = 1,2, with u’ an
optimal trajectory if Ty’ (u$) = £, and with C' g p, c(-,-) coming from estimates
in Lemma 3.2.7. Note that C'g 5 ¢ (-, ) is increasing w.r.t. all the arguments by
construction. Hence, the result follows. O]

Proposition 3.2.41. Assume the same hypothesis and notation of Theorem 3.2.32
and that there exists C > 0 such that ma(fi) < C for all ji € ST . Furthermore,
assume the following:

(OC) : there exists a strictly increasing modulus of continuity w°(-) such that
for all i € Py(RY)\ S there exists a uniformly continuous vector field
Uy R? — R? with modulus of continuity w®, such that the trajectory
u= {“t}te[o,fgl’(p)]’ fje=0 = p, driven by v = {@uﬂt}te[oj“z;l’(u)]: is optimal.

Then, for any Q > 0 and any pd, p3 € Ag{’ﬁ’g, there exists a constant Cy p,c(Q) >

0 such that we have

1
2

72T < Canc@{ [ (lo o+ (67 o =) +0)") diten) |

d
for any 7 € W(up, u3), where v : [0,+00] — [0,400] is such that d—w(r) =
r
1 _ - -
IR for all r €]0, +oo[, and t := T (ud) A Ts (13).
Proof. By Proposition 3.2.40, for any Q > 0 and any u}, u3 € Ag’ﬁ’ﬁ, there
exists a constant Cg (@) > 0 such that we have that the following esimate

T3 (1) — T3 ()] < Crrn,co(Q) - Waln',m?), (3.15)

holds in particular for every n' = pf ® nl € PR xIy), i = 1,2, T =
T (uy) ATy (), such that % € 2 (I'F) is concentrated on absolutely continuous

solutions of
(v(t)), for Llae 0<t<t
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for pi-a.e. = € R and where j € {1,2} is such that T3 (i) = , and v, i
taken as in the current statement, satisfying (OC) with p = ,u%.
Hence, by (3.15) we have
175" (o) — T ()] <
1
3

< Chnc(Q)- {/ [z —yl* + [7e — wl?] dr((z,72), (y,vy))} :
(RExT) x (R4 xTg)

for every m € II(n',n?). Notice that for n'-a.e. (z,7,) and for n*a.e. (y,7vy,)
we have
t

0, (2 (5)) = 1, (3(5))]| ds.

2(t) = 1 (t) = v @) < |z -yl + ;

for all ¢ € [0,?]. Thus, by hypothesis we have that z(t) < z(0) + /t wW?(2(s)) ds,
and so 2(t) < w®(z(t)). By solving i (t) = w°(z(t)), we get w(x(t))gw(x(O)) =1,
where 1 : [0, +00] — [0,400] is such that %(r) = wi( ). Notice that () is
invertible since w" is strictly increasing, hence we get z(t) < =1 (1(2(0)) +t) <

=1 (1(2(0)) + 1) for all t € [0,1].

By the previous estimate, we obtain

T3 (o) — Ts (u5)| <

=

< Crano(Q)- {/(W N [\w —y?+ [ (W(lz —yl) +f)ﬂ d?f((%%),(ywy))} :

for every 7 € II(n',n?). Defining 7 := (eq, €o) i1 € Z(R? x R?), we can easily
prove that 7 € I(ud, u3). Hence, we conclude that

|T2<I>(/Jo) T2 (Mo | <

<Cunc@-{ [ flo=sP+ o7 wlla = o+ 0] ar(lo}

for every 7 € I(ud, ud)- O

[N

Theorem 3.2.42 (Lipschitz continuity). Assume (Fy), (Fi) and take M as
in (Fy). Let K,H >0, ® C SOk g(R%R) such that ® satisfies (Tg) in Def-
inition 3.1.1. Suppose that there exists C > 0 such that ma() < C for all
aeSy.

Assume that there exist h,T > 0 and a modulus of continuity w(-) such that
for all p € Po(R)\ S there exist a continuous vector field v, € C°(R%R?)
and a function (z,r) + wy(r) in L? s (R4 x [0, TM]) satisfying:

1. vu(z) € F(x) for p-a.e. x € R¢;

2. wg(-) is a nondecreasing modulus of continuity at x for v, for p-a.e. x €

RY, and s
< /Rd/ 2(rt) dr du(x )) 2 < a(t),

for0<t<T;
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3. for all ¢ € ® there exists ("* € Bor(R%; R?) satisfying (*®(z) € 01 d(x)
for p-a.e. € RY and

[ (€@ v@pdn(e) < b

Furthermore, assume the following
(OC+) : as in (OC) with W°(s) := Ls for all s € [0, +<].

Then T () is Lipschitz continuous in the set Ag;g N{p € Z2(RY) : JS; (n) <
R} for any Q,R > 0.

Proof. The proof follows from Proposition 3.2.41. More precisely, by Proposi-

tion 3.2.41, for any Q > 0 and any puj,u € Ag’qlf’g, there exists a constant

Cu,n,c(Q) > 0 such that we have

1
2

72T < Canc@{ [[[ | (lo=ol+ (67 o =) +0)") diten) |
(3.16)
i 1

for any 7 € I(ud, ud), where ¢ : [0, +-00] — [0, +00] is such that E(T) = 0

for all 7 €]0, 4-00[, and & := T2 (u) A T2 (12).
Hence, we can take ¢(r) = logr %, r €]0, +00]. Then, ¢~ (¢(|z — y|) + 1) =
elt|z —y|, and by (3.16) we get

T - T2 < @+ Demnc@-{ [ lo-sPtrea)

for any 7 € TI(ug, u2). Thus, by passing to the infimum on 7 € I(ud, ud), we
have ~ ~ )
T35 (10) — T ()| < (25 +1) Cor 0 (Q) - Wapg, 1)-
Recalling Co~rollary 3.2.39, we have ¢t < D¢ g,n(Q) - R, in the set Ag;f} N
{u € Py(RY) : dge (1n) < R}, for any Q, R > 0. This fact yields

T3 (1d) — T3 ()| < C't1n,0,L(Q, R) Waid, ),

for a constant C' g .0.(Q, R) > 0, hence Lipschitz continuity of T3 (+) in the
set Ag%f} N{p e P(RY): dge () < R}. O

Remark 3.2.43. Note that requiring assumption (OC+) in the previous theorem
is equivalent to ask that the vector field v, is globally Lipschitz continuous
with Lip(v,) < L, hence py = Tifip, where p = .{/Jt}te[o’rfzrb(#)] is the optimal
trajectory driven by v = {?Mﬂt}te[o’fép(u)], and Ty(z) = v, o T(z), To(x) =z
for all z € R? and 0 < ¢ < T4 ().

Notice that assumption (OC+) of the previous theorem, which was required
in order to get Lipschitz continuity of the generalized minimum time function,

is quite demanding. In the following example we show a situation where it is
fullfilled.
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Ezample 3.2.44. Let A € Matyxq(R) be a symmetric matrix satisfying Amax, | Amin| <
1, where Apax and Apin, are its maximum and minimum eigenvalues, respec-
tively. We study a minimum time problem in the case where the underlying
time-optimal control problem in R? has the dynamics i(t) € F(z) := {Az+u :

u € B(0,1)} and target set S = B(0,1). We notice that the classical Petrov’s
condition holds (see for instance Definition 8.2.2 in [22]), since for all x € 95,

we have

min  (Az 4+ u, ) < Apax + min_ (u, ) = Apax — 1 < 0.
w€B(0,1) w€B(0,1)

Recalling the linearity of the dynamics, by Theorem 5.2 in [21] and Theorem
8.3.4 in [22], we have that the classical minimum time function 7'(-) is C1! on
every compact set of R4\ S, in particular it is a solution of the Hamilton-Jacobi-
Bellman equation

— (Az,VT(z)) + |[VT(z)] =1, inRY\S, (3.17)
which implies also
1

liminf |VT(xz)| > liminf > > 0,
dg(m)4»0+| (@) = ds(z)—0+ 1+ [Az| = 1+ ||A]
1 1

limsup |VT(z)| < limsup < .

dg(m)4»0+‘ @)l ds(z)—ot 1= [Az| = 1| Af

It can be seen that

for all z € R4\ S,

lim w*(z), forallzeds,

T—x
zeRNS

|| - u* (x> , forallz e §\{0},
x

0, for x = 0.

is a locally Lipschitz continuous map defined on the whole of R (since T'(+) can
be extended to a C*! map defined on R4\ S). Set v(x) := Az+u*(x), we obtain
a locally Lipschitz vector field, which is optimal for the classical problem in R?.
Hence, by taking ® := {dg}, v is optimal also for the generalized problem by
invariance of S w.r.t. v. Indeed, we have T4 (1) = |T()||Lee for all p € Po(RY)
(see [31]) and the assumptions of Theorem 3.2.42 are satisfied.

We emphasize again that proving Lipschitz continuity for the generalized
minimum time function without requiring strong assumptions yielding Gronwall-
like estimates is a difficult task.

For this reason, an interesting open problem would be to investigate regu-
larity of T2<1> with milder assumptions on the dynamics, stating the problem in
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a suitable smaller class of probability measures, for example for measures that
are absolutely continuous w.r.t. Lebesgue’s measure. In [1-5,25, 38, 40] there
are many results concerning the Lagrangian flow problem, i.e. the study of exis-
tence, uniqueness and stability properties for the continuity equation restricted
to suitable subclasses of Z2(R%) under very mild regularity assumptions on the
driving vector field.

Another possible issue is due to the fact that for several reasons we can be
interested in restricting the regularity class of the vector field governing the
evolution from L2-selection of F' to smoother selections (e.g. Lipschitz or C')
In particular, this may be a critical issue when we are interested in constructing
numerical approximations of the solutions enyoing some stability properties.

A possible way to face these problems is to incorporate such constraints
directly in the definition of admissible trajectories, for example by redefining
the functional Jr as follows

b v, 1%
/ / {1 + Ip(a) (*t (iv)) + Lo (pt) + o, a1 (vat
a JRA Mt Mt

)] dut () dt,

Lo

Jp(p,v) = for Ll-ae. tel,

o0, otherwise,

(3.18)

where . C Z,(R?) is a given class of measures. In this way the finiteness

of Jr implies that the evolution occurs only inside a class . of measures with

Lipschitz continuous driving vector fields vy, with Lipschitz constant less or
equal than M.

Many of the results (Theorem 3.2.32, Lemma 3.2.30, Corollary 3.2.39, Propo-
sition 3.2.40, Proposition 3.2.41, Theorem 3.2.42) can be reformulated in this
way, with almost identical proofs, but requiring less restrictive assumptions in
the statement. For instance, in Theorem 3.2.42 we can drop assumption (OC+)
and require that the others hold for all 1 € .%\ S$ instead of all y € P5(R%)\S2.

Many other constraints, more related to the nature of the model, can be
treated in this way, e.g. penalizing concentration or rarefaction of the agents,
or other effects due to the global distribution of the agents.

3.3 Hamilton-Jacobi-Bellman equation

In this section we will prove that under suitable assumptions the generalized
minimum time function solves a natural Hamilton-Jacobi-Bellman equation on
P5(R?) in the viscosity sense (Theorem 3.3.9). The notion of viscosity sub-
/superdifferential that we are going to use is different from other currently
available in literature (e.g. [9, 26, 46,47]), being modeled on this particular
problem.

Throughout this section we will mainly use the alternative definition of ad-
missible curve and the notation provided by Definition 1.0.6 and 3.2.4.

Definition 3.3.1 (Averaged speed set). Assume (Fp) and (F1), T > 0. For any
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to € P2(R?), m € T (po), we set

¥V (n) = { wy € LR x T'r) : H{ti}ien €J0, T, with ¢; — 07 and

€t.

i

t_ 0w, weakly in L2(R% x PT;Rd)} .
7

We notice that, according to the boundedness result of Lemma 3.2.7 (iii),
for any sequence {t;}ien €0, T[ with ¢; — 0, there exists a subsequence 7 =

ey, —e
{ti, }ren and wy € L7 (R? x T'p; R?) such that T weakly converges to an
ik
element of L%(Rd x I'p; RY), thus ¥ (n) # 0.

Lemma 3.3.2 (Properties of the averaged speed set). Assume (Fp) and (Fy),
T > 0. For any po € P2(RY), n € Tr(uo) and every wy, € ¥ (n) we have that

(i) wy(z,7) € F(7(0)) for n-a.e (z,7) € R% x T'r.

(i) if we denote by {n,},cra the disintegration of m w.r.t. the map eg, the
map
T w,,(x, P)/) dnr(’Y)a
I

belongs to L7 (R4, RY).

Proof. We prove (i). Fix ¢ > 0 and (z,7) € suppn. Since (-) and F(-)
are continuous, there exists tZ , > 0 such that for all 0 < ¢ < t7, we have
F(y(t)) € F(v(0)) +&B(0,1). In particular, for all 0 < ¢ < t;_ and v € R? we

have

e e Y O
0

t t

1

t
= E/O TF () (V) d8 < Tr(5(0)) +B(0,1) (V)

er(,7) = eo(,7)
I

where g (z,7) =
Thus

co{pi(w,7) : 0 <t <t} C F(v(0)) +eB(0,1)
Given w, € ¥(n), let {t;}ien CJ0,1] be a sequence such that ¢; — 07 and
Y, — wy weakly in L%. In particular, by Mazur’s Lemma, there is a sequence
in co{ey, : i € N} strongly convergent to wy,. In particular, for (z,~)-a.e. point
of R? x 'y we have pointwise convergence, i.e.

wn(xv’y) € ﬁ{gpti(x,’y) S N}’

Given a point (z,~y) where above pointwise convergence occurs, we can consider

a subsequence {t;, }ren of ¢; satisfying 0 < ¢;, < ¢}, obtaining that

wn(@,7) € @{pr, (z,7): k€ N}) Coo{pi(z,7): 0 <t <iZ,}

C F(+(0)) + eB(0, 1).
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By letting ¢ — 0% we have that wy,(z,v) € F(v(0)) for n-a.e. (z,7) € R? x I'z.

We prove now (ii). By definition, the disintegration of n w.r.t. the evaluation
map eq is a family of measures {1, },cra satisfying (recall that epftn = 1)

//Rder f(@,Vwn(z,7)dn(z,v) = /Rd (/%<f(13,’}/),wn(3337)>d77z(7)> dpo(z),

for all Borel map f : R? x 'y — RZ. Moreover the family {7, },cga is uniquely
determined for pg-a.e. x € R? (see e.g. Theorem 5.3.1 in [9]).

For any ¢ € L/L0 (R%; RY), clearly we have 1 oey € L? (Rd x T'p; RY), since
eofin = po. Recalling that wy, € L , we obtain

(), | wnlz,y)dna(v)) dpo(z ) wn (@, 7)) dne () dpo ()
/]Rd /; /Rd /T
= [, L e cote st ) ) doe)

:// (W 0 eo(a, ), wn (7)) dn, 1) < +00
RadxIp

By the arbitrariness of ¢ € Lzo (R%; R?), we obtain that the map
| wn(z,7) dne(7),
I

belongs to L2 (R%R?), moreover for pg-a.e. x € R?, we have from (i) that

/ wn(7) dnz(v) € F().

O

Remark 3.3.3. We can interpret each w, € #/(n) as a sort of averaged vector
field of initial velocity in the sense of measure (we recall that in general an
admissible trajectory v may fail to possess a tangent vector at ¢ = 0). The map

= [ wa(y)dnu(y),
rs,

can be interpreted as a initial barycentric speed of all the (weighted) trajectories
emanating from « in the support of 7. This approach is quite related to Theorem
5.4.4. in [9].

In the case in which the trajectory ¢ — e;fin is driven by a sufficient smooth
vector field, we recover exactly as averaged vector field and initial barycentric
speed the expected objects, as shown below.

Lemma 3.3.4 (Regular driving vector fields). Assume (Fy), (F1) and let g €
P3(RY). Let p = {pi}refo,r) be an absolutely continuous solution of

at/,Lt + diV("Ut/U,t) = 0, t G}O,T[

Hit=0 = Mo,
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where v € C°([0,T] x R%:R?) satisfies vo(x) € F(x) for all z € R Then if
n € Tr(no) satisfies py = en for all t € [0,T), we have that

lim ¢t~
t—0

= ()7
L

— Vo ©€p

and so V' (n) = {vg oep}, thus we have

{w%/zwx )Mwumeym%=%mﬁ}

Proof. We have
2
dn(z,7),

€t — €
t

—7(0)

— Vg o eg —vo(7(0))

s

For n-a.e. (z,7) € R? x T'p, by continuity of v we have v € C! and 4(t) =
v¢(y(t)), hence for ¢ small enough we get

’M_UO ’ /h )| ds + |vo(y /Ivs 5))| ds + [vo(7(0))]

t
< 2Jvo((0)) +1 € L3,

indeed by (Fy) we have

//Rde‘T o (v(0))]? dn(,~) = / vo()|? dpto( )<C’2/d(\x|—|—1)2d,uo(x)
<207 (ma(po) + 1),

with C > 0 as in (F}). Thus, for n-a.e. (z,7) € R% x I'r,

() =~(0)
t

lim
t—0t

()| =0

Thus applying Lebesgue’s Dominated Convergence Theorem we obtain

2
€t — €0

lim — g o eg =0,
t—0 t
L3
hence wy = vy 0 eg. The last assertion now follows. O

We have already proved that the set

{x = / wy(2,7) dng : m € Tr(po), wny € “f/(n)}

is contained in the set of all L2 (R% R?)-selections of F(-). The next density
result shows that, indeed, equality holds: since allows to approximate every L2
selections by CC-selections, and then use Lemma 3.3.4. This will be the maln
ingredient used to prove Theorem 3.3.9, i.e. that the generalized minimum time
function is a solution of an Hamilton-Jacobi-Bellman equation in a suitable
viscosity sense.
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Lemma 3.3.5 (Approximation). Let pg € Po(R%). Assume (Fy) and (F).
Then given any v € LZU(Rd;Rd) satisfying v(z) € F(x) for pg-a.e. € RY,
there exists a sequence of continuous maps {gn yneny € C°(R%;RY) such that

1. nh—>nolo llgn —7)||leb0 =0;

2. gu(z) € F(x) for all z € R

In particular, we have

{ve LZO (R%ERY) - w(z) € F(x) for po-a.e. x € R4} =

_{H/F

Proof. By Lusin’s Theorem (see e.g. Theorem 1.45 in [6]), we can construct a
sequence of compact sets {K, }nen € R? and of continuous maps {vy, }nen €
CO(R%;RY) such that v, = v on K,, and uo(R%\ K,,) < 1/n. For all n € N
define the set valued maps

Wy (z,7)dne = m € Tr(po), wy € ”f/('rl)} :

x
T

F(z), for r € R\ K,
Gn(z) =
{vn(2)}, for z € K,.

We prove that G,,(-) is lower semicontinuous. If x € R?\ K,,, then in a neigh-
borhood of & we have G,, = F, thus G,, is lower semicontinuous. Let z € K,
and V be an open set such that VNG, (x) # 0. In particular, we have that V' is
an open neighborhood of v, (). Without loss of generality, we may assume that
V = B(vn(x),¢) for € > 0, thus there exists 6 > 0 such that if y € B(x,0) N K,
we have v, (y) € V, and so G,,(y) NV # (. On the other hand, by continuity
of F', there exists an open neighborhood U of z such that V N F(y) # @ for
all y € U. Thus, if we set U’ = U N B(xz,9) \ K,, we have that U’ is an open
neighborhood of = satisfying:

(a) for all y € U’ \ K,, we have F(y) = G,(y) and so G,(y) NV # ;
(b) for all y € U' N K,, we have v,(y) € V, and so G,,(y) NV # 0;

and so given V for all y € U’ we have G,,(y) NV # 0, which proves lower
semicontinuity. Since G, (+) is lower semicontinuous with compact convex values,
by Michael’s Selection Theorem (see e.g. Theorem 9.1.2 in [13]) we can find a
continuous selection g, € C°(R% R?) which by construction agrees with v and
v, on K, and satisfies g, () € G,,(z) C F(x) for all x € R%. Finally, we have

/ [0(2) — gn(@)]? dto() = / o) — gn(@) P dpo(a)
Rd Rd\K"
< / AC%(J2] 4+ 1)? dyso() < 8C (majuo) + 1),
R\ K,

with C' > 0 as in (F}), hence (1) follows. The last assertion comes from Lemma
3.3.4 with v = vg. O
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We introduce now the following definition of viscosity sub-/superdifferential.
For other concepts of viscosity sub-/superdifferential, we refer the reader to
[9,26].

Definition 3.3.6 (Sub-/Super-differential in %2;(R%)). Let V : Z5(RY) — R
be a function. Fix p € 25(R?) and § > 0. We say that p, € Li(Rd; R?) belongs
to the d-superdifferential D V(i) at p if for all T > 0 and n € Z(R? x I'r)
such that t — e;fin is an absolutely continuous curve in %5 (R9) defined in [0, T
with egfin = 1 we have

Ve = Vieotm) = [ o cofn)eule) = cole ) dn(e. )
XD <

lim sup
10+ lle: —eollz

(3.19)
In the same way, g, € Li(Rd; R?) belongs to the §-subdifferential Dy V(p) at
p if —q, € DF[~V](1). Moreover, D5 [V](y) is the closure in L, of DF[V](1)N
CY (R4 RY).
Definition 3.3.7 (Viscosity solutions). Let V : #,(R?) — R be a function and
A T* Po(RY) — R. We say that V is a

1. wiscosity supersolution of A (u, DV (u)) = 0 if V is L.s.c. and there exists
C > 0 depending only on ¢ such that J¢(u,q,) > —C0 for all g, €
Dy V(n), p € P5(R?), and for all § > 0.

2. wiscosity subsolution of S (u, DV (1)) = 0 if V' is u.s.c. and there exists
C > 0 depending only on 7 such that J(u,p,) < C§ for all p, €
DIV (pn), p € P5(R?), and for all § > 0.

3. wiscosity solution of S (u, DV (1)) = 0 if it is both a viscosity subsolution
and a viscosity supersolution.

Definition 3.3.8 (Hamiltonian Function). Given pu € 2(R%), define

4 T (:(x)>> dp < +oo} .

Since the tangent space T, Z5(R9) to Z5(R?) at u € Po(RY) is Li(Rd;Rd),
which coincides with its dual, we can define a map % : T* %, (R?) — R by
setting

D(u) = {1/ € #(RERY) ¢ |v| < pand / (’:
Rd

() 1= — [1 ot [ ). L) du} 7

R (), v(@) du |
veL? (RGRY) R4
v(z)€F (x) for p-a.e. x

where (1,1) € T*P5(R?), ie., p € P5(RY) and ) € L2 (R4 RY).
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If we assume (F}y), or more generally that F' possesses a Borel selection
uniformly bounded, we have

Hu) = =1+ [ oy (00a) d

by using a consequence of classical Measurable Selection Lemma (see e.g. The-
orem 6.31 p. 119 in [35]).

Now, we can prove the main result of this chapter.

Theorem 3.3.9 (Viscosity solution). Let A be any open subset of P2(R?)
with uniformly bounded 2—moments. Assume (Fy) and (Fy) and that T (-) is
continuous on A. Then T (-) is a viscosity solution of 5 (u, DT (1)) =0 on
A, with 7% defined as in Definition 3.5.8.

Proof. The proof is splitted in two claims.
Claim 1: T3 (-) is a subsolution of % (u, DT (11)) = 0 on A.

Proof of Claim 1. Let po € A. Given n € Tp(ug) and set p = extin
for all ¢, by the Dynamic Programming Principle (Theorem 3.2.25) we have
T2 (o) < T2 (1us) + s for all 0 < s < T3 (1u9). Without loss of generality, we can
assume 0 < s < 1. Given any p,, € DF T (uo), and set

A(S,puoﬂn) =S5 // <pu0 o 60(.’177’7)765(1‘,’7) - 60($,7)> dn’
RdXFT

B(37puoa"7) :Tf(:u’s) - TQ(I)(MO) - /‘/]Rdxl" <p/1,0 o 60(%7),65(%7) - 60(557’7)>d777

we have A(s,pu0,M) < B(8,Dpg,M)-
We recall that since by definition p,, € L
Dividing by s > 0, we obtain that

2

2, We have that p,, oeo € L.

. A S, )
hmsupw 2 —-1- //d <p,u0 O60($77)3wn(x77)>dn(1’77)a
R xT'p

s—0F s
for all wy, € #(n).

Recalling the choice of p,,,, we have

b B
hm Sup w — hm Sup (sﬂpuoa n) .

s—0t s s—0t ||63 - eOHL%

€s — €p < K§
— b

S

where K > 0 is a suitable constant coming from Lemma 3.2.7 and from hypoth-
esis.

We thus obtain for all n € Jr(po) and all wy, € ¥ (n), that

1+ // <puo 060(1‘,’}/),11)17(37,’)/» dn(l’ﬁ) > —Ko.
RdXFT
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By passing to the infimum on n € Jr(po) and wy, € ¥/ (n), and recalling Lemma
3.3.5, we have

_KS<1+ inf // (Do © €0(2,7) wn(,7)) dn (2, )
WE%;/(ELO)) RexTp
wneV (N

=14 inf / / (Puo © €o(w,7), wn(z,7)) dn. dpo
n€Ir (o) JRe JT2,
wn €Y (N)

=1+ inf / (Puo oeo(fﬂﬁ),/ wy (z,7) dne) dpo
n€Ir (po) Jrd re.
wn €Y (N)

=1+ zinfd 4 / <pMD7U> d,U/O = _%F(:U’O)pLLO%
UGLMO(R sRY) R4
v(z)EF(x) po-a.e.

so Ti2(-) is a subsolution, thus confirming Claim 1. o
Claim 2: T(-) is a supersolution of 5 (p, DT (1)) = 0 on A.

Proof of Claim 2. Let pg € A. Given n € I (o) and defined the admissible

trajectory p = {ui}repr) = {edn}tecpr), and gu, € Dy T3 (uo), there is a
€si — €0 weakly

sequence {s;}ien CJ0,T] and w,, € ¥ (n) such that s; — 0T,

converges to wy, in L%, and for all i € N

//Rd . (Guo © €0(,7), =2 Sile/ eO(xﬂ)Mn(%w)

5;
T (o) — T3 (ps,)

2 Si
L3

By taking ¢ sufficiently large we thus obtain

T3 (o) — Ty (ps,)
Sq

/ / (@ © €0(2, 7). wn (7)) dn(z,7) < 3K
RdXFT

By using Lemma 3.3.5 and arguing as in Claim 1, we have

nETr (o)
wn €Y (N)

it [ o o) wnl) dnla) =~ g) 1
xXL'r

and so ) }
T3 (o) — Ty (ps,)
Si

(110, Qo) > —3K0 + 1.

By the Dynamic Programming Principle, passing to the infimum on all admis-
T3 (no) — T3 (1s)

s
if and only if p is optimal, we obtain 7 (uo, qu,) > —C’d, which proves that
T () is a supersolution, thus confirming Claim 2. O

sible curves and recalling that

— 1 <0 with equality holding
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Remark 3.3.10. Unfortunately, we have that T;I’() in general fails to be contin-
uous, being just lower semicontinuous. Moreover, it seems to be quite a difficult
problem to provide general necessary and sufficient conditions on problem data
granting this continuity property. Thus, an open problem is the extension of the
definition of viscosity solutions and the subsequent result on Hamilton-Jacobi-
Bellman equation, to the case where we have only lower semicontinuity of the
minimum time function, instead of continuity, in spirit of Barron-Jensen’s ap-
proach to viscosity solutions.

Anyway, regarding the present result, as seen in Theorem 3.2.42; we can give
sufficient conditions for local Lipschitz continuity of 7:2(-). In the following we
will provide simple examples in which this sufficient conditions are not satisfied,
but it is still possible to have continuity of the minimum time function.

Ezample 3.3.11. In R?, take ® = {¢}, where ¢(z,y) = 1 7/ e Iblds e
C} N Lip(R%R) and denote with L the Lipschitz constant of ¢. Observe that
Opp(z,y) = —e~ 1?1 < 0 and 9,¢ € CY. Let F(z,y) := {(,0) : a € [0,1]},
po € P2(R?). If we denote with ¢ — ~(t) an absolutely continuous solution of
the characteristic system

{wt) e F(y(t), t>0,
7(0) = (2,9),

we have ¢ oy(t) = ¢(z + fot a(s)ds,y) > oz +t,y).

Thus, every trajectory p = {pt}e>0, starting with u|i—g = po, and defined
by by p: = (Id + tv)tuo for v = (1,0) is optimal for .

Moreover, if we define G : [0, +0o[x 23 (R?) — R by setting

Glt.gw) = [ ol(w.s) +t0)duo = [ o(w.9) (o)

we have that p, € S® if and only if G(t, o) < 0, thus
T (o) = inf{t >0 : G(t, uo) = 0},

due to the strictly decreasing property of G(t, uo) w.r.t. ¢ (due to the sign of
0:9).

In order to prove continuity of 73(-) we use the same procedure of Dini’s
theorem.
First, observe that for G : [0, +00[x P5(R?) — R we have

QG(t,u) = // Orp(x +t,y)dp = // —e~ 1"y < 0.
ot R2 R2

Furthermore the map t ~ G(t,u) is continuous Vu € Z5(R?) by dominated
convergence theorem, and p — G(t, 1) is continuous V¢ > 0 since ¢ € C,? . The
function G is also jointly continuous w.r.t. both variables, indeed

|G (tn, pn) = Gt )| < |G (tn, 1) = G )| + |G (En, pin) = Gt 1)l

where the first term tends to zero for n — 400 by continuity of G w.r.t. t.
Focusing on the second term, by Kantorovich duality and Holder inequality, we
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get

|G (tn, pin) — G(tn, u)| = ‘/}RQ d(x1 + tn, y1)dpn (w1, 91) — /R2 d(x2 + tn, y2)du(zr2, y2)

< LWi(pin, 1)
S LWQ(M’"«:M)?

that goes to zero for n — +o00. Hence jointly continuity of G.

Moreover ;G is continuous w.r.t. ¢ (and w.r.t. pu) for the same reasons.

Since 9;G < 0 everywhere, if we fix u € &5 (IR?) there exists at most a unique
t such that G(t, ) = 0. Note that limy_, o G(t, ) = —1, hence T2 (1) < +o0
for all p € P25 (R?). Let € P5(R?)\ S2 (otherwise there is nothing to prove),
then there exists a unique ¢ such that G(t, ) = 0 and so t = T3 ().

Take a sequence {fin ynen C© Po(R?)\SE, such that 1, —* p, then G(T3 (1n),
= 0 for all n € N, hence by jointly continuity of G we have that G (lim sup Tf (),

n—-+oo

Nn)
1)
=0, thus 7 (p) = lim SUP,, s 4 oo T2 ().

So we have proved upper semicontinuity of Ty, hence continuity by Theo-

rem 3.2.19.

Example 3.3.12. In R?, set ¢(x,y) := arctan(x(1 + arctan® y)). We have that ¢
is bounded, continuous and since

1+ arctan?y 2x arctan y

Vo(z,y) = 5 2 \2 o, 5 2 \2
22 (14 arctan®y)” +1 (y2+1) (x (1 + arctan®y) +1>

b

we have ¢ € C}, V¢ € Lip,,.(R* R?) and V¢(x,y) # (0,0) for all (z,y) €
R2. Take ® = {¢}, and notice that ¢(—1,0) < 0, and so assumptions of
Definition 3.1.1 are satisfied. Notice also that the gradient of ¢ is uniformly
bounded on R?, and let L > 0 such that |V¢(z,y)| < L for all (z,y) € R%

Let F: R? = R? defined as F(z,y) = [-V¢(z,y), Vo(x,y)]. We have that
F is Lipschitz continuous and bounded, moreover, for all (z,y) € R? we have
that

. _ 2

Let now Ti(-) be the solution of Ty(z,y) = —V¢ o Ty(z,y), To(z,y) = (z,7).
Given pg € P3(R?), and set uy = Tifipo, we have that p = {u;}1>0 is an
optimal trajectory starting from pg.

Notice that y; € S2 if and only if G(t, o) < 0 where G : [0, +-00[x P5(R?) —
R is defined by

Glton) = [ 6o Ta.n) dua(o.1).

and so R
T3 (po) = inf{t >0 : G(t, uo) < 0}.

The function G is jointly continuous w.r.t. both variables, indeed
|G (tn, pin) = G(E, )| < |G (tn, 1) = G(E )| + |G (s pin) = Gltn, )],

where the first term tends to zero for n — 400 by Dominated Convergence
Theorem. Focusing on the second term, recalling that ¢ and T; are Lipschitz
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continuous with constant L, by Kantorovich duality and Holder inequality we
get

|G (tn, pin) — G(tn, p)| = '/ o Ty, (x1,v1) diwn (1, y1) —/ ¢ o Ty, (w2, y2) dp(x2, y2)
R2 R2
< L2 Wi, ) < L2 Wa(pin, ),

that goes to zero for n — +oo.
Since

56w = [ (VoaTia ) itz ) dute) = = [ | [VooTia ) dute.) <0,

if we fix pg € Z5(R?) there exists at most a unique ¢ > 0 such that G(t, o) = 0,
and in this case we have t = Ty (o).

Notice that we have |0y¢(z,y)| > ﬁﬂ for a suitable constant K > 0

independent on (z,y). Set z(t) = (Ti(x,y), (1,0)), then 2(¢) < —W, and
S0) tl}in (Ti(z,9y),(1,0)) = —oo. By Dominated Convergence Theorem, this
implies
. 7r
t—lzgloo G(tv ,M) - _§a
and so we have that for all y ¢ S® there exists £ > 0 such that G(f,u) < 0,
hence T3 (11) < +oo for all y € P25 (R?). )

Take now a sequence {jintnen C P2(R?)\ 53, such that p, —* p, then
G(TS (pn), pin) = 0 for all n € N, hence by jointly continuity of G' we have that
G (Hmsupr(u“,,u) =0, thus T3 (1) = limsup T5% (1,,).

n—-+oo n—-+o0o

Applying the same procedure with liminf, we get continuity of Tz‘p .

3.4 Measure-theoretic Lie bracket for nonsmooth
vector fields

In this section we prove a generalization of the classical notion of commuta-
tors of vector fields in our framework of measure theory (see [29]), providing
an extension of the set-valued Lie bracket introduced in [68,69] for Lipschitz
continuous vector fields.

Indded, in [68,69] the authors give a generalization of the classical notion
of Lie bracket (or commutator) of two smooth vector fields X, Y, in order to
study the commutativity of the flows of two vector fields basically just assuming
that the flows are well-defined (e.g., the two vector fields are locally Lipschitz
continuous). In this framework, the classical Lie bracket [X,Y](-) appears to
be defined only a.e. w.r.t. Lebesgue measure, moreover, as showed with many
examples in [68], even at the point where it can be defined, it does not catch all
the local features of the two flows.

By mean of a suitable construction, in [68] the authors define an object,
called set-valued Lie bracket, which associates to every point of the space a
suitable set [X,Y]set(+), which in the classical smooth case reduces to the usual
Lie bracket, and turns out to be the convex hull of the upper Kuratowski limit
of the classical Lie bracket (which are defined in a Lebesgue full measure subset,
in particular in a dense subset).
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They also prove that the basic properties enjoyed by the classical Lie bracket
(asymptotic formula, commutativity of the flows, simultaneous flow-box theo-
rem), have their natural counterparts.

The main ingredient to prove the results of [68] is an exact integral formula
expressing the difference ¢¥, o ¢X, 0 ¢Y 0 ¢X(q) — q (proved in Lemma 4.5 of
[68]), where X,Y are locally Lipschitz vector fields and ¢;X, ¢} their flows at
time t. In this context, the term ezact is used in opposition to asymptotic.
This integral formula turns out very useful to be handled and, together with a
regularization argument, yields all the main results of the paper.

In [67], these results are applied to give a nonsmooth version of the Frobenius
theorem for Lipschitz distributions of vector fields on a manifold. The general-
ization of the construction of [68] to higher order Lie bracket is not straigthfor-
ward, as pointed out in Section 7 of [68], and has been recently proved in the
two papers [42], which generalized the exact formula for the single Lie bracket
to general nested brackets, and the forthcoming [43].

It is well known that, in the classical framework, the vector space Lie(.%#)
generated by all the vector fields built from a given set .# of vector fields by mean
of possibly nested Lie bracket, is deeply related to controllability properties of
the finite-dimensional driftless control-affine systems where the controlled vector
fields are the element of .%#. Roughly speaking, Lie bracket operations enlarge
the set of admissible displacements that a particle can reach in a given amount
of time by following the admissible trajectories of the system, even if, in general,
a Lie bracket does not give an admissible direction for the system.

The study of higher order conditions for attainability plays an important role
also in the classical finite-dimensional setting. Petrov’s condition represents a
first order requirement on the trajectory and can be interpreted as the request
that for each point sufficiently near to the target there exists an admissible
trajectory which points sufficiently towards the target at the first order, indeed
it involves the first order term of at least one admissible trajectory, i.e. an
admissible velocity. Since it is a strong condition to be satisfied, it is natural
to look for higher order conditions when the first one doesn’t hold, by involving
higher order terms of the expansion of the trajectory. It has been studied (see
[52]) that these conditions involves Lie bracket of admissible vector fields and
can be viewed as Petrov’s conditions of higher order.

Hence, in order to give higher order conditions for controllability in our
framework, it turns out to be a natural problem to define some correspondent
quantity for the Lie bracket in a measure-theoretic setting by using tools of
transport theory. The study of controllability conditions involving measure-
theoretic Lie bracket is still an open problem in this setting. We refer the
reader to [59,60] for the study of sufficient conditions granting small time-local
attainability in finite-dimension.

Our strategy can be summarized as follows: by exploiting the main idea of
the Agrachev—Gamkrelidze formalism (AGF) formalism (see for example [68]),
we consider probability measures on R?, and define our object as limit (in a
suitable topology) of an asymptotic formula like the one considered in [68], but
instead of the evaluation at a point ¢, corresponding to the choice of d,, we
consider the push forward of a probability measure p along the flow. Under
suitable assumptions, we are able to consider the convexified Kuratowski upper
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limit of this construction as in [68], thus defining a set-valued measure theoretic
Lie bracket, which - by construction - satisfies the asymptotic formula and the
commutativity property. We notice that this object, being a set of vector-valued
measures absolutely continuous w.r.t. g, has no longer a pointwise meaning,
unless the starting measure is purely atomic.

We give also some representation formula, which allows to compare our re-
sults with the results of [68], showing that in the case of Dirac deltas, the two
constructions agrees and, slightly more generally, under the Lipschitz assump-
tions of [68], the density of each element w.r.t. a general probability measure
is an LL-selection of the set-valued Lie bracket defined in [68].

This Section is structured as follows: in Subsection 3.4.1 we review some
preliminaries of differential geometry, in Subsection 3.4.2 we introduce the main
objects of our study and formulate the main results, in Subsection 3.4.3 we
compare our result with the construction in [68]. We conclude providing an
example illustrating our construction in Subsection 3.4.4.

3.4.1 Preliminaries on differential geometry

Definition 3.4.1 (Formal bracket). We denote by Diffeo(R?) the set of all
diffeomorphisms of R?. Let ¢, € Diffeo(R?) be two diffeomorphisms. We
define their formal bracket by setting:

[, ¢)(x) == ooy ™ o~ (z).

Since for every 1, ¢ € Diffeo(R?) we have that [, ¢] € Diffeo(R?), by iterating
the procedure we can construct formal bracket expressions by nesting formal
brackets of diffeomorphisms. Given a subset . C Diffeo(R?), we define the
length (also order or depth) of nested formal brackets of elements of . by
induction. If ¢ € . is a single diffeomorphism, then ord (¢) = 1. Otherwise, if
A and B are formal bracket expressions of elements of .7, we set ord [A, B] =
ord A + ord B.

Definition 3.4.2. Let X : R? — R? be a locally Lipschitz vector field. Given
r € R4, we denote by ¢;* (z) or ¢ (t,z) the flow of X starting from z, i.e. the
(unique) solution of #(s) = X(z(s)), ©(0) = z evaluated at s = ¢t. We have

#X(0,z) = = and %q’)x(t,x) = X (% (t, 2)).

For t sufficiently small, it is well known that ¢;*(-) is a diffeomorphism.
Given two C'-smooth vector fields X, Y, we have that

d
%W?@y](m)\t:o =0,

d2 X Y
@[@ s Oy ]($)|t:0 = 2[X,Y](z),

where on the right hand side we have the usual Lie bracket of vector fields
defined in local coordinates by:

(X, Y](z) = (VY (z), X (2)) — (VX(2),Y (2)).
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The correspondence between the first nonvanishing derivative at 0 of flows
generating the bracket and the order of the Lie bracket is explained in the
following classical result (see e.g., Theorem 1 in [61]).

Theorem 3.4.3. Let k € N\ {0,1}, M be a manifold of class C*, and for
i=1,...,kletd Rx MD Ugi — M be a smooth map of class C* such that

1. Uy is an open neighborhood of {0} x M in R x M,
2. ¢! is a diffeomorphism of class CF on its domain,

, o
3. ¢y =1Idy and a@yt:{) = X; € Vecy_1(M),

where Vecy(M) is the set of vector fields on M of class C*. Then for each
formal bracket expression B of order k (w.r.t. ¥ = {¢*: i =1,...,k}) we have

o7
< B(el, ... k‘ — 0 Vi<j<k
8tj (¢ta v¢t) =0 ) ’
L L Bl e = Bu....X0)
k' 31?’“ tr- -y WPt 10 - 1y k)s
where the last expression is computed substituting each ¢t with X; in B(¢}, ..., ¢F),

and then computing the nested Lie bracket of vector fields.

3.4.2 Measure-theoretic Lie bracket

Here, we introduce the basic objects of our analysis, proving also the main
results of this section.

We will adopt the following notations. Given a family of Banach spaces
{X.}icr, we define the Borel maps 7; : HXj — X, ri(xy) = x; for all i € I.

jeI

We will denote with dg any metric on &(X) inducing the w*-topology on
Z(X).
Definition 3.4.4 (Measures associated to a family of transformations). Let
T>0,KC PR, puccly,K and let T = {9:(-) }+efo,m) be a family of maps
such that

(D1) ¥, : R? — R is a Borel map for all ¢ € [0,7;
(Dg) t+ Wy(z) is continuous from [0, 7] to RY;
(D3) Wo = Idga;

(Dy) Wit € K for all ¢ €]0, T,

where cly,, denotes the closure in the w*-topology. If K = Z(R?) we will omit
the subscript K.

Define the measures 0/~ € Z(R% x I'p) and Wif’m € Z(R? x R?) by setting
for any ¢t €]0,7], m € N\ {0}, ¢ € Bory(R? x T'r), v € Bor,(R? x R?)

//Rder () dm () = /Rd o(@,72) du(),
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where 7, (-) € I'r is defined by 7, (t) = U (z).
Defined the map Q7 : R x I'r — R? by

QF (2,7) 1= 282 col23)

tm ’

t’m

v, —1Id
we have s = 1@, wEE” = (eo x Qs = (e T )
where for t # 0 the map ep x Q7" : R? x 'y — R? x RY is defined as

(0 % Q) = (0, L2

Remark 3.4.5. The main motivation for considering a general subset K of &2(R?)
comes from applications, where for example we are able to measure only aver-
aged quantities w.r.t. Lebesgue’s measure.

We will now provide some estimates on the p-moments of the measures ng”c
and 71' M associated to Wi.
Lemma 3.4.6 (Estimates on moments). Let T >0, p>1, K C Z,(R%), pu €

cly, K and let Wi = {Wi(-) }rejo,r) be a family of maps satisfying assumptions
(Dl)} (D2); (DS); (D4)

v, —Id
1. IftTRd € LE(R?), we have
p
. v, —1d
g () < (Htm +m}/”(u)> .
Ly

2. If there exists a Borel map f : RY — [0, +o0] with |V, (x) — x| < f(x) for
all t € [0,T] and x € R, we have

my (%) < my() + (£l +m¥/ ()"

Proof.
Uy — Idga

tm

\p T,
) // (Il + 9P dr¥F™ (2, )

T 1/p — 1/p
< (// jaf? dn Y5 (a:,y>) +(// lylP dr ¥ (w))
Rd xR ’ Rd xR4 ’
P
v, —Id
:<Htmw +m11/p(#)> .
t P
I

2. If there exists a Borel map f : R? — [0, +-00] with |¥;(z) — 2| < f(x) for
all t € [0,7] and = € R, we have by Monotone Convergence Theorem

//R . (2P + [VI1Z,) dmyy=(2,v) = / (2P + [all2.) du()
<)+ [ (I = ol + o) )
< my(p) + (Hf”Lﬁ + mzl,/p(u)y

1. If € LE(R?), we have

P
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O

v, —Id
We define now a measure-theoretic object related to the limit of tT]Rd

ast—0T.

Definition 3.4.7 (Measure-theoretic expansion). Let T > 0, m € N, m > 1,
p>1,KC Z,RY), puecly,Kandlet ¥y = {W:(-) }+ejo,r) be a family of maps
satisfying assumptions (D7), (D2), (D3), (D4). Define the following set

PP (u, ) := ﬂ clw, 713',’;’7” € ZyR*xRY: 0<t<0,0<da(u,pu) <6 u e IC} ,

6>0
0<o<T

where clyy, denotes the closure in the W-topology, and wl‘f,ﬁ’m
Definition 3.4.4.

‘We notice that

is defined as in

1. P? (1, i) is Wp-closed.

2. 7 € PP (u, ¥x) if and only if there exist {t;}ien C]0,T] and {1 }ieny € K
such that ¢; — 0, p® —* 4, and Wy (ﬂf(’c);”,w) — 0 as 7 = 4o00.

3. For any m € PP (u,¥x) we have that riffimr = p, indeed, given t; —
0, {pW}ieny C K, u® —* p such that Wp(wzﬁ’,?:,w) — 0, we have

Kcym
ti

in particular Tlﬁﬂﬂ(i)7 —* rfm, since convergence in W), implies w*-

convergence, and rljjw;f'(’j;” = pu) —~*
We can disintegrate each element m € P2 (1, W) with respect to 1 obtain-
ing a family of probability measures {07 },cre which is p-a.e. uniquely defined
and satisfies 7 = 4 ® 7. Thus we can define the set

Va0 = {V € RGRY s Vi) = [ ydoZ)m = o of € Phu W)}
Rd

Remark 3.4.8. Roughly speaking, the second marginal of each element 7 €
tm

for u' € K converging to p and ¢t — 0%. To recover an object defined pointwise

p-a.e., we take its barycenter, obtaining the map V.

The set of vector-valued measures {Vy: V € VE(u, ®x)} will be the object
t Rd
tm ?

PP (11, W) represents a limit point of the vector valued measure !

generalizing the asymptotic behaviour of the vector-valued measure

in the sense precised below.

Lemma 3.4.9 (Interpretation). LetT >0, m € N,m > 1,p > 2, K C Z,(R%),
p € clg, K and let Wi = {W(-) }rejo,r) be a family of maps satisfying assump-
tions (D1), (D2), (D3), (D4). Then if V€ VP (u, @) there exist {u)};en € K
and {t; }ien C|0,T] such that p —* u, t; — 0% and

0, 4,0 — )
lim —t”w "

i—>+00 tzn

= —div(Vp),

in the sense of distributions.
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Proof. Let V € V2(u, ® ). There exist sequences {t; }ieny C]0, T] and {u)};en C

K, and a family of probability measures {o; } ,cre uniquely defined for p-a.e. x €

R? such that p(?) —* u, t; — 0T and, set 7 := p® o, we have W, (W‘I'(’C)’t ) —

0t and
//RR pla)ydr(z,y) = /IR @)V (@) du,

for any ¢ € CF(RY).
For any ¢ € C¥(R?) we set R, : [0, +00[xR? x RY — R,
Ry(t,x,y) := @ (z+1"y) — p(x) — (Ve(z),t™y),
and, recalling the smoothness of ¢, we have

|Rtp(taxa y)|

o < tm”DzS"HOO‘yFXsuppw(x)'

In particular, for i sufficiently large we obtain

|R tux y)| Wi,m m
// an¥s ) < 10l [ P ans e
R x R4

‘I’ ;
< t§"||D290||oom2(7T#<ﬁ )
v
< 7Dl o (1 + my (25 T)).

Hence we have

o2t 0 = [ e an i@ - [ o)

2 tm
N i {30 ( HWW> - 90(96)} dp ()
oty //nm@z (z+7y) = p(@)] dm, 5 T(%y)

tl,:cy) m
// (Vo)) dms ) + [ an ¥ (z,y)
R xRd K R xRd peh
) m Wi,
< [, (el dnts ey + 71D +mp(7ru<’5,?f>)~
X

Taking the limit for ¢ — +oo, and recalling that mp(wt‘l_";’(gl) is uniformly

bounded since W, (m, 7 (f)’t ) — 0, we have

) ] iw(i) — p® )
lim (.~ ) < [ (96(0), Vi) due) =~ div(V),
i—400 t; Rd
which concludes the proof by the arbitrariness of ¢ € CF(R?). O

Corollary 3.4.10. In the same assumptions of Lemma 3.4.9, assume that

U, — Idga
tm

lim =0.
t—0

P
Ly

Then
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= O;
t—0 tm
2. for every ¢ € Lip(R?) we have

lim oW, (SC) — Lp(.fc)
t—0 R4 tm

du(z) = 0.

Proof. The result comes immediately, since we have

Wiy, p Vy(z) —x "4
(P <[] 5T
R4 xRd
[t .
R4 xRd
— m _ P
/ oo Wy(x) — p(x) :’// oz +t"y) — o(x) dn¥E™ (2, )
Rd tm Rd xRd tm ’

<L) [[ ol amle )
xR

and in both cases the right hand side tends to 0 by assumption. O

We are going to provide now a sufficent condition ensuring that the above
defined sets are nonempty.

Lemma 3.4.11 (Nontriviality). Let T > 0, m € N, m > 1, p > 1, K C
Z,(RY), € cla, K and let e = {Wy(-) }rejo,r) be a family of maps satisfying
assumptions (D7), (D2), (D3), (Dy).

1. PP (u,¥r) # O if and only if VE(u, ¥x) # 0. More precisely, if 1 =
u® ol € PP (u, W) then the map defined as

V) = [ ydot(w)
Rd
belongs to Lk (R4 RY).
2. Assume that

|y = Idgal e,
liminf ——* =:(C < 400,
Wy (u' 1) —0 tm
w'ex
t—0t
then PP (p, ) # O, which implies also VP (u, ®xc) # 0.

Proof.

1. Given m € PP (u,®¥i) as in the statement, we estimate the L -norm of
V(-) by applying Jensen’s inequality

VIiz, = /Rd /Rdydff;r(y) ! dp(x) < /Rd ( » Iylpdoi(y)) dp(x)
= [l dra) < my(m) < +oc.

Then we have that V' € VP (u, ®x), which turns out to be nonempty. The
converse is trivial.
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2. Let {1 };en be a sequence in K, {t;};en CJ0, T be such that
I, — gl
e

2

Wp(u(i)7u) — 0, t; — 0T, lim

i——+o00

Since W,(u?, 1) — 0, we have that there exists C’ > 0 such that
mzl,/p(,u(i)) < ¢’ for all i € N. Define 75" as in Definition 3.4.4, and no-
At
Yy, — 1dge

t"

tice that, by assumption, for i sufficiently large we have

LP
u ()

C + 1. Thus, according to Lemma 3.4.6 item (1),

p

+m/P(u) | < (C+C + )P

my

‘I’)C, \Ijtl - Ide
M( Lt

In particular, according to Remark 5.1.5 in [9], up to passing to a sub-
sequence, we can assume that there exists 7o, € Z,(R? x R?) such
that W, (W‘I'(’S’t \Too) — 0, yielding moe € P2 (p, ¥x) and mp(ny) <
C+C'+ 1)1’ To conclude, it is enough to apply the previous item.

O

The following localization result allows us to restrict our attention in the

computation of PP (u, i) just on the measures supported in a neighborhood
of supp p.
Lemma 3.4.12 (Localization). Let T >0, m €N, m >1,p> 1, K C Z,(R¢)
such that if 11 € K and po << p1, then also py € K. Let p € clg, K and
Wi = {W:()}iepo,m) be a family of maps satisfying assumptions (D1), (D2),
(D3), (Dy). Then we have

P _ Vem o g pd o pdy . 0<de(p, p) <6, u €K
P (p, ¥x) = O<QT clw, {ﬂu,t € Zp(R* xRY) : 0< 1< suppy’ CTW ,

Wng open
supp uCW

Proof. The inclusion D holds trivially true. We prove the converse inclusion.
Let m € PP (u, \Il;g) in particular there exists {9 };en € K, p® —* p, t; — 0
such that W (7 (’C)’t ,m) — 0. Let W C R? be open and such that supp u C W.

Define ¢y € Cc (Rd) such that 0 < ow (R?) < 1, pw (z) = 1 for all 2 € supp(u)
and supp pw C W. Set

. (4)
W) Ow i ek
/ ow () du® ()
]Rd

by hypothesis. Let ¢ € CP(R). Then, since ¢y € CP(R?), we have

/w o () du® (2 /zﬁ Jow (&) du(z)

lim P(x) dpg,) () = lim

1—+o00 R4 1—+o00

@ d@) [ owla) duta)

|
<
—~

8
~
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since pw = 1 on supp u. Thus we have u%},) —* p for all 0 < 6 < T. For any

0 <0 < T we have
lim ow () dp (z) =1,

1—+o0 R4

- 1
thus there exists is € N such that / ow () du? (z) > 2 for all i > is.
Rd

This implies mp(ﬂu‘l’(v’;;”) < 2m,,(7rj§:$), for all ¢ > 45, by Monotone Con-

‘I’}c,m

() t;

m, (Wl‘f'(’c);”) is uniformly bounded, and so, up to passing to a non relabeled subse-

quence, we have that there exists 7/ € 2,(R% x R?) such that W, (x’, 7 5"™) —
By »ti

0 as ¢ — +00. To prove that # = 7/, which will conclude the proof by the arbi-

trariness of W and 4, it is enough to show that dg(m, 725"™) — 0. Indeed, for

LERUNON
i)t
any ¥ € CP(R? x R?) we have

vergence Theorem. Since by assumption W,(w, ) — 0, we have that

Wic,m o t; (2)
dm [ gt = gin [ (x pe ) ) (x)

K2

/R ) (x W) ap (z)

i—+oo / o () dp)
Rd

= lim | pw ()¢ (2,y) drys (z,y)

1—+00 R4

(@)¢ (2,y) dr(z,y)

I
T
BS)

S

= [ ¥(zy) dr(z,y),
Rd
and so Wp(w,wzy’cﬁ) —0asi— +oo, {tV};en C K and supp ,ug,iv) C W for all

iy

i€ N. O

We will now provide some representation formulas for the function on V2 (11, ),
proving also some refinement under additional assumptions. These will be used
to establish a comparison with the set-valued Lie bracket defined by Rampazzo-
Sussmann in [68].

Definition 3.4.13. Let T > 0, m € N, m > 1, K C Z(R%), p € clg, K,
D CR% and let Wi = {W;(-) }1e(0,7) be a family of maps satisfying assumptions
(Dy), (D2), (D3), (D4). For every § > 0,0 < o < T, and z € R?, define the sets

Sz{f;D(z) :—{\Ijt(y)_y 0<t <o, yGB(z’é)nD}

tm
@ ST (2), i ST (2) # 0,

6 —
Kfn,D(Z) =
0, otherwise,

E,..p :={z € D: there exists 0,,0, > 0 such that ng,’gz (z) is bounded}.

If D =R? we will write S%:%(z), K2:°(z), thus omitting D.
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Theorem 3.4.14 (Representation formula). Let T >0, me N, m>1,p>1,
K C 2,R?Y), p € cla,K and let ¥ = {V()}iepr) be a family of maps
satisfying assumptions (D1), (Ds), (D3), (D4). Let D C R and assume that
the following condition holds

(H1) /(D) =1 forall ' € K.

Then if V€ VE(u, ®x) we have

m KU‘; for p-a.e. z € RY, (3.20)
0,6>0
v a,0
(z) € co ﬂ Sorp(2), for p-a.e. z € E,, p. (3.21)
0,0>0

Proof. Let V. € VP (u, ¥x). There exist sequences {t;}ien CJ0,T], t; — 0T

and {u®}ieny € K, p® —* u, and a family of probability measures {&,},crd

uniquely defined for p-a.e. € R? such that denoted by 7 := pu ® &,, we have

Wp(ﬂj’(ﬁ’f,ﬂ') — 0 and V(x) = / ydé,(y) for p-a.e. x € RY.
it Rd

For any o €]0,T] we define a set-valued map G, : R? = R9 by taking
ﬂ Ko’ 6
5>0

Notice that dom G, 2 D. This set-valued map has closed graph, indeed, let
{Zn}nen, {Untnen € RY, 2,y € R? be such that z, = =, yn — ¥, Yn € Go(y)
for all n € N. Fix 6 > 0 and let ng > 0 be such that |z, — x| < § for all n > ns.
For every ¢’ > 0 and n > ns we have that

by €@ 7, 0p(n) S e @) C w057 (@),
By passing to the limit as n — +oo we have y € @S;L’il;‘s(x) for all &’,6 > 0,
and then by taking the intersection on §,¢" > 0 we have y € G, (x).
Since G, has closed graph, the map g, (z,y) := Ig, () (y) is .s.c. and non-
negative (set Iy = +00), moreover g,(z,-) is convex for all z € RY,
By Jensen’s inequality we have

/Rdga'(‘T,V(w))dﬂ(l’)*/ ga( ,/Rdydfz( )> du(z)
< [, [ ooty
- //Rdedg (x,y)dr(z,y).

Recalling Lemma 5.1.7 in [9], by Ls.c. of g,(+,-) we have

// 9o (x,y) dr(z,y) < hmlnf// (z,y) dﬂ‘l’(?t (z, ).
R4 x R4 i—>+00 Rded m
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‘We obtain

/ go(z,V(z // (z,y) dn(z,y)
Rd ]RdXRd
Shmlnf// ;y d7T i’ (x,y)
i— 00 ]RdXRd it

v, — .
i——+00 Rd t;n

Since there exists i, > 0 such that ¢; < o for all ¢ > i,, then for any x € D we
have

v, —
Jo (m, tl(;n)x> =0, for all i > i,. (3.22)

This implies

[ etovapanta) <t [ o (524525 o

Thus, since by hypothesis (9 (D) = 1 for all i € N, we have g,(x, V(x)) = 0 for
p-a.e. © € R Recalling the arbitrariness of o > 0, for p-a.e. x € R?

e NN EZp@ =) K@)

o>06>0 0,0>0

which proves (3.20).

Since
6 5
m K, °h(2) 2 co ﬂ Soip(2)
7,6>0 0,6>0

for all z € R4, to prove (3.21) we must show that equality holds when z € E,, p.
By definition of E,, p, there exist J, > 0 and 0 < o, < T such that S;’f;D (2) is
bounded for all 0 < ¢ < 0, and 0 < § < §,, so we can find a sequence t; — 0T,
a sequence y; — z, and a vector £(z) € R? such that

Uy, (vi) —yi
lim YY) —y _¢(),
i—00 t;m

and, by construction, we have £(z) € SZ;:SD(z) for all 0,0 > 0.

Thus £(2) € ﬂ S;L’st(Z% and so the set co ﬂ S’;’?D(z) is closed, convex,
0,0>0 0,0>0
and nonempty.

Assume by contradiction that w € m K7 (2) \ co ﬂ 570 (2). By
0,6>0 0,0>0
Hahn-Banach separation theorem, there exist € > 0 and © € R? such that

_ _ Q0.8 [N
(U, w) > (0,€) + ¢, for all £ € co ﬂ Soip(2),
0,0>0
in particular we have

(T, w) > (0,€) +¢, forall € € ﬂ Ssz(z).

0,0>0
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On the other hand, we have that

w e ﬂ @ngD(z)

7,6>0
implies that for all v € R, 7,6 > 0 we have

(v,w)<  sup  (v,p)= sup (v,p),
pee S50 (2) PEST’H(2)

so for every sequence o; — 01 and 6; — 0 we choose §; € S ’fj (z) such that

1
SllI; <va> < <,U7£i> + ;

PESLIDi(2)

Up to passing to a subsequence, we can assume that & — £. By construction,
we have that £ € SZ;,(SD(Z) for all ¢,0 > 0, and

(v,w) < (v,€),
contradicting the fact that (v, w) > (7,€) + € for all € € ﬂ an’st(z). O
7,6>0

Remark 3.4.15. In the case in which the maps ¥x > ¥, : R — R? are con-
tinuous for all ¢ € [0, 7], then Theorem 3.4.14 holds also if instead of condition
(H1) we assume

(Hs) /(D) =1 for all i/ € K.

Indeed, in this case property (3.22) holds for all z € D and not only for all
r € D, thanks to lower semicontinuity of g,. Furthermore, property (3.21)
holds for p-a.e. z € E,, p, where

Epp:={z€D: there exists 0,8, > 0 such that S;iﬁz(z) is bounded}.

We notice also that if D is a dense subset of R, condition (Hy) is trivially
satisfied.

3.4.3 Application to the composition of flows of vector
fields

As seen in the introduction of this Section 3.4, in [68] the authors extended the
definition of a Lie bracket of two C! vector fields to the case of two Lipschitz
continuous vector fields X,Y, that is an assumption implying continuity of
W) := [0, ¢)](-). In this case, the Lie bracket of the vector fields at every
point turns out to be a set. Moreover, they provided in this framework an
asymptotic formula for the flows and the generalization of other classical results
holding for the Lie bracket of vector fields.

A natural question is to compare our construction with the one in [68] when
the starting measure reduces to a Dirac delta, in the spirit of the AGF formalism.
The aim of this section is to perform such a comparison, showing that - roughly
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speaking - the density V' of the measure theoretic bracket Vy is a L% selection
of the Rampazzo-Sussmann set-valued Lie bracket. In particular, when p = dg,
the two constructions reduces to the same object.

We will take £ = Z(R?) throughout the section, hence we will omit the
condition (D,) in Definition 3.4.4 since it follows from (D).

We recall the following definition from [68].

Definition 3.4.16 (Set-valued Lie bracket). Let f, g be locally Lipschitz vector
fields on R%. The (set-valued) Lie bracket of f and g at z € R is

[f; glses () := co{v € R?: there exists a sequence {z;};en C dom(Df) N dom(Dg),

[f9)(z) }

such that x; — x and v = lim
‘]*)OO
where dom(Df) and dom(Dg) denotes the set of differentiability points of f
and g, respectively. Recalling Rademacher’s Theorem, when f is Lipschitz con-
tinuous it is differentiable at a.e. = € RY, thus dom(Df) N dom(Dg) has full
measure in R

According to Remark 3.6 in [68], the following equivalent definition can be
given

[f: glset(2) = {Bf(x) — Ag(z) : (A, B) € 9(f x g)(x)},

where f x g is the map defined as (f x g)(z) = (f(z), g(z)), and I denotes the
Clarke’s generalized Jacobian, which for a Lipschitz continuous map h : R¥ —
R™ is defined as

Oh(z) :== CO{L : R¥ — R™ : there exists {z;}jen C dom(Dh) s.t. L = lim Dh(mj)}

J]—00

= co () {Dh(y) : y € dom(Dh) N B(z,6)}.
6>0

Recall that in general O(f x g)(x) C df(z) x dg(z), and the inclusion may be
strict.

We can recast the above definition by

(£, glses () = co () {Dg(w) f(y) — Df(y)9(y) : y € dom(Df) N dom(Dg) N B(w,6)}.
6>0

Remark 3.4.17. Let v be a Lipschitz continuous vector field with Lipschitz con-
stant L > 0. Fix a set of smooth mollifiers {s,},~¢ and set v, = v s,. For any
€ > 0 there exists p > 0 such that for all 0 <¢ < T

163(2) 6 ()] < o — ] + / [0(82(x)) — vp(62 (9)] ds
<le—yl+ / (8 (2)) — (62 (4)] + / (6% (1)) — va (6% () ds

t
<lz—yl+ L/o 162(2) — 6% ()] + €T
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By Gronwall’s inequality,
|07 (@) = ¢¢" (y)] < (J& —y| +eT) e T

and so if [z — y| < C’e, there exists C”" > 0 such that ¢ (z) — ¢,” (y)| < C"¢.
The argument can be iterated for concatenation of flows of Lipschitz continuous
vector fields.

Remark 3.4.18. Let f : R — R be a Lipschitz continuous map. Then, if f
is differentiable at x € R, we have Vf,(z) — Vf(z), where f,(z) = (f *
sp)(x), and {s,},>0 is any family of smooth mollifiers. It is enough to check the
assertion for the directional derivatives of f, so let v € R%, |lv|| = 1. Recalling
that f, converges uniformly to f on compact sets, we have

{0uf(@)} =

o>0

{f($+tv)—f(x)

:0<t<0}
t

- ﬂ ﬂ{fT(x+tUt)_fT(x):O<t<a,0<r<p}

>0 p>0

=N N {fT(gHtl;)_fT(x) : 0<t<J,O<T<p}
p>00>0

= ﬂ {Opfr(x): 0<T<p}= {limavfp(x)}.
p>0 p—0

We will show now a result stating the main connection between our con-
struction and [68]. Indeed, we prove that in the same framework of [68], the
two constructions agree.

Proposition 3.4.19. Let now X, Y be locally Lipschitz continuous vector fields,
set Wy(z) = [¢7, 07 |(x), then W = {U(-)}reo,1) satisfies assumptions (Dy),
(D), (D3). For any z € R? and V € V' (5., ¥) we have

V(Z) S [X, Y]set(z)'

Proof. Let D be the set of differentiability points of X and Y, in particular
it is dense in R?. Fix z € R?. By Lemma 3.4.12, we can restrict ourselves
to measures supported on a compact neighborhood of z, thus without loss of
generality we can assume that X, Y are globally Lipschitz continuous.

Fix a smooth family of mollifiers {s,},>0, and let X = X x5, and Y? =

Y x5, We set Uf(z) = [¢7", ¢y "] and notice that ¥” converges uniformly

to ¥ on every compact subset of [0,7] x R?. Moreover, if z € D we have
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VX*(z) = VX(z) as p — 0" by Remark 3.4.18. These two facts implies that

coﬂS;(sD —coﬂ m{ :0<7<p,zeB(z0ND, O<t<a}

7,6>0 0,6>0p>0

—coﬂﬂﬂ{ :0<7<p, x€B(z,6)ND, O<t<a}
6>0p>00>0

:con ﬂ{[XT,YT](x): 0<7<p,z€B(zdND}
§>0p>0

=co () {VY(2) X(z) - VX(2) - Y(2): = € B(z,6) N D}
>0

= [X, Y]get(2)-

Hence we can conclude, thanks to Remark 3.4.15 and noticing that we have
Es p = R9 by density of D in R%. O

Exploiting this representation formula, and the results of [68] (see in partic-
ular Theorem 5.3 for commutativity), the asymptotic result given by Corollary
3.4.10 can be refined as follows.

Corollary 3.4.20. LetT >0, me N, m>1,p>1, and let X, Y be locally
Lipschitz continuous vector fields. Set Wy(x) = [d)t Lo (), Wy = { W, () beepo,m)-
Then, if VI (u, ®) = {0} for all p € Z,(RY) we have (¢i¥ od) Vi = (¢F 0¥ )ip
for all p € Z,(RY), t €[0,T).

Apparently, the construction of Proposition 3.4.19 can be extended to any
formal bracket by using Theorem 3.4.3. However, it has been pointed out in
[68] that the step between the definition of the single set-valued bracket, and
the definition of higher order bracket is quite nontrivial. Indeed, we can give
just a partial answer to this issue.

Definition 3.4.21. Let k € N\ {0,1}, and X1,..., X} be vector fields of class
CF=21(RY). Let . := {¢7" : i = 1,...,k} and consider a formal bracket

B(¢;,...,¢*) of order k w.r.t. .. Let D C R%. We define for any z € R?
Bt (X1,..., Xx)(2) =co [ (V{B(XT,...,X[)(x): € B(2,6)N D, 0 < 7 < p}.
0>0 p>0
(3.23)

The motivation for such a definition is the following.

Remark 3.4.22. Set W, (z) = B(¢7", ..., ¢;*)(x) and let D be the set of differ-
entiability points for all the vector fields involved and for their derivatives up
to the order appearing in the bracket B. In particular, D is dense in R?. By
Theorem 3.4.14, for all z € R? we have

z) € co ﬂ Sg:f)(z),
0,0>0
for all V € V/’(4,, ®). Thus it make sense to define
Biet (X1, ..., Xg)(2) = co ﬂ S,‘::%(z),
0,6>0

indeed, equality follows by the very same argument of Proposition 3.4.19.
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When z is a differentiability point for all the vector fields involved and for
their derivatives up to the order appearing in the bracket B, we can refine
(3.23), in the spirit of Proposition 3.4.19, i.e., we set D as the set of common
differentiability points for all the vector fields and their derivatives, and we have
forall z € D

Biet (X1, ..., Xk)(2) =co ﬂ {B(X1,...,Xk)(x): z € B(z,0)ND}. (3.24)
6>0

However, in general, the definition given in (3.24) is not consistent with the
asymptotic formula when z ¢ D, in the following sense: to have

co (V{B(X1,.... Xi)(x) : w € B(y,6) "D} =0
6>0

U —
for all y in a neighborhood of z, in general does not imply that }irr(l) % =
S
0, as showed with a counterexample in Section 7.1 and Section 7.2 of [68],
where the possibility to extend the construction of [68] to higher order bracket
respecting the asymptotic formulas is extensively studied.
On the other hand, (3.23) is coherent with the asymptotic formula at all

z € R?, by construction, but lacks of a simpler representation.

The problem for the pointwise set-valued bracket has been partially treated
in [42], and will be concluded in [43], by using different techniques w.r.t. this
paper. We just point out here that a useful tool to study the cluster points
of B(X7,...,X])(z) as 7 — 0 is provided by the following result, which is a
simplified version of Theorem 9.67 in [70].

Proposition 3.4.23. Let f : R — R be a locally Lipschitz function, and let
{8p}p>0 be a sequence of smooth mollifiers. Set f, = f xs,. Then

co ﬂ ﬂ {Vf:(2'): o’ € B(x,9), 0 <7 < p} =0cf(z).

6>0p>0

3.4.4 An Example

In this section we provide an example illustrating our approach.

In the example below, we first consider the case in which the measure p is
blind w.r.t. the singularity set H of the vector fields, i.e. the singularities of
the vector fields are contained in a u-negligible closed set. In this case, roughly
speaking, we can neglect them and perform the computations exactly as in the
classical case. In the same setting, we then analyze the behaviour of the system
on the singular set H. To this aim, we will set D = R%\ H.

Ezample 3.4.24. In R?, set H := {(z,y) € R? : 2y = 0} and consider two Borel
vector fields safifying for (x,y) € D

3
Since in the open set D these vector fields are smooth, we can set Uy(z,y) =
(X, Y (2, 5) for (x,y) € D and t small enough, thus for all (z,y) € D we have
Uy (u,v) — (u,v)

(uyw) = (2,y) 12
t—0t+

z—y
= [X,Y](z,y) = m(la 1).
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According to the representation formula, we have that if V' (u, ¥) # (), we must
have

V(z,y) = ﬁ(l 1), for p-a.e. (z,y) € D and all V € VI (u, ®).

Thus if the map (z,y) — 1,1) € Lﬁ(Rd) and p(D) = 1, we obtain

2/3 2/3(
- Y
x2/3y2/3(
holds for 1 < p < 3/2 and any p < % with compact support.

that V¥ (u, ¥) reduces to the singleton (z,y) — 1,1). For istance, this

Fix ¢ # 0. For every 8,0 > 0 the set Sg’g (z9,0) is unbounded, since

T
gD (20,0 mSQD o, 0 {2/32/3(1 1): (x,y)GB((IO,O)v(S)ﬂD}-
>0

According to the representation formula, we have that if V', (u, ®) # 0, we
must have for p-a.e. (z,0) € R?

V(20,00 € () coSgp(x0,0),
7,6>0

but this set is empty. Thus if u({(z0,0) : o > 0}) > 0 we have that
Vy b1, ) = 0. However, it is easy to show that for 1 < m < 2 we have

[ oS h(@0,0) = {A(1,1) : A >0},
0,0>0

We can reason in a similar way on all the points of H \ {(0,0)}.
Concerning the origin, we notice that

ﬂ COS;’ZS)(O, 0) = R?,
0,0>0

thus in the case that u(H \ {(0,0)}) = 0, we are able to define again V(-) €
VY p(p, ®) provided that (z,y) 2/373/3(1 1) € LE(R?\ {(0,0)}) (we can
simply set V'(0,0) = 0).
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Chapter 4

Time-optimal control
problem in a non-isolated
case

The formulation of the problem we are going to study in the present chapter
(see [33]) is strictly related to the theory presented in the previous one for
the mass-preserving case (cfr. the related papers [28,30-32]), where a time-
optimal control problem in the space of probability measures is investigated.
As already discussed, in the mass-preserving case, the admissible trajectories
are time-depending Borel probability measures on R? solving an homogeneous
(controlled) continuity equation

ﬁt,ut + diV(’Utth) = 0

in the distributional sense, thus granting the preservation of the total mass
during the evolution. The Borel velocity field v; is the control parameter, and
ranges among L/l“—selections of the multifunction F' driving the underling ODE.

Given a set S C R closed and nonempty, we can choose as target set
S C PZ(R?) the set of all the probability measures supported in S (recalling the
concept of classical counterpart), and so the aim is to steer an initial state g €
P (R?) towards S along a mass-preserving trajectory driven by an admissible
velocity field v;. The cost-functional associated to this trajectory driven by v,
is chosen to be the final time 7" for which supp(up—r) € S.

In that setting, the natural definition of minimum time function starting
by a probability measure pg is the infimum of the cost-functionals associated to
admissible trajectories with initial state g, as usual. We adopt the notation T:
P (RY) — [0, +00] to refer to the generalized minimum time function associated
to this problem without the superscript ® in Definition 3.2.10 since we are
considering the case of existence of a classical counterpart for the target.

In this chapter we face a different problem, more related to the study of
the evacuation problem, i.e. the problem to find the minimum time for a crowd
to completely leave a region under some constraints on the trajectory of each
pedestrian.

107
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The problem we are going to introduce can be seen also as a logistic problem
involving non renewable resources. More precisely, we consider again an initial
state pp € Z(R?), representing for example the initial statistic distribution of
agents. At the initial time, to each agent of the system is given an amount
of supplies depending on his/her initial position, represented by a funcion fy :
R? — [0, +00] called clock-function. The aim for each agent is to reach a fixed
region S C R? (common for all the agents) before the full consumption of the
provided supplies, which decrease linearly in time during the evolution. The
goal is to find the minimum amount of supplies which must be assigned at
the beginning to each agent to comply the task, together with the macroscopic
description of the trajectories of the agents allowing them to reach S with this
minimum amount of supplies.

Notice that we ask the target set S to be strongly invariant for F' in order
to remove the agents once they have achieved their own task.

Another possible way to interpret this problem as a time-optimal control
problem, is to associate to each admissible mass-preserving trajectory p starting
by 1o, a function fy : R4 — [0, +00] whose aim is to bound from above the time
needed by the particles in the support of ug to reach the target S following the
trajectory p.

This formulation gives us the possibility to study a new class of trajectories
o for pg, called clock-trajectories, which are no longer mass-preserving, but
time-depending positive measures which loose their mass linearly in time, as
prescribed by the clock-function fy. At this point, an upper bound on the
time weighted on the initial agents’ distribution to reach the target is given by

/ fo(x) dpo(z), and we look for the least of these upper bounds.
Rd

We notice that such a formulation is different from the problem of instanta-
neous annihilation of the mass discussed in Section 2.3.

The main results obtained in this Chapter can be summarized as follows:

1. a theorem of existence of a solution for the problem, with a characteriza-
tion of the value function in this case (Corollary 4.3.7);

2. a Dynamic Programming Principle (Corollary 4.3.8) and some regularity
results on the value function (Corollaries 4.3.10 and 4.3.11);

3. the introduction of a natural Hamilton-Jacobi-Bellman equation for the
value function of this problem, which turns out to be a solution in a
suitable infinite-dimensional viscosity sense (Theorem 4.4.3).

4.1 Statement of the problem and preliminary
results

We formalize now the objects involved in the present study recalling also the
ones defined in Chapter 3 for the mass-preserving case as done below.

Definition 4.1.1. Let F': R? = R be a set-valued map, i € Z(R9).

1. Let T > 0. We say that p = {11 }eejo,r) € P (R?) is an admissible mass-
preserving trajectory defined on [0,T] and starting from [ if there exists
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v ={Vi}eejo,r) € A (R RY) such that v, < py for a.e. t € [0,T], po = fi,
Ot + div vy = 0 in the sense of distributions and v;(x) := &(x) € F(x)
Ht

for a.e. t € [0,T] and py-a.e. @ € R% In this case, we will say also that
the admissible mass-preserving trajectory p is driven by v.

2. Let T > 0, p be an admissible mass-preserving trajectory defined on
[0, T] starting from i and driven by v = {v; }4cjo,7). We will say that p is
represented by n € (R4 x I'r) if we have e fin = yu; for all t € [0,7] and
7 is concentrated on the pairs (z,7) € R? x I'y where « is an absolutely
continuous solution of

{W(t) = v (7(1)), forae. 0<t<T

where v (x) := “ x).
Mt

We now define the concept of clock-trajectory and clock-function. The fact
that the clock is ticking downward is recapitulated by condition 4 of the following
definition.

Notice that, since we want to define the admissible clock-trajectory for pos-
sible infinite times, we need to have a sequence of mass-preserving trajectories,
each extending the previous one, defined in increasing finite time intervals. In
this way, we can use resuts valid for separable metric spaces as I'r for every
0<T < +o0.

Definition 4.1.2. Let F : R? = R? be a set-valued map, S € R? be closed,
nonempty and strongly invariant for F, i € 2 (R%) with supp(jiz) € R?\ S.

A Borel family of positive and finite measures 1 = {fit }se[0,100[ C # T (R?) is
an admissible clock-trajectory (curve) for i with target S if there exist a Borel
map fo : R? — [0, +00] called clock-function, and sequences {T}, }nen C [0, +00],
{" }nen, {V"}nen, and {n,, }nen such that

1. T, = +o0;

2. for any n € N we have that pu" = {i} }1cp0,1,] i an admissible mass-
preserving trajectory defined on [0, 7], starting from g, driven by v™ :=
{vf }+ejo,1,)> and represented by n,,;

3. given ny,ny € N with T,,, < T,,,, we have (Idga X 7y n, )i, = M,
where 7y, n, : I'r,, — I'r,, s the linear and continuous operator defined

by setting rpn, n,v(t) = ¥(t) for all t € [0,T5,]. Clearly, 7, n,7 € I'r,,| for
all v € T'r,,, . In particular, this implies p;"* = ;" for all ¢ € [0, T,].

4. for any n € N, t € [0,T5,], ¢ € C2(R?), we have

[ewdic=[[ | oa@ns GO @)
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In this case we will say that @t follows the family of mass-preserving trajectories
{1} hen. Notice that, since we ask jig(R?) < 400, then we can identify fo with
[1’0 1

ﬁ E LP‘O.

Remark 4.1.3. We recall that if the time-dependent vector field vy (z) := %(m)

t
satisfies the assumption of the Superposition Principle (Theorem 1.3.3) then
there exists n € Z(R? x I'r) representing pr = {y: }1e0,r) € P (R?).

Necessarily, since by Definition 4.1.2, fi; is a positive measure, then we have
the following first comparison result between an admissible clock-function and
the classical minimum time function for the underlying finite-dimensional dif-
ferential inclusion with target S.

Lemma 4.1.4 (Lower bound on the clock function). Let g € 2(RY), i =
{fit }ref0,400[ be an admissible clock-trajectory for po with clock-function fo.
Then we have fo(z) > T(z) for po-a.e. x € RY, where T : R — [0, +o0]
is the classical minimum time function for the same target set S C R<.

Proof. By assumption, let {u"},en be a family of admissible mass-preserving
trajectories starting from o represented by {n,, tnen, and {T) }nen C [0, 4+o00[
such that i follows {u"},en, T — 400 and p™ is defined on [0,7,,]. For any
t > 0, chosen T,, > t, we have

[ewdi = [[ a0 GO -0 i)

In particular, since fi; is a positive measure, we must have fo(z) > ¢ for n,,-a.e.
(x,7) such that y(t) ¢ S. Thus we must have fo(x) >t for n,-a.e. (z,7) such
that ¢ < min{T,,, T(x)}, i.e., fo(x) >t for pp-a.e. x with0 < t < min{7T,, T (z)},
so fo(x) > min{T,,,T(z)} for yp-a.e. * € R? and for all n € N. We conclude
that fo(z) > T(x) for pg-a.e. x € R O

Proposition 4.1.5 (Clock trajectory and mass-preserving trajectory). Defini-
tion 4.1.2 is well-posed in the sense that it defines a Radon measure [y for all
t>0.

Moreover, let fu = {fit}re(o,4+00] C AT (R%) be an admissible clock-trajectory
with clock-function fo, and let us call with {p"}nen = {{uf }cpo, 1,1 }n the
family of mass-preserving trajectories followed by p. Then for all n € N we
have fiy < pi for allt € [0,T,] .

Proof. Let f1 = {fit}1efo,+00] € 4+ (R?) be an admissible clock-trajectory for
o with clock-function fy following the family of mass-preserving trajectories
{1 nen = (Ul Hrcio b represented by {1, bner.

For any n € N let us fix any ¢t € [0,T,,]. We disintegrate n,, with respect
to the continuous map eg : R? x 'y, — R?. This yields a family of probability
measures {n?},cga which is uniquely defined egfin,,-a.e. such that n,, = po @02
and so the right-hand side of Definition 4.1.2(4) can be written as

/Rd / (@) xmans(v(®) - (folw) = 8) di (v) dpao (),
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where ©(7(t)) xra\s(7(t)) is Ls.c. in v and (fo(z) —t) is Borel measurable in z,
hence the integrand is Borel measurable w.r.t. n7. Thus the whole expression
is well-posed in terms of measurability.

Let us consider the operator L : C(R?) — [0, +o00[ defined as follows

2= [ ) xansO0) - (ola) =) dmy ..

In order to prove that Definition 4.1.2(4) gives a Radon measure fi; €
M+ (RY) we should prove that the operator L is linear and continuous w.r.t.
the sup norm, hence fi; € [C(R)]".

Claim 1: linearity. Immediate by definition of L.

Claim 2: continuity. Immediate by boundedness of ¢ € Cg and by the fact
that fo € L , indeed

Ho?

IL(p)| =

L[ o) xans00) - (@) = 1) i (2) i)

< el [ 1o(o) =] duo(o) <+

Thus, recalling linearity property, we conclude continuity of the operator L.

For the last assertion, let us consider again any n € N and any ¢ € [0,T},].
We disintegrate n,, with respect to the continuous map e; : R? x 'y, — R9.
This yields a family of probability measures {ng}yeRd which is uniquely defined
etfin,,-a.e. such that

[ e = [ [ ouxs )0 -0 i) d o)
R4 Rd Je, " (y)

= / P(y)xse(y) ( / Jo(x(0)) dny () = t) dpi (y),
Rd e ' ()
We define the Borel map (see Section 5.3 in [9])

wetg) = [ foa(0) i),
e ' (y)

and we notice that fi; < p? for all ¢t € [0,T,] and for all n € N, with

fit n

ﬁ(y) = xse(y) (W (t,y) = 1),

t

in particular, for yp-a.e. y € R? we have fo(y) = xs:(y)¥"(0,y) for all n €
N. O
4.2 Some results in a mass-preserving setting

In this section, we prove some approximation results on the mass-preserving
trajectories on which our objects are built.
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Given N € N, N > 0, consider a set of N agents moving along admissible tra-
jectories v;(+), ¢ = 1,..., N of the differential inclusion &(¢t) € F(x(t)). We want
to associate to the evolution of such a system an admissible mass-preserving
trajectory.

Proposition 4.2.1 (Finite embedding of classical admissible trajectories). As-
sume hypothesis (Fy). Let N € N\ {0}, and consider a set of N admissible tra-
jectories {vi(-), i =1,...,N} C 'y of the differential inclusion z(t) € F(z(t)).
For any t € [0,T], we define the empirical measures

" (z,7) = NZal(()@(smeL@( x T'7),

1 d
pr = e = N ;6%(7&) € Z(R%).

Then p = {Niv}te[O,T] 18 an admissible mass-preserving trajectory driven

by v™ = {v] }icpor) and represented by nY for every N € N, where v} €

M (RERY) s defined for a.e. t € [0,T] by
L
VtN = N Z%(t)éw(t) € %(Rd;Rd).
i=1

Proof. For any ¢ € CF(R?) and for a.e. t € [0, T] we have

N
d 1 .
il z)dpg = Z Le((t) =+ ;(Vso(%(t)),%(t»
1
- /Rd Vgo(x) d (N ; %(t)é’Yi(t)) ?
since the set in which 4;(¢) exists for all ¢ = 1,..., N has full measure in [0, 7].
Defining

N
1 .
=5 > 4i(t)oy, ) € M (RERY),

we obtain that p™ = {4} }ie0,7) and vV = {1 }1c(0,7 satisfy the continuity
equation
8tﬂt + div Vy = O7

and v < pd for a.e. t € [0,T]. We adopt now an Eulerian point of view: for
any Borel set B we are interested in the average speed of the agents which at
time ¢ are inside B, i.e., for a.e. t € [0,T] we set

Ig, ={ie{l,...,N}: v(t) € B},

and so if 1§, # 0, we have
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Fix now z € R? and € > 0. Recalling that the set-valued map F is convex valued
and upper semicontinuous, there exists § > 0 such that F(y) C F(x)+eB(0,1)
for all y € B(x,6). In particular, if Ig(m ot 7 )

v (B(z,9)) 1

T Y i) € F(z) +eB(0,1).
B@o)tlier , 5,

We have that Ig(z,é),t #@forall d >0ifand only if z € {~;(t): i =1,..., N},

i.e., if and only if x € supp pY. So for any = € supp pl¥, by taking the limit for
§ — 07 and then letting e — 07, we have

N N

Vi . vy (B(z,0

() = 1 r
pi () = . 1N (B(z,0)) © )

We thus obtain that pu® = {uN }tefo,7) 1s an admissible mass-preserving trajec-
tory driven by v = {1 };cj0,7] and represented by ¥ for every N e N. [

‘We consider now the limit of the above construction as N — +oo in the case
p>1.

Proposition 4.2.2 (Mean Field Limit). Assume hypothesis (Fy) and (F1). Let
{Vi}ien C I'r be a sequence of admissible trajectories of the differential inclusion
z(t) € F(x(t)), p> 1. For any N € N\ {0}, we define

N
1
N d
nt = N ;:1 0y,(0) ® 04, € P(RY x T'p),

N
1 d
/u‘2]£V = etﬁnN = N;é"/z(t) € ‘@(R ) fOT’ all t € [O’T],

N
1
vN = NZﬁ(t)(S%(t) € #(RERY) for a.e. t € 0,T).
i=1

Assume that there exists C; > 0 such that

lim my(pd) = sup m,(ul) < Cy.
Nesboo p(ﬂo) NHEOO p(ﬂo) 1

Then there exist a sequence { Ny }ren such that Nj, — +o0o, n°° € 2(R? x I'7),
1> = {p e, © Pp(RY), v = {1°}icjo.1), such that

a. 'r]Nk K ,r’oo,

J

S

Wy (py™, p5°) = 0 for all t € [0, T);

c. vF —* v for ae. t € [0,T];

oo

d. p™> is an admissible trajectory driven by v*° and represented by n™;

(9]

. for any closed set K C T'r such that {~; }ien C K, we have that

suppn™ C {(7(0),7) e R x 'y : v € K}.
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We will say also that p* is a mean field limit associated to {7;}ien C I'r.

Proof. Thanks to Proposition 4.2.1, we can apply Lemma 3.2.7 to u™ = {18 }1¢(0,1)
and vV = {v} };c(0,1), and we have that there exist D', D" > 0 such that

my (i) < D' (my () +1) < D'(Cr+1),
(4.1)
m, 1 ([vY]) < D"(C1+1).

Claim 1: The sequence {n’V} yey is tight, thus there exists a subsequence
{MN*}eeny and ™ € Z(RY x I'r) such that n™Ne —* .

It is enough to prove that {ryin™}nyen, & = 1,2, are tight, where 7y :
R? x T'r — R? and 75 : RY x 'y — T'z are defined by ri(x,7) = z and
ro(x,7v) = 7. Recalling Remark 5.1.5 in [9], it is enough to prove that there are
two Borel functions v; : RY — [0, 4+00] and 5 : I'p — [0, +0o] with compact
sublevels such that

sup w1< ) d(rign™) (y) < +oo, sup [ ha(y) d(ran™)(v) < +oc.
NeN NeNJT 1
We set

/ K dt, ity € ACP(0,T)),
U1(y) = |yl?, Pa(y) =1 7°

400, otherwise.

We have that 13(-) has compact sublevels if p > 1. We recall that if §(¢) €
F o~(t) for a.e. t, then by (Fy) we can apply Lemma 1.4.3 to have

(&) < (I7(0)] + Ct)e*

Indeed, for all N € N we have

e w = [[ ) = mi) < 01

T9 p p Nz,
[ < [[ (/ (0] +1) dt) an® (z,7)

<707 [ (al+CT)ET 17 i (a)

< TCp(eCTmzl,/p(,uéV) +CTeCT +1)P
< TCP(CTC? 4 OTeCT +1)7,

which confirms Claim 1. o

Claim 2: Set p® = efin®™. Then p™ = {uFlepr € Zp(RY) and
W (ui*, u5°) — 0 as k — +oo for all t € [0, T]. Moreover, for a.c. t € [0,T] the
N . . : *
sequence {v;" } yen is tight, thus up to a non relabeled subsequence, it weakly
converges to a measure v° € .4 (R4 RY).
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Since the map e; : R x 'y — R? is continuous, we have that
,u;N’“ = eufin™Vr —~* ein®> = p, for all t € [0, 7).

All the other assertions follow from the fact that the moments of u¥ are uni-
formly bounded for N € N and ¢ € [0, 77, also the tightness of {vY } ey follows
from (4.1). o

Claim 8: p* is an admissible trajectory driven by v = {1 }ic(0,77-

Notice that the functionals

(. v) > A‘@[

400, otherwise,

T
(n,v) — sup / ( Oppdput +/ V‘det) dt,
0eCL([0,T]xR4) Jo  \JRd Rd

are l.s.c. w.r.t. a.e. pointwise weak* convergence of measures (see Lemma 2.2.3,
p. 39, Theorem 3.4.1, p.115, and Corollary 3.4.2 in [18] or Theorem 2.34 in [6]).
Then we have that the equation

vt

p
m + Ip ) (Vt(:lc))] dpg(z) dt, if vy < py for a.e. ¢,
t

Mt

()

O +diveyy® =0

holds in the sense of distributions, and for a.e. ¢ € [0,T] we have v{° < ug®,

Y () € F(z) for p RY with “e () € L7
s x) € F(z) for pe-a.e. x € R* wit e () € L. o
¢ ¢

Consider now the last assertion to be proved. Let (x,7v) € suppn®. By
Proposition 5.1.8 in [9] there exists a sequence {j tren € I'r such that (9 (0), 4%)
suppn? for all N € N and |4 —7||cc — 0. By definition of n™ we have 4;, = v,
for an index 0 < jr < N, and so {%x }ren C K, thus v € K.

O

Remark 4.2.3. We notice that the tightness of {u¥} yen holds also in the case
p=1by (4.1).

The following result provides us with the possibility to construct an admis-
sible mass-preserving trajectory p := {p;}sejo, 1), i-e., a curve in P (RY) that
satisfies a continuity equation with velocity field that is an L% -selection of
the multifunction F', by constructing it on admissible trajectories of the finite-
dimensional system of characteristics in a consistent way.

Corollary 4.2.4. Assume hypothesis (Fy) and (Fy). Let p > 1, K C R? be
closed, f € CO(R%;[0,TY).

1. For any sequence {v;}ien of admissible trajectories of the differential in-
clusion &(t) € F(x(t)) satisfying

N
1
1 - . p . . ]
ol 55 3O < +oc. (f((0))) € K for alli €,
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we have that all the corresponding mean field limits pu> are represented
by measures n°° such that v is an admissible trajectory of the differential

inclusion satisfying v(f(v(0))) = v(f(z)) € K and ¥(0) = z, for n®-a.e.
(z,7) € R x T'p.

2. For any u € @p(Rd) such that for p-a.e. x € R? there exists an admis-
sible trajectory for the finite-dimensional system 4(t) € F(v(t)) satisfying
7(0) =2 and yo f(x) € K, there exist p = {j1t }+c[o,r) and m such that p
is an admissible mass-preserving trajectory represented by m with po = p,
and vy is an admissible trajectory of the differential inclusion satisfying

Y(f(7(0) =v(f(z)) € K and v(0) = z, for n-a.e. (z,7) € R x I'r.

Proof. For the first assertion is enough to notice that the set

K:={yelr:y(f((0)) € K}

is closed in I'r and then apply Proposition 4.2.2. In the second case, we have
1
that there exists a sequence of compact sets {C;}jen such that p(R4\ C;) < =

J

for all j € N\ {0}. Set

. — 1 . d
1i(B) = (BN C) € PR,

clearly p; —* p and mp(p;) — my (1) as j — +oo by Dominated Convergence
Theorem, thus Wp,(p, ) — 0. There exists {x; ;}i jen such that x; ; € C; for
all 4,5 € N and

k
pe? = Z(Sl“ —* pj, as k — +o0.
i=1

x| =

Since supp ug? C C; and suppp; C C;, we have also my,(uh7) — m, (1) as
k — 4o00. For any j € N, let k; € N be such that

| —

kj,' 1 kj,'
mp (") < my (1) + 5 and W) (uo' ]auj) <=

<

i 1
In particular, we have W, (,ug”],,u) < =+ Wy (,pj) = 07 as j — 400, and
J

SO 4
sup my, (1677 ) < +00.
jEN
Consider the countable set of points {x; ; : ¢ = 1,...,kj, j = 1,...,00}. We
can order it by stating that (i,7) < (¢/,7') if either j < j' or j = j and i < 7/,
thus we obtain the sequence of points {zp, }ren. By assumption, for each h € N
there exists 7y, € I'r admissible trajectory of the differential inclusion satisfying
Y(0) = x5, and 7, o f(zp) € K. We then apply item (1) to this sequence to
conclude the proof. O

Remark 4.2.5. The assumption f € C°(R?) of the previous corollary can be
weakened by assuming that f(-) is continuous at z for ug-a.e. x € R? or,
equivalently, that the set of discontinuities of f(-) are contained in a pg-negligible
closed set.



4.3. A DYNAMIC PROGRAMMING PRINCIPLE 117

4.3 A Dynamic Programming Principle

This section is devoted to state a time-optimal control problem in the space of
positive finite Borel measures for a non-isolated case with mass loss using the
definition of clock-trajectory given in Definition 4.1.2 and then prove a Dynamic
Programming Principle related to such a minimization problem.

From now on, we will consider only closed, nonempty and strongly invariant
target sets for our dynamics.

Definition 4.3.1 (Clock-generalized minimum time). Let F : R = R? be a
set-valued function, S C R? be a target set for . In analogy with the classical
case, we define the clock-generalized minimum time function 7 : P(R?) —
[0, +00] by setting

(o) = inf {fio(R?) : f1 := {fir }re(0, 40| € 4T (R?) is an admissible clock-
(4.2)

-trajectory for the measure jug, fiji—o = fio } ,

where, by convention, inf ) = +oo0.
Given py € Z(RY) with 7(pg) < +oo, an admissible clock-curve g =
{fit} (0, +oo] C AT (RY) for pg is optimal for po if

(ko) = fye=o(R?).

Given p > 1, we define also a clock-generalized minimum time function
7+ Pp(R?) — [0, +00] by replacing in the above definitions 22(R9) by 22, (R%)
and .4 (R?) by .4, (R?). Since .4, (RY) C .4 (R?), it is clear that 7,(p0) >
7(o)-

The main task of this section is to prove a Dynamic Programming Principle
for our minimization problem. To this end we will prove a representation result
expressing 7(x) as an average of the classical minimum-time function 7'(+), and
then applying the well-known Dynamic Programming Principle (Theorem 1.4.8)
holding for T'(+).

Before treating the case with milder assumptions in Section 4.3.2, we will
see a result yielding the Dynamic Programming Principle in a more regular case
(Section 4.3.1).

4.3.1 Regular case

Lemma 4.3.2 (Extension). Assume hypothesis (Fy) and (Fy). Let p > 1 and
po € Pp(RY). Let T > 0 and i = {fit}repo,r] be an admissible mass-preserving
trajectory driven by v = {U4}e(0,1) and represented by 7 € PR x I'r), with
fijt—o = Ho. Then there exist a sequence {Ty,}nen C [0,+00[, T, > T for
alln € N, T,, — +o0o and a family of admissible mass-preserving trajectories
{1 tnen, ™ = {ui'tecpo,1,), driven by {v"}nen, such that given ni,ny € N
with Ty, < Ty,, we have py* = py? for all t € [0,Ty,], and there exists a
sequence {M, }nen such that n,, represents {uf }iepo,1,]-

Proof. For any ¢ > 0, let us define by induction an increasing sequence {71}, } nen

such that T, — +oo. Take Ty := T, and suppose to have defined T3, ¢ > 0.
Then T;41 :=T; + ¢, for all i € N.
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We can define by induction the family {p"},en, p™ := {ﬂ?}te[ojnl , in the
following way. We take u® = fi. Let us suppose to have defined p*, i > 0.
Then, for any i € N we define p't! as follows. Consider a continuous selection
v+ of F and the solution {fi{™" },e0,) of

{atﬂt +divo' ™ty =0,

Hit=0 = HiT,i
By setting

ul, for 0 <t < Tj,

pt =
fty, for T, <t <Tj4e=T,
i, for 0 <t < Tj,

i+1 .
v =

vt for T, <t < T4 e =T,

then by gluing results (see Lemma 4.4 in [41]) we obtain an admissibile trajectory
it = {1, driven by v+t = {v/ 1}, which is defined on [0, T}, ;] and agrees
with ! on [0,7;]. The last assertion follows from the Superposition Principle
on the family of admissible trajectories {u} }nen. O

In the following result we prove the existence of optimal trajectories in the
case in which T'(-) is continuous. As we can imagine, the classical minimum
time function turns out to be the optimal clock function.

Lemma 4.3.3. Assume that T(-) is continuous, p > 1 and that (Fy) and (F)
hold true. Let S C I@d be a target set for F. Given pg € 2,(R%) with supppuo C
R\ S, such that T := HTHLﬁ% < 400, then there exists an admissible clock-

trajectory f1 = {fit }1e[0,400[ With target S for po with clock-function T'(-).

Proof. We take f(-) = T(-) in Corollary 4.2.4 with T = T and with K = S,
obtaining an admissible mass-preserving trajectory represented by n € Z(R% x
I'7) satisfying v(T'(z)) € S for a.e. (x,7) € n.

We can use Lemma 4.3.2 to construct a sequence {7}, }nen, Tn > T, T, =
400, and an extended family of admissible mass preserving trajectories repre-
sented by {n,, }nen € Z(R? x T'r,) satistying v(T(z)) € S for a.e. (z,7) €n,,.
In particular, by the strongly invariance of S, we have that if T'(z) < t < T,
then yse(v(¢)) = 0. Thus xg<(v(¢))(T(z) —t) > 0 for all ¢t € [0,7,] and a.e.
(z,7v) € n,,- Then we can construct by definition an admissible clock-trajectory
following the family of admissible mass-preserving trajectories represented by
{M,,}nen and with clock-function T'(-). O

Remark 4.3.4. As remarked for Corollary 4.2.4, we can weaken the assumption
of continuity on T'(-) by requiring that T is continuous at pg-a.e. z € R%.

The Dynamic Programming Principle is then a direct consequence of Lemma 4.1.4
and Lemma 4.3.3 which together say that, under regularity hypothesis, it is pos-
sible to construct an admissible clock-trajectory with clock-function 7'(-) and
this turns out to be an optimal trajectory for the system. Hence we conclude
by applying the result holding for the classical minimum-time function.
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4.3.2 L' case

In this section we will see how to prove a Dynamic Programming Principle
(Corollary 4.3.8) requiring a natural assumption, i.e. boundedness of the L!-
norm of T(-) w.r.t. a given initial measure p € 22,(R%). The proof is based
on a result of optimality of the classical minimum time function among the
admissible clock-functions for a given initial measure (Corollary 4.3.7). The
main tools used are selection and disintegration results.

It is possible to note that we can actually construct such optimal trajecto-
ries by approximation techniques, in particular by Lusin’s Theorem and Corol-
lary 4.2.4 (see the forthcoming paper [34]), however we will not present this
construction here since it is not necessary for present purposes.

Lemma 4.3.5 (Borel selection of optimal trajectories). Let T > 0, #Z =
T7Y0,+oc[), and p € P(R?) be such that (R \ #) = 0. Then there ex-
15t

1. a Borel map v : # — U such that vy, := ¥ (x) is an admissible trajectory

starting from x,

2. an optimal trajectory 4, : [0, T(z)] — R? such that 4,(t) = y.(t) for all
t 10,7,

3. an admissible mass-preserving trajectory p = {pt}iejo,r) With po = p,
driven by v = {Vi }vejo,1), and represented by n € P (R x I'r) with

n=px0,,.

Proof. Define the set of admissible trajectories defined in [0,7] for the finite-
dimensional system, Ar C I'r, and the set-valued map Gr : Z = 't by

Ar :={y€Tr: 4 € Fory(t) forae 0 <t <T},
{yeAr: ¥(0) =z, and T(y(0)) =T (v(T)) + T}, forT <T(x),
GT(:c) =
{y € Ar: v(0) =z, and y(T'(z)) € S}, for T > T(x).

We notice that G (z) is closed and nonempty for every x € #Z. Given (z,7) €
Z x T'r, we have that v € G(z) if and only if there exists an optimal trajectory
4 defined on [0,T(z)] starting from z such that 4(t) = ~(¢) for all 0 < ¢ <
min{7,T(x)}. Define the map

L:(7(0)) + Lap (v) + Is(v(T(x))), if 7> T(x),
g(x,'y) =
L:(7(0) + Lar () + Loy (T'(2) = T(V(T)) = T), T <T(x),

and notice that (x,7v) € Graph(Gr) if and only if g(z,v) = 0. Since we have

g(z,v) = w%ﬂm@—vmh+L%hO+MMﬂT@mw%%ﬂ@»—Uﬂwﬂ+
R

+ (1= X (T(@))as(T(x) = T(v(T)) = T)},
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we have that g is the pointwise supremum of Borel maps, and so it is Borel (we
recall that v+ I, () is Ls.c. since Arp is closed, and v — T(v(T')) is Ls.c.).
Hence Graph G = g~1(0) is a Borel set. By Theorem 8.1.4 p. 310 in [13],
we have that the set-valued map G : Z = I'p is Borel measurable, and so by
Theorem 8.1.3 p. 308 in [13] it admits a Borel selection 9 : #Z — T'p.
Since u(R?\ %) = 0 we can define the probability measure

n= M@éw(w) € W(Rd x I'p),

which is concentrated on (z,) such that v is an admissible curve of the finite-
dimensional system satisfying v(0) = =z, and y(T(x)) € S if T > T(x), or
T(H(0) =T((T))+ T, if T(x) > T, ie., there exists an optimal trajectory 4
defined on [0, T'(x)] such that 4(¢) = v(¢) on [0,T]. This definition of 1 induces
a curve = {u }repo,r] € P (RY) defined by

/Rd x) dpy (x //]Rdxl“T t)) dn(z,~),

for all € CL(RY), with M=o = p. We want to show that p is an admissible
mass-preserving trajectory.

The set N of (t,z,7) € [0,T] x R? x 't for which (0) # = or 5(t) does
not exists or ¥(t) ¢ F(vy(t)) is £' ® n-negligible as seen at the beginning of
Section 2.3, thus by projection on the first component, we have that ¥(t) €
F(y(t)) for n-a.e. (z,7) € R? x I'r and a.e. t € [0,T]. For a.e. t € [0,T] we
disintegrate n w.r.t. e; : R¢ x 'y — R, obtaining n = y; ® My

g L= [ Tetm)-idne)

- /Rd /1( )V<P(7(t)) () dny (2, 7) dpe(y)
_ / Ve(y) - / Ay dny (@) dpe(y),
R e; (v)

We define v = {w;pis }1ejo,m) by setting for a.e. t € [0,T]

vt(y) = / W"(t) dnt7y(957'7)~

e, (y)

In order to conclude that p is an admissible trajectory driven by v, it is enough
to show that

[, 0 e )

for ps-a.e. y € R? and a.e. t € [0,7]. This follows from Jensen’s inequality,

since
Ir@) ( / B

t

V(t) dnt,y(l‘v’y)> < /71 IF(y) (V(t)) dnt,y(gjvv) =0.
) e

¢ (v
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Definition 4.3.6 (Movements along time-optimal trajectories). Let T > 0,
po € PRY). We say that ({1 }ieo,r(, {vi }ieo,r) is a movement along time-
optimal curves from pg (1o-MATOC) if

a. there exists n € Z(R? x I'7) such that for n-a.e. (x,7) € RY x I'r we
have v € AC([0,T];R%) and v(0) = =, 4(t) € F(y(t)) for a.e. t € [0,T],
and either v(T'(z)) e SUT(z) <T or T(x) =T(v(T))+ T if T(z) > T;

b. =0 = po, s = e for all t € [0, T[, and we set pur = erfn;

c. = {peteeior S P(R%) is an admissible mass-preserving trajectory
driven by v = {vt }reqo,1)-

Corollary 4.3.7 (Optimal clock). Assume hypothesis (Fo) and (Fy). Let S C
R be a target set for F. Let p > 1 and po € P,(R?), with supppo C R\ S, be
such that ”T(')HL% < +o00. Then T(-) is the optimal clock function for pg.

Proof. By assumption, we have that po(R?\ %) = 0.
We consider the set (see Definition 4.3.6)

X = {({Mt}te[O,T[a {vihiep.rr) : T >0, {pshicio o v hiepo.rp) is & Mo-MATOC}-

By Lemma 4.3.5, we have X # (). We endow X with the partial order relation
defined by

(ptvh) < (u?v?) iff 1 <1, and pf = p, v = v forall t € [0, 7],

where p' = {Mi}te[o,n[» Vo= {ug}te[om[, i = 1,2. Consider a total ordered
chain
C={(p"= {H?}te[o,ra[v’/a = {Vta}te[o,ra[)}OéEA cX.

We define (pt = {4 }eeosuprals ¥ = {Vi }eeosupraf) by setting py = pf and v, =
v for all @ € A such that ¢ € [0,7,[. The definition is well-posed since all the
elements of C agree on the set where they are defined, moreover given 0 < t <
sup T, there exists t < 7, < sup7,, and so we can define g and v on the whole
of [0, sup 74 [.

Finally, we prove that p is an admissible trajectory driven by v. Given any
¢ € CL(]0,sup 7o[xR?) we have that supp ¢ C [0, 75[xR? for a certain a € A,
and, since p agrees with an admissible trajectory on [0, 74[, we have that

// Opo(t,x) dpy dt = // Opo(t, x) dus* dit
[0,sup 7o [X R4 [0,75[xR4

=— // Vo(t,z)dvy dt = — // V(t,x) dvy dt,
(0,75 [xR4 [0,sup 7o [xR?

and so p is an admissible trajectory driven by v. In particular, we have (u,v) €
X and (u*,v*) < (p,v) for all & € A. By Zorn’s Lemma there exist maximal
elements in X.

Let (i = {pt}eejo,r[, ¥ = {Vt}iefo,~[) be one of these maximal elements. We
want to prove that 7 = 4+0co. By contradiction, assume that 7 < +o0. By
Lemma 3.2.7, there exist D’, D’ > 0 such that for all ¢ € [0, 7] we have

my, () < D' (myp(po) + 1),
my—1([ve]) < D" (my(po) + 1).
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Thus, according to Remark 5.1.5 in [9], there exist u, € Z(RY) and v, €
A (R%RY) such that py —* p, and vy —* v, as t — 7. Consider now & > 0,
a continuous selection v of F' and the solution {1} };ep0,s] of

{@Mt +divou, =0,

Hit=0 = K+
By setting
e, for0<t <,
pi =
W_py form<t<7T+e,
U, for0<t<r,
vy =

vy, forT <t <7+4¢,

we obtain an admissibile trajectory pu® = {ug}: driven by v° = {v}; which is
defined on [0, 7+¢[ and agrees with p on [0, 7[, thus contradicting the maximality
of (u,v). Thus 7 = 4o0.

Let {Tn}nen be a sequence with T, — +oo and (p = {pt}brefo, 4o ¥ =
{Vt}1e[0,4-00[) e a maximal element in &'. Then {(p = {pt }repo,1,[, ¥ = {Ve beejo, )
n € N} is a totally ordered chain in X whose upper bound is (p = {1t }re[0, 400, ¥ =
{Vt }1e[0,400[)- Then, by Definition 4.3.6, we have a sequence of probability mea-
sures {n, }nen € P(R? x 'z, ) such that {4 }e(o,7,) is represented by n,,. We
notice that by construction if ny < ns then for all t € [0,T,,,] we have

I, eownxseo@@-na, = [[  commxs6O)T@-1)d,,.

thus we can define i = {fi¢}ic[0,+00] by setting for all n € N and for all
tel0,T,]

e = [ etns GO - dn(e9)

Since n,, is concentrated on (restriction t

o [0,T,] of) optimal trajectories and
S is strongly invariant, we have that ¢ > T'(

() if and only if y(t) € S, and so
fi € AF(RY) for all t > 0. Thus T(:) = @() is an admissible clock for puyg.
Ho

Moreover, since for pg-a.e. z € R? and for every admissible clock fo(-) for uo we
must have fo(x) > T'(z) by Lemma 4.1.4, we conclude that T'(-) is the optimal
clock for . O

Now we can deduce the following Dynamic Programming Principle.

Corollary 4.3.8 (DPP for the clock problem). Assume hypothesis (Fy) and
(F1). Let S C RY be a target set for F. Let p > 1 and po € Z,(R%), with
supppo € R4\ S, be such that ||T(~)HL‘1L0 < 4o00. We have

ralio) = [ T(a)dio(a).
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Let i = {fit}1ejo,+00| be an admissible clock-trajectory for juo following a family
of admissible mass-preserving trajectories {pu" }nen starting from pg. For any
s > 0 we choose n > 0 such that pu™ is defined on an interval [0,T,] containing
s and it is represented by m,, € P(R% x I'r,)). Then we have

wo) = [[ | raoydn, < [[rae) s, < s e

Moreover, if n,, is concentrated on (restriction to [0,T,] of) time-optimal tra-
jectories, then for all s > 0 such that suppu? C R%\ S, we have

(ko) = s + 1 (15 ),

and so for such s > 0 we have
Tp(to) = iﬁf {s+7p(us)},

where the infimum is taken on admissible mass-preserving trajectories p =
{1e}ico,s) satisfying p—o = pio-

The proof is a direct consequence of Corollary 4.3.7, Theorem 1.4.8 and
Lemma 4.1.4.

Remark 4.3.9. We notice that, in the same hypothesis of Corollary 4.3.7, if
p € Z,(R?) we have that 7,(u) = 1Ty < 1Tz = Tp(p), where Tp(-)
is the generalized minimum time function studied in the previous chapter for
the mass-preserving case (see Definition 3.2.10) with generalized target set S =
{0 € 2(R?%) : suppo C S} (i.e. we are requiring the existence of a classical
counterpart for the target set which coincides with S). In particular, we refer
to Corollary 3.2.22 in the previous chapter for the last equivalence.

4.3.3 Regularity results

Thanks to Corollary 4.3.7, under suitable assumptions, the clock-generalized
minimum time function inherits regularity results from the classical one as shown
in the next corollaries. For the following result, we refer to [51] for conditions
under which the classical minimum time function T'(-) is l.s.c..

Corollary 4.3.10 (L.s.c. of the clock-generalized minimum time function).
Assume that T(-) is l.s.c.. Assume hypothesis (Fy) and (Fy). Let S C R? be a
target set for F. Let p > 1 and pg € P,(R?), with suppuo € R4\ S, be such
that HT(')“L% < +00. Then 7, : Z,(RY) — [0, +oc] is Ls.c..

Proof. We have to prove that 7,(o) < liminf 7,(n). Taken a sequence
Wy (1410)—0

{8 nen C Zy(RY) s.t. W, (ul, o) — 0 for n — 400, and  liminf 7,(p) =
W (p:110)—0

o n < T ny
nglJlrIg Tp(py), we want to prove that 7,(ug) < lnlgfg T (1)

By Lemma 4.1.4, Lemma 5.1.7. in [9] and Corollary 4.3.7, we conclude im-
mediately that

liminf 7,(ug) > lim inf /]Rd T(x)dug (x) > / T(z)dpo(x) = mp(po).

n—-+oo n—-+oo R4
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We are now intersted in proving sufficient conditions on the set-valued func-
tion F'(+) in order to have controllability of the generalized control system, i.e. to
steer a probability measure on the generalized target by an admissible trajectory
in finite time.

Representation formula for the generalized minimum time provided in Corol-
lary 4.3.7 allows us to recover many results valid for the classical minimum time
function also in the framework of the generalized systems. We refer the reader
to Chapter 2 in [21] and Sections 2 and 3 in [21] for a definition and classi-
cal results about semiconcave functions, in particular regarding the classical
minimum time function.

Corollary 4.3.11 (Controllability). Assume (Fy), (F1), (F3). Let S C R?
be a target set for F. Assume furthermore that for every R > 0 there exist
NRr, or > 0 such that for a.e. x € B(0,R) \ S with ds(x) < og there holds

or(2)(—=Vds(x)) > 1R, (4.3)

where 0 p(y) is the support function of the set F(x) as in (1.1).
Then, if we set for p > 1

Zp(RY) g = {p € Pp(RY) : IT()|r2 < +o0 and suppu C B(0,0r) \ S},

there exists cg > 0 such that for every ug € ﬂp(Rd)‘R the following properties
hold.

1
1. 7p(po) < g”dSHL}LO-

2. The function 7, : Z,(R%) — [0, +00] is Lipschitz continuous on Z,(R%) g
with respect to the metric Wp.

3. If 0S € CY1, then the function 7, : Z,(R?) — [0, +0oc] is semiconcave on
{ne Zy(RY) g : suppun S = 0}
with respect to the metric W.

Proof. According to Proposition 2.2 in [21], the present assumptions imply that
there exists a constant cg > 0 such that the classical minimum time function
satisfies

T(x) < —dgs(x), (4.4)

for every x € B(0, R) \ S with ds(x) < or. Moreover, T'(-) is Lipschitz contin-
uous in such set. We denote by kr > 0 its Lipschitz constant.
Now, property (1) follows from (4.4) and Corollary 4.3.7, since

1 1
i) = [ T@dno < - [ ds(o)duo= - ldsly,

To prove (2), fix p1, g € P,(R%)|g. By setting

= R
L (1+CR)(1+]€R)’
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we have that the function ¢;T'(-) is Lipschitz continuous with constant less than
1 and that ¢;T(-) < R. Hence, it can be extended to a continuous bounded
function on the whole R?, and |czT(z) — dRT(y)| < |x — y|P for all 2,y € RY.
According to Kantorovich duality (1.3) and Corollary 4.3.7 we then have

Wy > [ chT(@) () = [ T o) duats) = calrylon) = 7(0m)-

By switching the roles of 1 and po, we obtain (2).

Finally, according to Theorem 3.1 in [21], when S € C1! we have that the
classical minimum time function is semiconcave in {z : T(z) < +oco}\ S. In
particular, there exists Dr > 0 such that

T(try + (1 — t)ag) > tT(x1) + (1 — )T (x2) — Drt(l —t)|z1 — 22?,  (4.5)

for every z1,22 € {z: T(z) < 400} \ S.

Let K := B(0,0g). For any Borel sets A, B C R% and m € II(j1, u2), we
now have

AxBC[(AxB)N(K x K)]U[(A\ K) x R UR? x (B\ K)],
so that

(A x B) < 7((A x B)N (K x K)) + po(A\ K) + s (B K)

(A x B)N (K x K)),

303

because p1 and ps are concentrated on K. In particular, supp(w) C K x K.
Therefore, we choose an optimal transport plan m € II(u1,u2) realizing the
p-Wasserstein distance between pg and ps, so that py := tug + (1 — t)ps =
(tpr* + (1 — t)pr?)gm, where pr: R x RY — R?, i = 1,2, is the projection on
the i—th component, i.e., pri(zi,z2) = ;. We integrate the estimate (4.5) to
find that, by using Lemma 4.1.4 and Corollary 4.3.7,

) > [ @ du(a)
= // T(txy + (1 — t)xe) dr(z1, z2)
R4 xR?
Z t/Rd T(xl)d,ul + (1 — t) /Rd T(Ig) d,UJQ
— — 1’171’22 T\L1,T2
Drt(1 t)//Rdxnw' |* dr( )
= tTp(Nl) + (]. — t)Tp(ﬂz) — DR t(]. — t) W22(,u1, ,LLQ)

O

Remark 4.3.12. For other controllability conditions generalizing (4.3), the reader
may refer e.g. to [37,58].
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4.4 Hamilton-Jacobi-Bellman equation

In this section we will prove that under the assumptions granting the validity of
the Dynamic Programming Principle and of a result which aims to recover the
initial velocity of admissible trajectories, the clock-generalized minimum time
function solves a natural Hamilton-Jacobi-Bellman equation on %5(R%) in a
suitable viscosity sense (Theorem 4.4.3).

We observe also that once we have the Dynamic Programming Principle and
once the problem is modeled on the same notion of admissible mass-preserving
trajectories, then the Hamilton-Jacobi-Bellman equation related to the present
problem is the same considered in Section 3.3 for the mass-preserving case. We
then follow a very similar approach as the one discussed in Section 3.3.

First, let us point out that in the following we will use Lemma 3.2.7 about
properties of the evaluation operator already seen in the previous Chapter.

The following proposition allows to construct an admissible mass-preserving
trajectory concentrated on characteristics of class C'' with initial velocity the
given one.

Proposition 4.4.1. Assume hypothesis (Fy), (F1). Let p € P5(R%), and
T +— v, be a Borel selection of F belonging to Li. Then for any T > 0 there
exists an admissible mass-preserving curve p defined on [0,T] starting from
w and represented by m such that for m-a.e. (x,v) € R x I'r we have that
v € CH[0,T7)), 4(t) € F(v(t)) for all t € [0,T], v(0) = = and §(0) = v,.

Proof. Let T > 0 be fixed. Consider the set-valued map G : R = C°(R%; RY)
defined by

G(x) = {v € CO(RLRY) : () = v,, v(y) € F(y) for all y € R},

and notice that, recalling the assumptions on F', we have that G(x) is nonempty,
convex and closed. Indeed, for every 2 € R? and v, € F(z) there exists by
Michael’s continuous selection Theorem a continuous selection v of F' such that
v(z) = vg.

Define the map g : R? x C°(R%; R?) — [0, +oc] by setting

g(x,v) := sup_ {Tr) (v(y)) + (g, ve —v(@)) ],

noticing that v € G(z) if and only if g(z,v) = 0.

To prove that g is a Borel map, it is enough to show that (v,y) = Ip(y) (v(y))
is a Borel map from C°(R%;RY) x R? to {0, +o0}.

Indeed, consider any sequence {v, }neny € C°(R%; R?) uniformly convergent
to v € C°(R%; R?) on compact sets, and {y, }nen € R? converging to y.

Then, vy, (yn) — v(y), n — +00. Indeed, denoted with w,(-) a modulus of
continuity for v at the point y, we have

[V (yn) — v(Y)| < [vn(Yn) — v(yn)| + [v(yn) — v(y)]
< lvn = vl Loe(B(y,s)) + Wy ([yn — 1),

for a suitable s > 0. Hence, we deduce that

liminf Iy, ) (Vn(Yn)) > L) (0(y)),

n—-+oo
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where we used the fact that the map f : R? x R? — {0, +oo}, f(z,w) :=
Ip()(w), is Ls.c. due to u.s.c. of F.

Thus we have just proved that (v,y) = Ip)(v(y)) is Ls.c. and hence a
Borel map. Hence GraphG = g~ !(0) is a Borel set. By Theorem 8.1.4 p.
310 in [13], we have that the set-valued map G : R? = C°(R¢;RY) is Borel
measurable, and so by Theorem 8.1.3 p. 308 in [13] it admits a Borel selection
V:R? — CO(RYRY). We denote V(z) € CO(R%R?) by V.

We fix a family of smooth mollifiers {p. }.>0 € C(R?) such that supp p. C
B(0,¢), and denote by HI_ the (unique) v € 'y satisfying 4(t) = (Vo *pe)oy(t),
7(0) = 2. We want to prove that HI_ is a Borel map in x.

For any € R? and W € Lip(R%R?) denote by h, w(t) the solution of
#(t) = Woz(t), (0) = x. The map h : R? x Lip(R%;R?) — T'r is continuous,
hence Borel, since for all z,y € RY Wy, Wy € Lip(R%; R?), we have

s (£) = hyw (8)] < [z — y] + / Wi (s (5)) — Wy (5))] ds
<lz—yl+ / Wi (B s (5)) — Wa(hy.wa (5))] ds+
+ / W3y (5)) — Wy wi ()] ds
0

t
<l = ol + Lin(92) [ [heaw, (5)) = huwas)| ds + #] W = Wall
0

and so by Gronwall’s inequality
[P (8) = hyw, (D] < (J& = y| + 8| W1 = Wal|oo)e™ PV,
which implies

e,y = By wslloo < (|2 =yl + TI[Wr = W) e PV,
Since Hfa can be written as the composition of the Borel maps x — (z, V),
(x,Z) = (x,Z * pe), and (z, W) + hy w, we have that it is a Borel map.

Finally, we define the Kuratowski upper limit of Hg . by

HT(z):={y €Ty : there exists {e, }nen s.t. €, — 07, H_ — 7, asn — +oo}.

T,En

Thanks to Theorem 8.2.5 in [13], this is a Borel set-valued map from R? to I'z,
thus possesses a Borel selection ¢ : R — I'p.

Given z € R%, let {€, }nen be such that ¢, — 07 and HJJT,En = vz = ().
In particular, we have that H]_ (0) = x for all n € N, and so 7,(0) = z.
Since there exists a compact K containing HmT ., (1) for all n € N sufficiently
large and all 7 € [0,7], and moreover V, x p., converges to V, in C°(R?) on
all the compact sets of R%, we can pass to the limit by Dominated Convergence
Theorem in

HTY_ (s)—HI_ (¢ 1 s
el - L [y il m)ar
s—t s—1J; e
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obtaining

S—t

Ya(s) — /
= Ve (Ve 4.6
P (Va( (4.6)
thus v, € C! is an admissible curve satisfying 4, (0) = v,.
We define the probability measure
n:=p®s, € PR xTIr),

which, as already seen in the last part of the proof of Lemma 4.3.5, induces an
admissible trajectory pu = {: = etin}icjo,r). Moreover, we prove that

lim |20 0|l =0
t—0 t 12
Indeed,
2 2
e —e v(t) — (0
tto—vx :// ()t()—vx dé-, (v) du(x)
L2 R JTY,
2
:/ 20220 e,
R t

and for p-a.e. x € RY, recalling (4.6), continuity of V,(-) and that v € C* and
4(0) = vy, we have

B t
vam = ‘1/ Ve(Ve(T)) dT — vp
t tJo
1 t
S,/HQ%MWhHw
gtrenax Ve (v ()] + |val,
i |22 =0
t—0+ t

Thus we conclude applying Lebesgue’s Dominated Convergence Theorem. [

Corollary 4.4.2. Assume hypothesis (Fy), (Fy). Let p € (R, T > 0.
Define the set Ap(u) of the maps wy, € L% satisfying the following

1. there exists an admissible mass-preserving trajectory p defined on [0,T)
and represented by n € P(R? x I'r) with eptin = p,

2. there exists a sequence {t;}ien C€]0,T] such that t; — 0 and

ml/éwﬁpo%xwemxw ol 7)) dn =

forallp e Li(Rd;Rd).
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Then Ap(u) ={voeq: ve L2, v(x) € F(x) for p-a.e. x € R4},

Proof. Tt is trivial that Ap(u) is contained in the right hand side. The opposite
inclusion follows from the previous Proposition with v(z) = v,, noticing also
that since v € L2, then voeg € L7 with 1 as in 1 by Lemma 3.2.7.
e —e
Indeed, in Proposition 4.4.1 we proved strong convergence in L%, of 19
to v, for ¢ — 0. Hence we have weak convergence, in particular since poey € Lf,

for every p € Li by Lemma 3.2.7, then there exists a sequence {¢;};en €0, T
such that ¢; — 0 and

i [ e entm —coteidn = [[ | wecate ) veco(e ) an

thus item 2 is satisfied with w, = v o eg, and item 1 follows directly by the
previous Proposition. O

We are now ready to prove the following theorem in which we adopt the
same notion of sub-/super-differential defined in Definition 3.3.6 for the mass-
preserving problem, and the corresponding notion of viscosity solutions as well
as the same hamiltonian function of Definition 3.3.8.

The procedure used for the proof of the following result is like the one
adopted in Theorem 3.3.9 for the generalized minimum time function of the
mass-preserving case.

Theorem 4.4.3 (Viscosity solution). Let S C R? be a target set for F. Let
A be any open subset of P5(RY) with uniformly bounded 2—moments and such
that if i € A then suppu C R\ S. Assume hypothesis (Fy), (F)). Assume that
IT()llLy < +oo for all p € A and that T : P5(R?) — [0, +00] is continuous
on A. Then 7(-) is a viscosity solution of Hw(u, DT(p)) = 0 on A, with H#5
defined as in Definition 3.3.8.

Proof. The proof is splitted in two claims.
Claim 1: 7(-) is a subsolution of % (u, D7(1)) =0 on A.

Proof of Claim 1. Let g € A. Let i = {fit}1e[0,400[ Pe an admissible clock-
trajectory for pg following a family of admissible mass-preserving trajectories
{p" }nen starting from po. For any s > 0 we choose n > 0 such that p™ is defined
on an interval [0,T},] containing s and it is represented by n,, € Z(R% x I'r,,).
Then by the Dynamic Programming Principle we have 7(ug) < 7(u?) + s for
all s > 0. Without loss of generality, we can assume 0 < s < 1. Given any
Puo € DFT(po), and set

A(s,puo,nn) = — 5 — // <pu0 o 60(%7)7 es(w,’y) - 60(3577» dnm
]RdXFTn
B, Py 1) =7 (") — 7(110) — / / (Buo © €07 ea(,7) — eole, 1)),
Re %I,

we have A(S,puy, M) < B(S, Pugs M)
We recall that since by definition p,,, € Lio,

Lemma 3.2.7. Dividing by s > 0, we obtain that

we have that p,, oeg € L%n by

s—0t

. A(S, Ppo>
hmsup 7( 50 nn) Z e //d <puo 060(%7)7101;”(33,7»d’?n(ﬂfﬁ)v
R XFT»,,,
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for all wy, € A, (po), with A, (o) defined as in Corollary 4.4.2.

Recalling the choice of p,,, we have

€s — €0

B B
i sup 2 Pro M) _ o B P )

s—0t S s—0+ ||es - eOHL%n

< K3,
S

2
L’”

n

where K > 0 is a suitable constant coming from Lemma 3.2.7 and from hypoth-
esis.

We thus obtain for all n,, as above and all w,, € Ag, (10), that

1 + // <pH0 O60(x57)7w7]n(x57)>dnn(xa’}/) Z —Ko.
RdXFTn

By passing to the infimum on 7, and w, € Ar, (o), and recalling Corol-
lary 4.4.2, we have

_Kég 1+ inf // <p#0O60(1’,’}/),’1}060($,7)>d7]n($,’}/)
vely (RGRY) ReXTp,
v(z)EF (x) po-a.e
—1e it [ oeolw),vo eal ) () duo(a)
vELMO(R iRY) Rd T

v(z)EF (x) po-a.e

=1+ zinfd p / (pm),v> d,U/O = _%F(/‘Ovpy‘o)?
veLy, (R%RY) R4
v(z)EF(x) po-a.c x

so 7(+) is a subsolution, thus confirming Claim 1. o
Claim 2: 7(-) is a supersolution of % (u, D7(u)) = 0 on A.

Proof of Claim 2. Let o € A. Let fi = {fit }+e[0,+o0[ Pe an admissible clock-
trajectory for po following a family of admissible mass-preserving trajectories
{" }nen starting from pg. For any s > 0 we choose n > 0 such that p™ is defined
on an interval [0,7},] containing s and it is represented by n,, € Z(R? x I'r,,).
Taken q,, € Dy (o), there is a sequence {s;}ien CJ0,Ty[, s; = 01 and wy, €
Ar, (uo) as in Corollary 4.4.2 such that for all i € N

I ot @) =@y 4 ()
RéxT'p,

Sq

€s;, — €0 B T(po) — T(M:i)

2 Si
L"In

<24

S;
By taking ¢ sufficiently large we thus obtain

Lo oot ) dn ) < a5 - =T,

Si

By using Corollary 4.4.2 and arguing as in Claim 1, we have

EL;%; ey //Rd . (guooeo(x,7), voeo(x, 7)) dm, (x,7) = =5 (1o, 4o )—1,
Ve xby,

v(z)EF (x) po-a.e
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and so .
7(po) — 7(1y,)

Si

A (105 Qo) > —3K6 + — 1.

By the Dynamic Programming Principle, passing to the infimum on all ad-

_ n

M — 1 < 0 with equality hold-
S

ing if and only if i, is concentrated on time-optimal trajectories, we obtain

I (10, Gy ) > —C'6, which proves that 7(-) is a supersolution, thus confirming
Claim 2. O

missible curves and recalling that
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Chapter 5

Open Problems

In order to conclude the discussion, we list below the main open issues.

1. Regarding the general treatment discussed in Chapter 2, the open prob-
lems are

e to prove a result of existence of optimal trajectories (the idea is to
use L.s.c. of the cost functional J(T, i, v) together with relative com-
pactness of the set of admissible trajectories for the finite-dimensional
underlying problem);

e to find the corresponding HJB equation in a very general form, under
further smoothness assumptions;

e to prove some estimates for the value function (maybe related to the
generalized distance from the target).

2. In Section 3.2.1, we discussed sufficient conditions on the dynamics grant-
ing attainability in the mass-preserving case and then, in Section 3.2.2
we strengthen this hypothesis in order to have Lipschitz continuity of the
generalized minimum time function. In this line, an open problem con-
sists in the study of further regularity properties of the minimum time
function with milder assumptions on the dynamics, stating the problem
in a suitable smaller class of probability measures, following the so called
Lagrangian flow problem.

3. As pointed out in Section 3.4, in which a correspondent quantity for the Lie
bracket in a measure-theoretic setting is presented, an interesting study
will be related to the proof of higher order controllability conditions for
the time-optimal control problem presented in Chapter 3.

4. The most important open problem of this thesis regards the framework
of Chapters 3 and 4 which lack a Comparison Principle result that would
lead to a characterization of the generalized minimum time function as
the unique viscosity solution of an Hamilton-Jacobi-Bellman equation.
Furthermore, as remarked in Section 3.3, another open problem is the
extension of the definition of viscosity solutions and the related result on
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CHAPTER 5. OPEN PROBLEMS

HJB equation to the case where we have only lower semicontinuity of the
minimum time function, instead of continuity, following a Barron-Jensen’s
approach to viscosity solutions.

Another open problem regarding Chapters 3 and 4 is to provide an analo-
gous of the Pontryagin mazimum principle, in order to formulate necessary
conditions for an admissible trajectory to be optimal.

Finally, from an applicative point of view and in purpose of possible ap-
plications in multi-agents systems, it would be interesting to implement
numerical symulations for the theory presented in Chapters 3 and 4.
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