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NONSMOOTH MEAN FIELD GAMES WITH STATE CONSTRAINTS*

SAEED SADEGHI ARJMANDY2**® AND GUILHERME MAZANTI?

Abstract. In this paper, we consider a mean field game model inspired by crowd motion where
agents aim to reach a closed set, called target set, in minimal time. Congestion phenomena are modeled
through a constraint on the velocity of an agent that depends on the average density of agents around
their position. The model is considered in the presence of state constraints: roughly speaking, these
constraints may model walls, columns, fences, hedges, or other kinds of obstacles at the boundary
of the domain which agents cannot cross. After providing a more detailed description of the model,
the paper recalls some previous results on the existence of equilibria for such games and presents the
main difficulties that arise due to the presence of state constraints. Our main contribution is to show
that equilibria of the game satisfy a system of coupled partial differential equations, known mean field
game system, thanks to recent techniques to characterize optimal controls in the presence of state
constraints. These techniques not only allow to deal with state constraints but also require very few
regularity assumptions on the dynamics of the agents.
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1. INTRODUCTION

Mean field games (MFGs for short) were first introduced around 2006 by Lasry and Lions [46-48] and
independently by Caines, Huang, and Malhamé [38-40], motivated by problems in economics and engineering
and based on some previous works on games with infinitely many players, such as those from [4, 5, 43]. MFGs are
differential games with a continuum of players, assumed to be rational, indistinguishable, individually negligible,
and influenced only by some “average” behavior of other players through a “mean-field type” interaction.
Since their introduction, MFGs have been studied both in connection with several applications and from a
theoretical point of view, in which the main goals are typically proving the existence of equilibria, characterizing
such equilibria as solutions to a system of partial differential equations, called MFG system, or studying the
connections between MFGs and games with a large (but finite) number of symmetric players. We refer to
[1, 18, 20, 22, 23, 33] for more details and further references on mean field games. In this paper, we use the
words “players” and “agents” interchangeably to refer to people taking part in the game.

*G.M. was partially supported by ANR PIA funding: ANR-20-IDEES-0002.

Keywords and phrases: Mean field games, optimal control, minimal time, nonsmooth analysis, state constraints, MFG system,
congestion games.

1 CMLS, Ecole Polytechnique, CNRS, Université Paris-Saclay, 91128, Palaiseau, France.
2 Université Paris-Saclay, CNRS, CentraleSupélec, Inria, Laboratoire des signaux et systémes, 91190 Gif-sur-Yvette, France.

** Corresponding author: saeed.sadeghi-arjmand@polytechnique.edu

© The authors. Published by EDP Sciences, SMAI 2022

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2022069
https://www.esaim-cocv.org
https://orcid.org/0000-0001-8910-1972
https://orcid.org/0000-0002-9197-0277
mailto:saeed.sadeghi-arjmand@polytechnique.edu
https://creativecommons.org/licenses/by/4.0

2 S. ARJMAND AND G. MAZANTI

Most works on mean field games consider either first- or second-order mean field games. First-order MFGs,
also known as deterministic mean field games, usually assume that players’ dynamics are described by a deter-
ministic control system, and their equilibria are characterized by a system of first-order partial differential
equations, whereas second-order MFGs, also known as probabilistic mean field games, consider that players’
dynamics are determined by a stochastic control system, typically with an additive Brownian motion model-
ing a random drift, and their equilibria are typically described by a system of second-order partial differential
equations.

This paper considers a class of first-order mean field games inspired by crowd motion in which agents are
assumed to remain inside of a specific domain while their goal is to arrive at a given target set in minimal time.
In order to model congestion, the speed of each agent is constrained by a function depending on the position of
the agent and on the distribution of all agents.

Crowd motion has been the subject of a very large number of works in the literature from different points of
view, motivated not only by understanding but also by controlling and optimizing the crowd behavior (see, e.g.,
[27, 32, 35-37, 41, 42, 49, 51-53]). The natural framework for a mean field game modeling crowd motion is to
adopt a macroscopic modeling of crowd, i.e., to describe the crowd at a given time ¢ as infinitely many agents
represented by a measure m; on the space of possible positions, which evolves according to some conservation
law, typically a continuity equation of the form 9ym + div(mV) = 0, where V is the velocity field followed by
the agents. While most macroscopic crowd motion models consider a given velocity field V' constructed from
modeling assumptions, the mean field game approach consists instead in considering that each agent will choose
their trajectory by solving some optimal control problem, and the velocity field V' is a consequence of the optimal
choices of the agents.

Up to the authors’ knowledge, the first work to be fully dedicated to a mean field game model for crowd
motion is [44], which proposes an MFG model for a two-population crowd with trajectories perturbed by
additive Brownian motion and considers both their stationary distributions and their evolution on a prescribed
time interval. Other works have later proposed MFG models for crowd motion taking into account different
characteristics, such as [10], which considers the fast exit of a crowd and proposes a mean field game model
which is studied numerically; [21], which is not originally motivated by the modeling of crowd motion but
considers a MFG model with a density constraint, which is a natural assumption in some crowd motion models;
[8], which presents numerical simulations for some variational mean field games related to crowd motion; or also
[26], which provides a generalized MFG model for pedestrians with limited predictive abilities.

The present paper considers the MFG model inspired by crowd motion introduced in [50] (described in
details in Sect. 2), which contains two major differences with respect to previous MFGs for crowd motions and
also to most MFG models in general. Firstly, the model from [50] assumes that each agent solves an optimal
control problem with free final time, and actually that the optimization criterion of each agent is to minimize
their arrival time at a certain target set, after which they quit the game. This is in contrast with most of the
MFG literature, which usually considers either optimization criteria with a given and known finite final time or
infinite-horizon optimization criteria. Secondly, congestion is modeled in [50] by imposing a maximal speed for
each agent which depends on their position and the distribution of other agents, while, in most of other MFG
works, agents are allowed to choose their speed without constraints, but high speeds and congestion are instead
penalized in the cost function. The motivation of [50] to impose a constraint on the speed of agents is to model
high-congestion situations in which an agent may be unable to move faster since other agents in front of them
may work as a physical barrier which cannot be crossed by simply paying a higher “cost”.

The main results of [50] are the existence of equilibria of the proposed MFG model and the characterization
of equilibria through an MFG system. Even though existence of equilibria is proved in [50] under rather general
assumptions, their characterization through an MFG system is only shown in the case where the target set of
the agents is the whole boundary of the compact domain in which they evolve, which avoids the presence of
state constraints in the minimal-time optimal control problem solved by each agent. This is a very restrictive
assumption for a MFG model for crowd motion, since crowds often evolve in domains with boundaries which
cannot be crossed by the agents, such as walls, columns, fences, hedges, or other obstacles. However, from a
technical point of view, the major difficulty in analyzing optimal control problems with state constraints is that
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their value functions may fail to be semiconcave (see, e.g., [14], Ex. 4.4), the latter property being important
in the characterization of optimal controls (see, e.g., [17]), which is a key step in obtaining the MFG system in
[50]. Other works, such as [29, 30, 55], have further explored the model from [50] and related models, but none
of those works consider the case of MFGs with state constraints.

Studying optimal control problems and mean field games with state constraints turns out to be a challenging
problem due to the possible lack of semiconcavity of the value function. The series of papers [11-13] represent
an important step in the study of MFGs with state constraints: in those works, the authors prove that, for the
optimal control problem they consider, even though the corresponding value function may fail to be semiconcave
in the classical sense, i.e., with a linear modulus of semiconcavity, the value function is still semiconcave with
a fractional modulus of semiconcavity, which is sufficient to obtain additional properties of optimal trajectories
allowing to characterize optimal controls. The fractional semiconcavity proved in [11] is global in the space
variable, which is known not to be the case for some minimal-time optimal control problems. This paper follows
a different strategy and proves the required additional properties of optimal trajectories without relying on
the semiconcavity of the value function, which has also the additional advantage of requiring fewer regularity
properties on the dynamics of the control system satisfied by each agent.

The main contribution of the present paper is thus to characterize optimal controls and deduce the MFG
system for the model of [50] under state constraints, which is an important step towards the study of MFG
models for crowd motion with more realistic assumptions. A first step in the characterization of optimal controls
is to apply Pontryagin Maximum Principle in order to deduce additional information on optimal trajectories.
To do so, we adapt the penalization technique used in [15]: we transform the minimal-time optimal control
problem with state constraints into a penalized optimal control problem without state constraints and show
that, similarly to [15], if the penalization parameter is small enough, optimal trajectories of the penalized
problem coincide with optimal trajectories of the original problem (see Thm. 4.8), which allows us to deduce
properties of the optimal trajectories of the original optimal control problem by applying Pontryagin Maximum
Principle to the penalized problem (see Cor. 4.9).

With those properties of optimal trajectories, we then proceed to the study of optimal controls by following
the arguments used in the recent paper [55]: our main results are Theorem 4.11, which provides a boundary
condition for the value function of the optimal control problem solved by each agent; Theorem 4.23, which
characterizes the optimal control at a given point as the direction of greatest decrease of the value function by
adapting the arguments of Theorem 4.14 in [55] to the case with state constraints; and Theorem 5.2, which
shows that equilibria of our MFG model satisfy the MFG system.

The present paper is an extended version of [54], which announced most of the results from this paper and
provided some details of the strategy of the proofs of the main results. With respect to that reference, this
paper works under weaker assumptions on the dynamics of the control system (compare (H4)—(H7) below with
(H2)—(H3) of [54]), which renders some proofs more technically involved and require different proof strategies
at some points, such as in Lemma 3.2 and for most of the results of Section 4.1. This paper also provides a
more detailed introduction to the subject, details proofs that had been omitted or only sketched in [54] (and in
particular the results in Sect. 4.3), and provides additional remarks and comments on the results.

Our paper is organized as follows. Some notations and standard definitions are provided in Section 2, together
with the precise description of the optimal control problem and the mean field game model considered in this
paper, and the list of hypotheses used here. Section 3 presents preliminary results on the optimal control problem
and the mean field game, most of which are either easy to prove or already present in the literature. The major
new contributions in Section 3 are the proof of Lipschitz continuity of the value function of the optimal control
problem under the weaker assumptions (H4) and (H5) as well as the alternative characterization of equilibria
from Proposition 3.7, which also holds for other mean field game models (see, e.g., [57], Lem. 3.4).

The main results of this paper are provided in Sections 4 and 5. Section 4.1 uses the strategy of [15] to study
an optimal control problem with state constraints through a penalized optimal control problem without state
constraints, adapting the techniques of that reference to our setting in order to show that optimal trajectories of
the original problem coincide with that of the penalized problem if the penalization parameter is small enough
(Thm. 4.8). Section 4.2 provides a boundary condition for the value function of the optimal control problem in
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the part of the boundary which is not in the target set. We then provide, in Section 4.3, the characterization
of optimal controls as directions of maximal descent of the value function, and we use this characterization in
Section 4.4 to introduce the notion of normalized gradient and provide its main properties. The main result
concerning the mean field game model of interest is the fact that its equilibria satisfy a system of PDEs, shown
in Section 5.

2. NOTATIONS AND DEFINITIONS

2.1. General notations

In this paper, IN denotes the set of positive integers, d is a fixed positive integer, the sets of nonnegative and
positive real numbers are denoted respectively by Ry and RY, R? is endowed with the usual Euclidean norm
|-|, and the unit sphere is denoted by $?~!. For A C R?, A denotes its closure, A denotes its boundary, and
co A denotes its convex hull. For any z € R? and r > 0, B(x,r) (resp., B(x,)) denotes' the open (resp., closed)
ball centered at o and with radius 7. We denote this ball simply by B, (resp., B,.) if z = 0 and by B (resp., B)
if z=0and r =1, i.e., B (resp., B) is the open (resp., closed) unit ball centered at the origin.

For two sets A and B, a set-valued map from A to B is a map F' that associates, with each x € A, a (possibly
empty) set F'(z) C B. We use the notation F': A = B to indicate that F' is a set-valued map from A to B.

Given two metric spaces X and Y and a constant M > 0, C(X;Y), Lip(X;Y), and Lip,;(X;Y’) denote,
respectively, the set of all continuous functions from X to Y, the set of all Lipschitz continuous functions from
X to Y, and the subset of Lip(X;Y') containing only those functions whose Lipschitz constant is at most M.
We will often use these spaces to represent time-dependent functions defined for nonnegative times, in which
case X = R4 and, for simplicity, we omit X from the previous notations, writing simply C(Y'), Lip(Y'), and
Lip,,(Y), respectively. When X C R* and Y C R™ for some positive integers k& and m, we also consider the set
Cl(X;Y) of continuously differentiable functions, the set C1'!(X;Y) of differentiable functions with a Lipschitz
continuous differential, and the set C2°(X;Y) of infinitely differentiable functions with compact support on X.
Iff:X—>Y and Z C X, we write f € C(Z;Y) to denote that the restriction of f to Z is continuous (even
though f itself may fail to be continuous in the boundary of Z), with similar notations for the other functional
spaces defined above.

For compact A C R?, the space C(A) is assumed to be endowed with the topology of uniform convergence
on compact sets, with respect to which C(A) is a Polish space (see, e.g., [9], Chap. X). For ¢t € R, we denote
by e; : C(A) — A the evaluation map at time ¢, defined by e () = y(t) for every v € C(A).

Recall that, for two metric spaces X and Y endowed with their Borel o-algebras and a Borel-measurable
map f: X — Y, the pushforward of a measure y on X through f is the measure fup on Y defined by
fap(B) = u(f~1(B)) for every Borel subset B of Y. Given a Polish space X, the set of all Borel probability
measures on X is denoted by P(X) and is endowed with the topology of weak convergence of measures (which is
also sometimes referred to as narrow convergence). The support of a measure u € P(X) is denoted by supp(u),
and is defined as the set of all points € X such that u(N,) > 0 for every open neighborhood N, of x. When X
is endowed with a complete metric d with respect to which X is bounded, we endow P(X) with the Wasserstein
distance W1, defined for u,v € P(X) by

W, v) = inf{/xxxd(a:,y) d\(z,y) ' Ae H(,u,u)},

where II(p, v) = {A € P(X x X) | mgA =p, mopA =v} and w1, m2 : X x X — X denote the canonical projec-
tions on to the first and second factors of the product X x X, respectively. Recall (see, e.g., [2], Chap. 7 and

1n accordance with the previous notation, B(z,r) is the closure of B(x,r) whenever r > 0. However, our notation is slightly
ambiguous for » = 0: B(z,0) = @, but B(z,0) = {x} is not the closure of B(x,0). All along the paper, we use the convention that,
when referring to balls, the notation B(a:, r) is the closed ball centered at = and with radius r. The same convention applies to the
notation B,«, and we remark that B is unambiguous.
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[56], Chap. 5) that W7 is compatible with the topology of weak convergence in P(X) and that it admits the
dual formulation

W) = { [ #(e)du-) | @ € Lin, (xR}

We shall also need in this paper the notion of signed distance to the boundary of a set, whose definition we
now provide, together with the classical definition of distance from a point to a set.

Definition 2.1. Let A C R?. If A # @, we denote by d4 the Euclidean distance to A, defined by da(z) =
infycalz —y|. If A# @ and A # R?, the signed distance to the boundary of A, dgA :R?Y — R, is defined by

diu(x) = da(x) — dpaya(2).

Finally, we will need, in Section 4, the notion of normal cones of nonsmooth sets. We recall here the definitions
provided in Section 4.2 of [58].

Definition 2.2. Let k be a positive integer, C C R¥ be a nonempty closed set, and z € C.

(a) The prozimal normal cone to C at x is the set N&(x) defined by
NE(z) = {p e R¥ | 3M > 0 such that p- (y — x) < M|y — z|* for every y € C}.

(b) The limiting normal cone to C at x is the set No(x) of vectors p € R¥ for which there exist a sequence
(#n)nen in C and a sequence (p,)nen in R¥ such that z,, — = and p, — p as n — +oc and p, € Ncp(xn)
for every n € N.

2.2. The minimal-time optimal control problem

Before introducing the minimal-time mean field game of interest to this paper, let us first consider an auxiliary
minimal-time optimal control problem, which is a classical kind of problem in control theory. Let © C R? be a
nonempty open bounded set and I' C €2 be a nonempty closed set. We consider the control system

V() = k@t y(8)u(t),  ult) € B,
(2.1)
{7(0) =z,
where z € Q, k: Ry x Q — R, and, for t > 0, y(t) € Q is the state and u(t) € B is the control. The function
k describes the dynamics of the system and, due to the constraint that u(t) € B, k(t,z) can be interpreted as
the maximal speed at which an agent at position x at time ¢ can move. The fact of requiring that v(t) € Q for
every time ¢ > 0 is a constraint we impose in the state of (2.1).

We are interested in this paper in the optimal control problem consisting in minimizing the time a trajectory
of (2.1) takes to reach the set I, called the target set. This optimal control problem, to which we refer in the
sequel as OCP(k) making explicit its dependence on the dynamics k, is made more precise in the following
definition.

Definition 2.3. Let Q C R be a nonempty open bounded set, I' C Q be a nonempty closed set, and k :
R+ x ) — :[R,+.

(a) A curve v € Lip(Q) is said to be admissible for OCP(k) if there exists a measurable function v : Ry — B,
called the control associated with -, such that the first equation of (2.1) is satisfied for almost every t € R.
The set of all admissible curves for OCP(k) is denoted by Adm(k).
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(b) Let to € Ry. The first exit time after to of a curve v € Lip(2) is the number 7(tg,~) defined by
7(to,y) = inf{t > 0 [ (¢t +to) € I'},

with the convention that 7(to,7) = +oc if y(t +t9) € I' for every ¢ > 0.
(c) Let to € Ry and xg € Q. A curve v € Lip(Q) is said to be an optimal trajectory for OCP(k) from (to,xo)
if v € Adm(k), v(t) = x¢ for every t € [0, to],

t = inf 2.2
T( 07’}/) ,BGAlgm(k)T(tO’ﬁ)’ ( )

B(to)==o

and y(t) = y(to + 7(to,7)) for every t € [to + 7(to,7),+0o0). In this case, the associated control u of v is
called an optimal control associated with 7. The set of all optimal trajectories for OCP(k) from (to,xo) is
denoted by Opt(k,to,xo).

(d) The value function of the optimal control problem OCP(k) is the function ¢ : Ry x Q — R, defined for
(to,l‘o) € ]R+ x ) by

to,z0) =  inf to,7). 2.3
¢(to, o) 7egllm(k)T(ov) (2.3)

v (to)=z0

We highlight the fact that, for a curve v to be admissible, it must not only satisfy the first equation of (2.1)
for some control u and almost every time ¢ > 0, but it must also remain inside 2 for all times.

Remark 2.4. Since we are considering in Definition 2.3(c) optimal trajectories v starting at time ¢ from xy and
minimizing the time to reach I, these trajectories could have been defined only in the interval [to,to + 7(t0, )]
However, in order to simplify the notations and deal in this paper only with trajectories and controls defined on
R, we extend an optimal trajectory to R by requiring it to be constant on [0, ¢g] and on [tg + 7(to, "), +00),
as done in Definition 2.3(c).

2.3. The minimal-time mean field game and its equilibria

As in Section 2.2, we fix a nonempty open bounded set Q C R? and a nonempty closed set I' € Q. We consider
a minimal-time mean field game in which a population of agents evolves on  and the goal of each agent is to
reach the target set I' in minimal time. The population is described by a time-dependent probability measure
my € P(Q) for t > 0, and my is assumed to be known. The trajectory v of an agent starting its movement at a
position = € € is assumed to satisfy the control system

t) = K(mgy,y()u(t),  ult) € B, (2.4)

—

=

8 —
Il
8

|

where K : P(Q) x @ — Ry and u : Ry — B is the control of the agent. Note that (2.4) corresponds to (2.1)
with k defined by k(t, ) = K(my, ) for t > 0 and z € €. Each agent is assumed to choose their control in order
to solve the optimal control problem OCP(k) with k defined from K as before. This mean field game is denoted
in the sequel by MFG(K).

The function K models interactions between agents and states that the maximal speed at which an agent
at position x at time ¢ can move depends on the position x itself and on the distribution of all agents at time
t, m¢. This function can be used to model congestion phenomena in crowd motion by choosing K (m¢, ) to be
small when m; is “large” around x, which means that it is harder for agents to move on more crowded regions.
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For instance, K can be chosen as

K(nz) =g ( JRCE0 du(y)> , (25)

Q

where x : R? — R is a convolution kernel, n : Q2 — R is a weight function in the space Q, and g : Ry — R
is a decreasing function. The function y may represent, for instance, the region around an agent at which they
look in order to evaluate local congestion, while 7 may be a function that is larger in regions difficult to move,
such as regions with obstacles or other kinds of difficult terrain, and which can also be used to discount people
who already reached the target set, as it was done in [30, 50]. Note, however, that we do not assume this specific
form for K in this paper.

Note that, since K depends on m; for all ¢ > 0, the optimal trajectories taken by the agents depend on m;.
On the other hand, m, itself describes the evolution of the agents, and hence is determined by their choices of
trajectories. We are interested in this paper in equilibrium situations, in which, roughly speaking, starting from
time evolution of the distribution of agents m : R, — P(Q), the optimal trajectories chosen by agents induce
an evolution of the initial distribution of agents m that is precisely given by ¢ — my.

We provide a more precise notion of equilibrium in what is known as the Lagrangian framework, in which,
instead of describing the evolution of agents as a time-dependent measure m : Ry — P(Q), we rely instead on
a measure () on the set of all possible trajectories P(C(f2)). Note that, given a measure @ € P(C({2)), one can
obtain the associated time-dependent measure m by setting m; = e;»Q for t > 0. The Lagrangian approach is
a classical approach in optimal transport problems (see, e.g., [2, 56]) which has been used to define equilibria
of first-order mean field games in some recent works, such as [8, 11, 16, 19, 21, 30, 31, 50, 55].

Definition 2.5. Let {2 C R? be a nonempty open bounded set, I' C Q2 be a nonempty closed set, K : P(2) x Q —
Ry, and mg € P(£2). A measure @ € P(C((2)) is called a Lagrangian equilibrium of MFG(K) with initial
condition myg if egx@Q = moy and Q-almost every v € C(12) satisfies v € Opt(kq,0,7(0)), where kg : Ry x Q —

R, is defined for t > 0 and = € Q by kq(t,2) = K(e;4Q, z).
In the sequel of the paper, we refer to Lagrangian equilibria simply as equilibria.

Remark 2.6. Another classical way to describe the evolution of agents in a mean field game, which dates back
to [39] and has been used and developed in several other references such as [24, 34, 45], is to fix a probability
space (Z, Z,IP) and describe the motion of agents through a time-dependent random variable in Z, i.e., through
a function X defined on R, and such that, for every t > 0, X(t) : Z — € is measurable. One can then retrieve
the time-dependent measure m; € P({) as the law of X (¢), i.e., m; = X (t)x[P, but X contains more information
than m, since X also carries information on the correlation of the distributions of agents at different times, for
instance. This formulation using random variables has the additional advantage of being also adapted to study
of other kinds of mean field games, such as second-order mean field games or mean field games of controls.

In addition, if? Ry >t — X (t,2) € Q is continuous for almost every z € Z and the function = : Z — C(f)
defined by setting Z(z) = X(-,2) for a.e. z € Z is measurable, then the probability measure Q € P(C())
describing the evolution of agents from a Lagrangian perspective can be retrieved as Q = Z4P.

Conversely, given a measure Q € P(C(€)) describing the evolution of agents, one can consider the probability
space (C(),B,Q), where B is the Borel g-algebra of C(Q), and in this case the evolution of agents can be
described by the time-dependent random variable X defined by X (t) = e; for ¢ > 0.

2.4. Hypotheses

Along the paper, we will need several assumptions on €2, I'; K, and k, which we collect in this subsection.
We start with the following assumptions on the sets 2 and I'.

2Here, X (t, 2) is a simplified notation for X (t)(z).
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(H1) The set 2 C Iﬁd is nonempty, open, bounded, and connected.
(H2) The set I" C € is nonempty and closed.
(H3) The boundary 99 is a compact C*! submanifold of R of dimension d — 1.

Whenever we assume that (H3) holds, we use n(z) to denote the outward unit normal vector to 2 at the
point x € 09.

When studying the optimal control problem OCP(k), we shall need the following assumptions on the function
k.

(H4) The function k : Ry x Q- R is continuous and there exist positive constants K i, and Ky, ax such that
k(t,7) € [Kmin, Kmax] for every (t,z) € Ry x Q.

(H5) The function k is Lipschitz continuous with respect to its second variable, uniformly with respect to the
first variable, i.e., there exists L > 0 such that, for every t € Ry and 1,22 € Q, we have

|k(t,x1) — k(t,22)| < L|z1 — 2|

The counterpart of Hypotheses (H4) and (H5) concerning the function K from the mean field game MFG(K)
are the following.

(H6) The function K : P(Q) x Q — R, is continuous and there exist positive constants K, and Kpay such
that K (u, ) € [Kmin, Kmax| for every (u,z) € P(2) x €.

(H7) The functions K is Lipschitz continuous with respect to its second variable, uniformly with respect to the
first variable, i.e., there exists L > 0 such that, for every u € ’P(Q) and z1, 29 € 2, we have

[ K (ps 1) — K (p, w2)| < Llwy — a2

Note that (H6) and (H7) are satisfied in the particular case where K is chosen as in (2.5) if ¢ is Lipschitz
continuous, upper bounded, and lower bounded by a positive constant, y is Lipschitz continuous, and 7 is
continuous.

3. PRELIMINARY RESULTS

This section presents results on OCP(k) and MFG(K) that will be useful in the sequel, most of which are
either present in other references or easy to prove using classical techniques. It turns out that the results we
will present in this section require fewer regularity assumptions on 2 than (H1) and (H3); namely, we replace
here (H3) by the following assumption.

(H3') There exists D > 0 such that, for every z,y € €, there exists a curve v included in Q connecting x to y
and of length at most D|z — y|.

Hypothesis (H3') means that the geodesic distance in Q is equivalent to the usual Euclidean distance, and it
holds in particular when (H1) and (H3) are satisfied.

The first result we present concerns three elementary properties of OCP(k): existence of optimal trajectories,
boundedness of the value function, and the dynamic programming principle. The proof is omitted, since all
properties are either easy to prove or classical. Indeed, existence of optimal trajectories can be proved easily
using compactness of a minimizing sequence (see Thm. 8.1.4 of [17] for a proof in the autonomous case, i.e., when
k: R, x Q — R, does not depend on its first variable). Boundedness of the value function follows from the fact
that, using (H3'), one can easily construct, for every point z € Q, an admissible trajectory connecting it to a
point in I' with constant speed K,;, and that arrives in I' in time at most %S), and the continuous function
dr is bounded in the compact set . Finally, the proof of the dynamic programming principle is classical: the
autonomous case can be found, for instance, in Proposition 2.1 of [7] and (8.4) of [17], and the corresponding

proofs can be easily adapted to our nonautonomous setting.
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Proposition 3.1. Consider OCP(k) under hypotheses (H1), (H2), (H3'), (H4), and (H5).

(a) For every (to, o) € Ry x €, there exists an optimal trajectory ~ for OCP(k) from (to,xo).
(b) There exists T > 0 such that, for every (to,zo) € Ry x §, the value function ¢ satisfies ¢(to, z9) < T
(c) For every (to,zg) € Ry x Q and v € Adm(k) such that v(ty) = zo, we have, for every h > 0,

¢(to + h,y(to + h)) + h > ¢(to, o), (3.1)

with equality if v € Opt(k,to,x0) and h € [0,7(to,7)]. Conversely, if v € Adm(k) satisfies y(to) = xo,
is constant on [0,to] and on [ty + T(to,7), +00), and equality holds in (3.1) for every h € [0,7(to, )], then
gaS Opt(ka t07 zO)‘

Our next result deals with Lipschitz continuity of the value function . This kind of result is classical for
optimal control problems with free final time (see, e.g., Prop. 8.2.5 of [17] for a proof in the autonomous case),
and a complete proof for the nonautonomous optimal control problem OCP(k) was given in Propositions 4.2
and 4.3 of [50]. However, that reference uses the stronger assumption that k € Lip(Ry x ;R ). When the
optimal control problem does not have state constraints, this assumption can be relaxed to (H5) by first showing
Lipschitz continuity of ¢ with respect to x, which can be done by adapting the classical proof of Proposition 8.2.5
in [17], and then using the dynamic programming principle to deduce Lipschitz continuity also with respect to t.
This strategy was described in Proposition 3.8 of [30] and carried out in details in Lemma 4.7 and Proposition 4.8
of [55], however those proofs rely on the absence of state constraints and cannot be easily generalized to optimal
control problems with state constraints. For that reason, we present here a new proof, which is inspired by that
of Propositions 4.2 and 4.3 of [50] but uses a technique introduced in the proof of Proposition 3.9 in [30] in
order to replace the assumption k € Lip(R; x ;R ) by the weaker assumption (H5). As a first step, we prove
Lipschitz continuity of ¢ in space for fixed time.

Lemma 3.2. Consider the optimal control problem OCP(k) and its value function ¢ and assume that (H1),
(H2), (H3"), (H4), and (H5) are satisfied. Then there exists C > 0 such that, for every to € Ry and xg, 1 € £,
we have

l¢(to, zo) — p(to, x1)| < Clag — 21]. (3.2)

Proof. Let D > 0 be as in (H3'), L > 0 be as in (H5), and 7" > 0 be as in the statement of Proposition 3.1(b).
It suffices to show that there exists C' > 0 such that, for every ty € Ry and zg,x; € 2, we have

o(to, r1) — p(to, z0) < Clzo — 21, (3.3)

since, in this case, (3.2) can be deduced by exchanging the role of zy and z;.

Let to € R4 and xg, 21 € Q. Let Yo € Opt(k,to, o) and denote by ug the corresponding optimal control, i.e.,
Ao (t) = k(t, 70 (t))uo(t) for a.e. t € Ry. Let ¢ = to + ¢(tg, o) be the time at which 7y arrives at the target set
r.

Let us first describe informally the idea of the proof. We will construct an admissible trajectory v; € Lip(f)
which remains constant at z; in the time interval [0, ty], then moves from x; to xg in a time interval [tg, 1], and
then follows the same path of 7y, but with a change in the time scale since it starts from zg at time ¢; > tg.
This trajectory will then arrive at z§ € I', and we will prove that its arrival time at I' satisfies

7(to,71) < p(to, o) + Clzo — 1], (3.4)
which yields the conclusion since p(tg, 1) < 7(tg,71). The difficult part of the proof is to perform a suitable

change in time scale guaranteeing both that ~; is admissible and that its arrival time at I' satisfies the above
inequality.
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Applying (H3') and renormalizing the speed of the curve whose existence is asserted in that hypothesis, we
obtain the existence of t; > ¢y and a Lipschitz continuous curve o : [tg, t1] — §2 such that o(tg) = 21, 0(t1) = xo,
D|xz1—xo]|

|6(t)] = Kmin for almost every t € [to, t1], and t; — o < -
Let us now define ¢ : [t1,+00) — [tg, +00) as a solution of the problem

o k(Ao(e)
) = Ho). 10(0(0)
o(t1) = to.

for t > 1,

Note that, since (t, s) — % is continuous (but not necessarily Lipschitz continuous in its second argument),
a solution ¢ to the above problem exists and is of class C! (but it may not be unique). Moreover, d)(t) €

{%, %} for every t € [t1,+00), which implies that ¢ : [t1,+00) — [to, +00) is increasing and surjective,

and hence invertible, and both ¢ and ¢! are Lispchitz continuous, with Lipschitz constant m”‘ . We define
: [t1, +00) = Q by 01(t) = v0(4(¢)), which, by construction, satisfies o1 (t1) = xo, 01 € Llp(Q), and 1(t) =
k(t7 o1(t))us(¢) for a.e. t € [t1,+00), where u; is defined for ¢ 6 [tl, +00) by us(t) = uo(¢(t)). In particular, since
¢! is Lipschitz continuous, u; is measurable. We define t; = ¢~1(¢%) and remark that o1 (t5) = yo(tf) = xf € T
Finally, we define v; € Lip(Q) by v1(t) = x; for t € [0, tg] 1(t) = o(t) for t € [to,t1], and y1(t) = o1(t) for
t € [t1,+00). By construction, we have v; € Adm(k) and 7 (¢, 'yl) <t} —to. We are thus only left to show (3.4).
Note that, for every t € [t;, +00), we have k(¢(t), y0(d(t)))(t) = k(t,v0(¢(t))) and thus, by integrating this
identity and performing a change of variables, we deduce that, for every ¢t > t1,

#(t) t

/ k(s,vo(s))ds :/ k(s,v0(o(s))) ds. (3.5)
to t1

Let G : [tg, +00) — [0, 4+00) be defined for 6 > ¢y by

0
GO) = [ K(s,0(s)) d.

to

Then G is differentiable, with G(@) = k(0,7(0)) € [Kmin, Kmax] for every 6 > to. In particular, G is Kupax-
Lipschitz continuous, invertible, and its inverse is -Lipschitz continuous. Moreover, using (3.5), we have,
for every t > tq, that

1
Kmin

- / K(s.70(6() ds,  G(t) = / K(s,70(s)) ds

Hence, for every t > t1, we have

lp(t) — t| = ’Gl </t1tk(s,'yo(¢(s)))ds) -G! (/t:k(s,'yo(s))ds>’

1 t t
<z / s, 0(0(s)) ds = [ k(s.20(s)ds

min to

I
<
< g [ o 0(6(61) = Hs (o) s + 7 | ke ds
LKmax Kmax

S |(,Z5 75‘d5+ K (tl 7150)

mm min
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Thus, by Gronwall’s inequality, we have, for every ¢t > ¢y,

Kma,x e%(t—tl)

)
Kmin

|6(t) — t] < (t1 — to)
which yields, for ¢t = t7, that

Kmax eiLII{(]::ix (t7—t1)

t1 —tol < (t1 —to)

min

Note that 0 < #f —t; = ¢~ L(t5) — ¢ L(to) < Bmax(p —tg) = Bmaxoy(ty,29) < TEmax  Moreover, t] = to +

mi min i

7(to,y1) and ¢ = to + ¢(to, zo), showing that [t} — t5] = |7(te,71) — @(to, zo)|. Hence, we deduce that

Kmax TLK?,,
7(to,11) — p(to, zo) < (t1 — t())f xpl\—p2z |-

min

min

2
Recalling that 0 < t; — ty < %, we finally obtain (3.4) with C = Dég“‘a" exp (Tﬁg"‘“). O

min

Now, exactly as in Proposition 4.8 of [55], we can deduce Lipschitz continuity of ¢ by using Lemma 3.2 and
the dynamic programming principle from Proposition 3.1(c). We provide a proof of this fact here for sake of
completeness.

Proposition 3.3. Consider the optimal control problem OCP (k) and its value function ¢ and assume that (Hl_),
(H2), (H3'), (H4), and (H5) are satisfied. Then there exists M > 0 such that, for every (to, xg), (t1,21) € Ry x Q,
we have

lo(to, w0) — @(t, 1) < M ([to — t1| + w0 — z1]) .

Proof. We denote by C' > 0 the Lipschitz constant from Lemma 3.2. Let (to, o), (t1,21) € Ry x Q and assume,
with no loss of generality, that to < t1. Fix 79 € Opt(k, to, xo) and set zf = 70(¢1). By Lemma 3.2, we have

lo(t, x5) — p(t1,21)| < Clag — 21 (3.6)

If t1 <ty + p(to, o), then, by Proposition 3.1(c), since vy € Opt(k,to, o), we have p(t1,25) = ¢(to, xo) —
(t1 — to), and thus

o (to, w0) — (tr, 21)] < [t — to| + Clag — 1. (3.7)

Otherwise, we have t1 > to + ¢(to, o), which shows that z§ = vo(t1) = Yo(to + ¢(to,z0)) € ', and thus
o(t1,x§) = 0. Combining this with (3.6) and the fact that ¢(tg,zo) < t1 — t9, we deduce that (3.7) also holds
in this case.

Since 7p i8 Kmax-Lipschitz, we have |z§ — xo| = |70(t1) — Y0(t0)| € Kmax|t1 — to|. Hence, combining with
(3.7), we deduce that

|30(th1;0) - So(tlaxl)| S (CKmax + 1)ltl - t0| + C|.’IJO - .’171|,
yielding the conclusion. O

The next preliminary result we present is the fact that ¢ satisfies a Hamilton—Jacobi equation. This kind of
result is classical and can be obtained by adapting classical proofs used in the autonomous case, such as those



12 S. ARJMAND AND G. MAZANTI

of Chapter IV, Proposition 2.3 of [7] and Theorem 8.1.8 of [17]. The statement provided here can also be found
in Proposition 3.5 of [30] and Theorem 4.1 of [50].

Proposition 3.4. Consider OCP (k) under hypotheses (H1), (H2), (H3"), (H4), and (H5). The value function
© of OCP(k) satisfies the Hamilton—Jacobi equation

— Op(t,x) + |Vo(t,z)k(t,z) —1=0 (3.8)

in the following sense: ¢ is a viscosity subsolution of (3.8) in Ry x (2\T) and a viscosity supersolution of
(3.8) in Ry x (2\T). Moreover, ¢ satisfies o(t,x) =0 for every (t,z) € Ry x T.

We next provide in Proposition 3.5 two properties of ¢, the first one providing a lower bound on the rate of
change of ¢ over time at a fixed position, and the second one characterizing the optimal control at points at
which ¢ and the optimal trajectory are differentiable. The first result was shown in Proposition 4.4 of [50], once
again under the stronger assumption that k& € Lip(Ry x Q; R, ), but its proof was later refined in Proposition 3.9
of [30] in order to use only assumptions (H4) and (H5). Even though [30] considers only minimal-time mean field
games without state constraints, the proof of Proposition 3.9 in [30] remains unchanged when state constraints
are present. The second result of Proposition 3.5 follows as a consequence of the first one and Proposition 3.4,
as detailed, for instance, in Corollary 4.1 of [50].

Proposition 3.5. Consider OCP(k) under hypotheses (H1), (H2), (H3'), (H4), and (H5), and let ¢ be the
value function of OCP(k).

(a) There exists ¢ > 0 such that, for every x € Q and ty,t; € R4 with tg # t1, we have

o(t1, ) — ¢(to, )

>c—1.
t1 — to

In particular, if ¢ is differentiable at (to, ), then Oyp(to,z) > ¢ —1 and [Vo(to, )| > c.
(b) For every (to,x0) € Ry x £, if v € Opt(k, to, o), t € [to, to + ©(to, To)), and ¢ is differentiable at (t,v(t)),
then [Vo(t,v(t))| # 0 and

Ve(t, (1))

Y(t) = —k(tﬁ(t))i‘v(m YO

We now turn to preliminary results concerning the mean field game MFG(K). The main result on MFG(K)
we present here is the following, asserting existence of equilibria.

Proposition 3.6. Consider the mean field game MFG(K) under hypotheses (H1), (H2), (H3), (H6), and (HT).
Then, for every mg € P(§2), there exists an equilibrium Q € P(C(Q2)) for MEG(K') with initial condition my.

A result similar to Proposition 3.6 was shown in Theorem 5.1 of [50], but requiring the stronger assumption
that K € Lip(P(Q) x Q; R, ) instead of (H7). Proofs using only the weaker assumption (H7) were provided
in Theorem 4.4 of [30] and Theorem 5.1 of [55]. Both references consider only mean field games without state
constraints, but the only point in those proofs where the absence of state constraints is used is to show Lipschitz
continuity of value functions of optimal control problems with functions k satisfying (H4) and (H5). Since
Proposition 3.3 above proves this fact also in the presence of state constraints, the proof of Proposition 3.6
can be carried out exactly as in Theorem 4.4 of [30] and Theorem 5.1 of [55], and it is thus omitted here. We
also recall that equilibria of MFG(K) may fail to be unique, as illustrated in Remark 7.1 of [50] in the case
of a population without interaction and through a heuristic argument in Remark 5.7 of [55] in the case of a
multi-population mean field game.

The definition of equilibrium used here, which follows that provided in [50, 55], requires Q-almost every
v € C(Q) to be an optimal trajectory for OCP(kg) from (0,7(0)). An apparently stronger notion of equilibrium
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can be formulated by requiring every trajectory in the support of @ to be optimal for the same problem, a
notion used, for instance, in [11, 30]. We prove in the next proposition that, for the current model, both notions
are equivalent.

Proposition 3.7. Consider the mean field game MFG(K) under hypotheses (H1), (H2), (H3'), (H6), and (HT7),
and let mg € P(Q). A measure Q € P(C(Q)) is an equilibrium of MFG(K) with initial condition mo if and
only if eop@Q = mo and every v € supp(Q) satisfies v € Opt(kg,0,7(0)), where kg : Ry x Q — Ry is defined
fort >0 and z € Q by kq(t,r) = K(eixQ, 7).

Proof. Notice first that ¢ — e, @ is Lipschitz continuous with Lipschitz constant K., since, for tg,t; € R4,
we have

Wilens@rens@) = sup / B(2) dery 4 Q — e 4 Q) (x)

dcLip, (;R) /Q

= swp [ (001(t0) ~ 20 (1) 4Q0) £ Ko — 1]
®eLip, (;R) J C(Q2)

In particular, kg satisfies (H4) and (H5).

Let us assume that Q € P(C(Q)) is such that epx@Q = mo and every v € supp(Q) satisfies v €
Opt(kg,0,7(0)). Since supp(Q) is a set of full Q measure, we deduce immediately that Q-almost every v € C(Q)
satisfies v € Opt(kg,0,7(0)), and hence @ is an equilibrium of MFG(K) with initial condition m.

To prove the converse implication, let us now assume that @ is an equilibrium of MFG(K) with initial
condition mg. Fix v € supp(Q). By definition of support, for every open neighborhood V' of « in C(Q), we have
Q(V) >0, and thus, by assumption, there exists vy € V such that vy € Opt(kg,0,7v(0)). In particular, there
exists a sequence (7, )nen such that v, € Opt(kg,0,7,(0)) for every n € N and ,, — « in the topology of C(f)
(i.e., uniformly on compact subsets of R ) as n — +o0.

Since 7, € Opt(kg,0,v,(0)), we have in particular -y, € Adm(kg), which implies that, for every to,t; € Ry,

we have

[ (t1) = Yn(to)| < /t 1 ko (s, yn(s)) ds.

Letting n — 400, we deduce that

(1) = (to)] < / kq(s,7(s)) ds,

to

which shows in particular that v is Kpax-Lipschitz continuous. Moreover, dividing by [t; — | and letting
t1 — to, we deduce that |[(¢)| < kg(t,7y(t)) for almost every ¢ € Ry, showing that v € Adm(kg).

To prove optimality of -y, notice that v, (¢g(0,v,(0))) € ', where ¢ denotes the value function of OCP(kg).
Since I is closed and, by Proposition 3.3, ¢¢ is continuous, we deduce by letting n — 400 that v(¢(0,v(0))) €
I', showing that 7(0,7) < ¢ (0,7(0)). On the other hand, since v € Adm(kg), we have ¢ (0,v(0)) < 7(0,7)
by the definition (2.3) of ¢, yielding that 7(0,v) = ¢ (0,7(0)). Thus v € Opt(kg,0,+(0)), as required. O

4. FURTHER PROPERTIES OF THE OPTIMAL CONTROL PROBLEM

We now provide some further results on the optimal control problem OCP(k). In the references [30, 50,
55], additional properties of the value function and of optimal trajectories, such as C1! regularity of optimal
trajectories or differentiability of the value function along optimal trajectories, were obtained only for optimal
control problems without state constraints. The technique used in those references is to apply the (unconstrained)
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Pontryagin Maximum Principle to obtain further properties of optimal trajectories that can then be used to
deduce additional results on OCP(k). The main difficulty in generalizing this technique is that, even though
versions of Pontryagin Maximum Principle taking into account control systems with state constraints such as
(2.1) exist in the literature (see, e.g., [25], Chap. 5), it is a difficult problem to get nice additional properties of
OCP(k) from their conclusions.

The strategy we follow in this section relies instead on a penalization technique adapted from [15], which
consists in considering an optimal control problem with no state constraints but such that the maximal speed of
each agent decays fast to 0 as the agent moves away from (2. It is then possible to show that, if the penalization
parameter is small enough, optimal trajectories of the penalized problem never leave Q and thus they coincide
with optimal trajectories of the original problem with state constraints. As consequences, we provide a boundary
condition for the Hamilton—Jacobi equation (3.8) and a characterization of optimal controls, the latter being a
key ingredient for showing, in Section 5, that equilibria of MFG(K) satisfy an MFG system.

4.1. Penalized optimal control problem

We present in this section the penalized optimal control problem we consider in order to study optimal
trajectories of OCP(k). Before turning to the core of this section, let us first recall, in the next proposition,
some classical consequences of (H3) on the signed distance to 92, whose proofs can be found, for instance, in
Theorems 5.1 and 5.7 of [28].

Proposition 4.1. Let Q C R? be a set satisfying (H3).

(a) The signed distance dgg is Lipschitz continuous on R®, with Lipschitz constant equal to 1.

(b) There exists a neighborhood W of O such that the signed distance to O satisfies déEQ € CH(W;R).
Moreover, |Vd§Q(x)} =1 for every x € W.

(c) For every x € 99, Vda,(x) is the outward unit normal to Q at x.

Let us now introduced the penalized optimal control problem. We fix Q, I", and k satisfying assumptions
(H1)-(H3), (H4), and (H5), and we extend k to a continuous function defined on Ry x R¢ and taking values
in [Kmin, Kmax] such that, for every ¢t € Ry, z + k(t,z) is L-Lipschitz continuous on R?, with L independent
of t. Such an extension can be constructed, for instance, by proceeding as in [6].

For € > 0, we define k. : Ry x RY — R, by

ko(t 7) = k(t, z) (1 _ 1dg($)> , (4.1)

+

where the notation a is defined by a; = max(0, a) for a € R. In particular, k. is continuous, nonnegative, upper
bounded by Kpax, € — ke(t, ) is Lipschitz continuous for every t € Ry with a Lipschitz constant L, = L+ %
independent of ¢, k(t,z) = k(t, z) for every (¢t,2) € Ry x Q, and k.(t,z) = 0 if do(z) > €.

We consider the penalized control system
V() = ke(t,y(t))u(t),  t=0, (4.2)

where (t) € R? is the state (which is no longer constrained to remain in Q) and u(t) € B is the control.
We denote by OCP,(k.) the minimal-time optimal control problem of finding, for any (¢9,z¢) € R4 x RY, a
trajectory v € Lip(R?) with (tg) = 2o and a measurable control u : Ry — B satisfying (4.2) and minimizing
the time at which « reaches the target set I' for the first time after ty. Similarly to Definition 2.3, we denote
by Adm,(k.) the set of admissible curves for (4.2), i.e., the set of v € Lip(R%) such that (4.2) is satisfied for
some measurable u : R, — B. The definition of the first exit time 7(¢g,7) from Definition 2.3(b) is extended
to curves v € Lip(IR%), and we define optimal trajectories for OCP(k.) as in Definition 2.3(c), but requiring
in addition that 7(tg,7) < +oc for a trajectory 7 to be considered optimal from (to,zo) € Ry x R?. The set
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of optimal trajectories for OCP (k) from (to,7¢) € Ry x R? is denoted by Opt, (ke, to, zo). The value function
e Ry x RT — Ry U {+0c0} of OCP,(k.) is defined similarly to Definition 2.3(d).

Standard arguments allow to show that OCP.(k.) also satisfies a dynamic programming principle: if (¢g, zg) €
R, x R? and v € Adm, (k) is such that y(to) = o, then, for every h > 0, we have

©e(to + h,y(to + h)) + h > @e(to, o), (4.3)

with equality if v € Opt,(k, to, o) and h € [0, ¢ (to, zo)]. However, contrarily to OCP(k), we may have nonex-
istence of optimal trajectories for OCP. (k). More precisely, Opt,(ke, to, x0) = & if da(zg) > €, but one can
show by standard arguments that this set is nonempty as soon as dg(xg) < e. In addition, p.(t,z) < 4o if and
only if do(z) < e.

The first result we show for OCP,(k.) is the following property of optimal trajectories.

Proposition 4.2. Consider the optimal control problem OCP.(k.) under assumptions (H1)-(H3), (H4), and
(H5). Let (to,79) € Ry x RY and v € Opt,(ke,to, z0). Then da(y(t)) < € for every t € Ry.

Proof. Denote by u : R, — B an optimal control associated with y. Assume, to obtain a contradiction, that
there exists ¢; € Ry such that do(v(t1)) > e. In particular, k.(¢,7(t1)) = 0 for every t € R4, and thus the
function 4 : R, — R%, defined by 7(t) = v(t1) satisfies 7(t) = k(t,5(t))u(t) for every t € R . Since the initial
value problem consisting of this equation and the initial condition 4(¢1) = v(¢1) admits a unique solution, then
necessarily 7 = . However, since v € Opt, (ke,to, 7o), we have 7(tg,v) < +oo and v(to + 7(t9,7)) € T C €,
which contradicts the fact that do(y(to + 7(to,7))) = da(F(to + 7(to,7))) = da(y(t1)) > €. O

We now apply Pontryagin Maximum Principle to optimal trajectories of the penalized problem OCP.(k.)
starting from a point in R4\ T'.

Proposition 4.3. Consider the optimal control problem OCP.(k¢) under assumptions (H1)—-(H3), (H4), and
(H5), and with k. defined from k as in (4.1). Let (to,z0) € Ry x (R¥\T), v € Opt,(ke,to, 7o), T = @c(to, T0),
and u : Ry — B be an optimal control associated with . Then there exist A > 0 and an absolutely continuous
function p : [to,to + T] — RY such that the following assertions hold.

(a) A+ maxer, ¢o4+17P(t)] > 0.
(b) For almost every t € [to, to + T, we have

B(t) € co{¢ € R | (C.p(t)) € N (7(1), (1)) } (4.4)

where, for t > 0, the set G.(t) is defined by

Ge(t) = {(z,v) € R? x RY | Ju € B such that k(t,z)u=v}. (4.5)
(¢) —p(to +T) € Nr(v(to +T)).
(d) One has
_ )
O hp

almost everywhere on {t € [to,to + T | p(t) # 0}.
() A=ke(to+T,v(to +T))[p(to + T)I.

Before turning to the proof of Proposition 4.3, we remark that, by taking v € Opt,(k., to, zo), we implicitly
assume that Opt,(ke, to, zo) is not empty, and thus dg(z¢) < €.
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Proof. We apply Theorem 8.4.1 of [58] to OCP.(k.) and the optimal trajectory v over the interval [to,to + T7.
Notice, first, that, since v € Opt,(ke, to, o), we have in particular T < +oo and, since zg € R\ ', we have
T > 0. We denote by L. the Lipschitz constant of x — k.(t,x), and we recall that this constant is independent
of t € R+.

We first introduce some notation in accordance to the statement of Theorem 8.4.1 of [58]. Let g : R x
R? x R x R? = R be defined for (t1,z1,ts,22) € R x R x R x R? by g(t1,71,t2,72) = to — t1, define C =
{(t1,21,t2,79) E R x RY x R x RY | t; = tg, 11 = @0, ta > t1, 72 € T'}, and let F, : R x R? = R be the set-
valued map defined for (¢,z) € R x R by F,(t,2) = {k.(max(t,0),z)u | u € B}. Notice that the optimal control
problem OCP,(k.) starting from the given (¢y,79) € Ry x R? can be rephrased as: minimize g(t,7(to),to +
T,5(to + T)) over intervals [to,to + T and absolutely continuous functions 7 : [to,to + 7] — R such that
A(t) € F.(t,5(t)) for ae. t € [to,to + T] and (to,7(to), to + T, 7(to + T)) € C. Remark also that the set G(t)
from (b) is the graph of R? 3 x +— F.(t,z) C R%

Let us verify the assumptions of Theorem 8.4.1 in [58]. First, the constant 6 > 0 from Theorem 8.4.1 in [5§]
can be chosen arbitrarily. Since g is of class C* and T is closed, assumption (H1) from Theorem 8.4.1 in [58]
is verified. The fact that k. is continuous also allows one to easily verify assumption (H2) from Theorem 8.4.1
n [58]. Using the fact that k. is L.-Lipschitz continuous in its second variable uniformly with respect to the
first variable, assumption (H3) from Theorem 8.4.1 in [58] is satisfied with 8 = 0 and kg, (t) = L. for every
t € [to,to + T]. Since tg is fixed, assumption (H4) from Theorem 8.4.1 in [58] is not needed. Finally, using once
again that k. is L.-Lipschitz continuous in its second variable uniformly with respect to the first variable, we
deduce that (H5) from Theorem 8.4.1 in [58] holds with ¢; = Kyax, k1 = L, and with an arbitrary d; > 0.
Thus, all assumptions of Theorem 8.4.1 in [58] are verified.

The statement of Theorem 8.4.1 in [58] now asserts the existence of an absolutely continuous p : [tg, to + 7] —
R and real numbers A > 0, £, and 7, satisfying (i)—(iv) and (vi) from the statement of Theorem 8.4.1 in [58].
Items (i) and (ii) are exactly (a) and (b) above.

Assertion of Theorem 8.4.1(iii) in [58] states that

(_gap(t0)7na —p(to + T)) € Aag(th-rO7tO + T,’Y(to + T)) + NC(th antO + T)V(to + T))? (46)

where dg denotes the limiting subdifferential of g (see Def. 4.3.1 in [58] for its definition). Since g is smooth, we
have 89(7507 Zo,to0 + Tv ’Y(tO + T)) = {VQ(t07 Zo,to + Ta ’y(tO + T))} = {(_L 07 1, 0)}

Let us now compute the limiting normal cone of C at (to,xo,to + T,7v(to + T)). For that purpose, we first
compute its proximal normal cone at every (t1,x1,te, x2) € C with to > t1. Let (s1,p1, $2,p2) € Ng(tl, Z1,t2,T2).
By Definition 2.2(a), there exists M > 0 such that

(s1,p1,82,p2) - (8] — t1, 2] — @1,th — to, 2y — x2) < M [t} —t1]? + |2 — 2 |2 |ty — o]+ |2h —m2|2]
for every (t},x],t5, %) € C. By definition of C, we have t; =t} = tg, 1 = 2} = o, and thus
s2(ty —t2) + pa - (¥ — x2) < M [[th — t2]” + [ — zof*] .

Taking t}, = to, we deduce that py - (25 — z2) < M|xh — x5]? for every x4, € T, and thus ps € NE (z2). Taking
xhy = xa, we deduce that sy(th — to) < M|th — to|? for every t} > t) = to. In particular, for every p > 0, taking
th = ta + p, we have sop < Mp?, which yields, since p > 0 is arbitrary, that s, < 0. On the other hand, taking
b=ty —pfor p € (0,ta —t1], we have —sap < Mp?, which yields, since p € (0,t3 — t;] is arbitrary and t > t1,
that —s, < 0, and thus sy = 0. We have thus shown that?

Ng(tl,.’tl,tg,l'z) C R x ]Rd X {0} X NIE(Z'Q),

3The converse inclusion can be shown by straightforward arguments, but it is not necessary for our proof. Notice also that this
inclusion is false in the case t2 = t1, but this case is not needed in our proof.
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It now follows, using Definition 2.2(b), that*
Ne(to, o, to + T, y(to + T)) € R x RY x {0} x Np(y(to +T)).

In particular, (4.6) imposes no constraints on £ and p(tg), and asserts that n = Aand —p(to+7T) € Nr(v(to+T)),
showing (c).

To show (d), notice that Theorem 8.4.1(iv) of [58] states that, for almost every t € [to,to + T, we have
p(t) - 4(t) > p(t) - v for every v € Fc(t,v(t)), which means that, for almost every t € [to,to + T|, we have
ke(t,v(t)p(t) - u(t) > ke(t,7(t))p(t) - w for every w € B. By Proposition 4.2, we have that do(y(t)) < € for
every t € [to,to + T, yielding from (4.1) that k.(t,~v(¢)) > 0. Hence, for almost every t € [tg,to + T, we have
p(t) - u(t) > p(t) - w for every w € B, and this is equivalent to (d).

Finally, define H, : R x R x R = R for (t,z,p) € R x R? x R¢ by H.(t,z,p) = SUD,ep, (,0) P * U5 and
notice that H(t,z,p) = kc(t,z)|p|. In particular, remarking that H. is continuous, Theorem 8.4.1(vi) of [58]
then asserts that n = k.(to + T, v(to + T))|p(to + T)|, and thus (e) holds since n = A. O

The absolutely continuous function p from Proposition 4.3(b) is known as the costate associated with the
optimal trajectory 7. Even though Proposition 4.3(b) provides the differential inclusion (4.4) for the costate p,
this inclusion is in general hard to manipulate. We provide, in the next lemma, the main consequence of this
differential inclusion that we will use in the sequel. Recall that, for » > 0, B, denotes the closed ball centered
at the origin and with radius 7.

Lemma 4.4. Consider the optimal control problem OCP.(k.) under assumptions (H1)—(H3), (H4), and (H5),
and with k. defined from k as in (4.1). Let (to,zo), v, T, and p be as in the statement of Proposition 4.3 and
L. > 0 be the Lipschitz constant of x — ke(t,x), which is independent of t. Then, for almost everyt € [ty to+ T,
we have

co{¢ e R| (¢, p(t) € N, ty(v(1),4(£)} € Br.po)-

In particular, for almost every t € [to,to + T, we have |p(t)| < Le|p(t)].

Proof. Let G be defined as in the statement of Proposition 4.3(b). Since BLelp(t)\ is convex, the result is proved
if we show that, for a.e. t € [to,to 4+ T] and every ¢ € R?, if (¢, p(t)) € Ne.(1)(¥(t),¥(t)), then [¢| < Le|p(t)].
Note that this inequality is trivial if ( = 0, and thus we assume from now on that ¢ # 0.

Fix t € [to,to + T] at which p and v are differentiable and (4.4) holds. Let ¢ € R¢ be such that (¢, p(t)) €
Ng. )(v(t),¥(t)). By definition of the limiting normal cone of G.(t), there exist sequences (%, vn)nen in
Ge(t) and (¢, pr)nen in R x R? such that (z,,v,) — (y(t),5(t)) and ((n,pn) — (¢, p(t)) as n — +oo and
(Cnypn) € NGPE(t) (zn,vp) for every n € N. Since ¢ # 0, we assume, with no loss of generality, that (, # 0 for
every n € N.

Take n € N. Since (z,,,v,) € G(t), it follows from (4.5) that there exists u,, € B such that v,, = ke(t, ).
Since ((n,pn) € Nge(t)(xn,vn), there exists M,, > 0 such that

(GusPn) - (9 = Tkl y)u = ket 2n)un) < Mo [y = 2l + [kt y)u = ket 2 )un (4.7)

for every y € R? and u € B. Let a,, = ((n+1)(1 + L?)M,,)~! > 0 and take y = z,, + @,(,, and u = u,, in (4.7).
Then

n|Cal® + [ke(t, Zn + anCp) — ke(t, 20)] Pr - un < My [ai\gnﬁ + |ke(t, 2n + anCn) — ké(t,:cn)ﬂ .

40Once again, we also have the converse inclusion, but it is not necessary for our proof.
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Hence
AnlGnl* < MR [Gof? + Mo L20R Gl + e Lelallpl-
Since a;, > 0 and |(,| > 0, we deduce that
(1= Muan — MuL20,) [Ga] < Lelpal.

By definition of a,,, we have M, a, + M, L?*a,, = n#“ < 1, and thus

L.
|Cn| < l—j‘pn‘
n+1

The conclusion follows by letting n — +oc. O

Using Lemma 4.4, we can prove additional regularity properties of optimal trajectories and optimal controls
for OCP(k.).

Proposition 4.5. Consider the optimal control problem OCP.(k.) under assumptions (H1)-(H3), (H4), and
(H5), and with k. defined from k as in (4.1). Let (to,x0), v, T, u, and p be as in the statement of Proposition 4.3
and Le > 0 be the Lipschitz constant of k. with respect to its second variable, which is independent of its first
variable. For t € [to,to + T, define Z(t) by

Ee(t) = co{€ € R | (€lp(t)], p(t)) € Ne. 1y (v(1), (1)) } . (4.8)

where G(t) is given by (4.5). Then, up to redefining u in a set of Lebesgue measure zero, the following assertions
hold.

(a) For every t € [to,to + T, we have |p(t)| # 0 and u(t) = %.
(b) For almost every t € [to,to + T) and every & € E.(t), we have |§| < L.
(c) We have v € Ct([to, to + T; R?), u € Lipy,_([to,to + T);$%71), and (v,u) satisfies, for almost every t €
[to, to + T, the system
V() = ke(t,y(t))u(t)
{ (49

where, for x € $971 and A C RY, Pri A denotes the projection of the vectors of A onto the tangent space
of 8971 at x, defined by Pri A= {a— (z-a)x | a € A}.

Proof. Let us first prove (a). By Lemma 4.4, we have that |p(t)| < |p(¢)|Le, implying that, for every t1,ts €
[to, to + T], we have

max{ty,t2}
bt < o)l + 2 [ plo)lds

min{¢y,t2}

Hence, by Gronwall’s inequality, for every t1,ts € [tg, tg + 1], we have

p(t2)] < |pe(ty)]eel2=tl,

If there exists t; such that p(t;) = 0, then p(t) = 0 for every t € [tg,to + Tc|. Letting A > 0 be as in the
statement of Proposition 4.3, we have, by Proposition 4.3(e), that A = 0, which is a contradiction according to
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Proposition 4.3(a). Therefore |p(t)| # 0 for every t € [to,to + T']. We then deduce from Proposition 4.3(d) that
u(t) = |§ Egl for almost every t € [tg,to + T}, and the conclusion for every ¢ € [tg,tg + T] holds by redefining u
in a set of measure zero. Hence (a) is proved.

Note that, for every ¢ € [tg, to + T, we have £ € Z.(t) if and only if

Mi) € co{¢ e R | (¢, p(t)) € Ne.ny(v(1): (1)) } -

In particular, (b) follows as a consequence of (a) and Lemma 4.4. Notice also that, by Proposition 4.3(b), we
have p(t) € |p(t)|Z(t) for a.e. t € [to,to + T

Let us now prove (c). Note that, by (a), u(t) € $¢=1 for every t € [to,to + T] and, since p is absolutely
continuous, u is also absolutely continuous. Let £ : [tg, o + 7] — R? be a measurable function with £(t) € Z.(¢)
and p(t) = |p(t)|£(t) for a.e. t € [to,to + T]. We compute, for a.e. t € [to,to + T,

(Vo) POBE
ey = WO )'|p(t)|§(“' PO _ ety - (ult) - e)ulo)

which yields the differential inclusion for « in system (4.9). By (b), we deduce that |u(t)| < L. for a.e. t €
[to, to + T, yielding that u is L.-Lipschitz continuous on [tg, tg + T]. The first equation in (4.9) is simply (4.2),
and its right-hand side is continuous on [t,to + 7], showing that v € C*([to,to + T]; R%). O

We will need in the sequel the following technical lemma.

Lemma 4.6. Consider the optimal control problem OCP.(k.) under assumptions (H1)—-(H3), (H4), and (Hb),
and with k. defined from k as in (4.1). Let (to, x0), vy, T, and p be as in the statement of Proposition 4.3 and L > 0
be the Lipschitz constant of R > x +— k(t,z) € [Kmin, Kmax), which is independent of t. For t € [to,to + T,
define Z.(t) as in the statement of Proposition 4.5, i.e.,

Ee(t) = co{€ € R? | (€]p(t)],p(t) € Na.(ny(V(1),3(t))}

where G¢(t) is given by (4.5). Finally, let W be a neighborhood of 0 in which the signed distance dgg belongs
to CHY(W;R), which exists thanks to Proposition 4.1(b).

For almost every t € [to,to + T), if v(t) € W and ¥(t) ¢ Q, then, for every & € E.(t), we have
N 1 1
€ Vilin(r(0) ~ k(1. 7(1)| < (1- Tda(r(1) ) L (110)

Proof. Fixt € [to,to+T) at which v is differentiable and such that v(t) € W and y(t) ¢ Q. Since the set of £ € R?
such that (4.10) holds is convex, it suffices to show that, for every & € R, if (£|p(t)], p(t)) € Ne. (1) (v(t),(¢)),
then (4.10) holds, where G(t) is given by (4.5). Fix £ € R? such that (¢|p(t)],p(t)) € Ne. 1) (7(£), ¥(t)). Let u
be an optimal control associated with v and recall that, by Proposition 4.5, u is Lipschitz continuous.

By definition of Ng_(+)(7(t),%(t)), there exist sequences (2, )nen in RY, (un)nen in B, ((n)nen in RY, and
(pn)nen in RY such that, as n — 400, we have z,, — Y(t), ke(t,Tp)un — ke(t,v()u(t), ¢n — &[p(t)], and
Pn — p(t), and in addition ((n,pn) € NGPE(t)(xn, ke(t, 2n)uy,) for every n € N. By Proposition 4.5(a), we have

[p(t)] # 0, and we then define &, = “f(—”t')‘ for n € N. Then, as n — 400, we have &, — £ and, since k. is

continuous and® k(t,7(t)) > 0, we also have u,, — u(t).

5Recall that, by Proposition 4.2, we have dq(v(t)) < e.
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For every n € N, since ((n,pn) € NGPE(t) (Tn, ke(t, zp)uy), there exists M, > 0 such that

(gn‘p(t)Lpn) ’ (y - xnvke(tvy)w - ke(t;mn)un) < M, |:|y - xn‘g + ‘ke(tay)w - ke(taxn)un‘g (4-11)

for every y € R? and w € B. Let (a,)nen be a sequence of positive real numbers such that a,, — 0 and
My, — 0 as n — +oo. Since y(t) € W, v(t) ¢ Q, and do(y(t)) < ¢, for n large enough, we have z,, € W,
z, & Q, and do(z,) < e. In particular, by Proposition 4.1(b), Vda,(z,) is well-defined and |VdZ,(z,)| = 1.
For n € N, apply (4.11) with y = x,, + aan§Q(a:n) and w = u,,. Then

an|p(t)|&n - Vdzo (0) + Pn - tn [ke(t, Tn + anVdig (2n)) — ke(t,2,)] < MpaZ(1+ L?),

where L. is the Lipschitz constant of R? 3 z ke(t,z) € Ry, which is independent of ¢. Dividing by «,, we
get

ke(t, xn + anVdig (2,)) — ke(t, 22,)

o2

P(t)[€n - Vi (2n) + Pn - un < Mpon(1+ L2). (4.12)

Since Vdz, is continuous in W, we have, as n — 400, that &, - VdZ, (2,) — & Vdag (Y(t)), pn-un — p(t) -u(t) =
|p(t)|, and, by construction, M, a,, — 0.

Let us denote for simplicity 2, = x,, + @, Vdi,(r,). Since oy, — 0 as n — 400 and y(t) € W, y(t) ¢ Q, and
do(y(t)) < €, we deduce that, for n large enough, z, € W, z, € W, z,, ¢ Q, 2, ¢ Q, do(x,,) < €, and do(z,) < €
for n large enough. Using those facts and (4.1), we compute

o lt ) — bt = - [kt z0) (1= (e ) = Kt (1= Lafaten) )|

Q n Q. n

+ +
— lk(ty Zn)daﬂ(xn) — dpo(2n)
€ n

1
+ Bn (1 - Edétg(xn)) )
where

8, = k(t, z) — k(t,xn).

On

Note that, since k is L-Lipschitz continuous in its second argument, we have |5,| < L for n large enough. In
particular, up to extracting a subsequence, there exists 3, € [—L, L] such that 8,, — 8. as n — 4o00. Moreover,

o gt L1y dog(@n)=dio(zn) gt 2_ :
since dj, € CH*(W;R), we have — — —|Vdz(v(t))|” = —1 as n — +o00. Hence, letting n — +o00
in (4.12) and dividing by |p(t)|, we deduce that

€ Vabo(a(0) — k(e (1) + 5. (1= Td3alr(0) ) <o (4.13)

€

Performing the same computations as above from (4.11) but now taking y = x,, — @, Vdiag,(x,) and w = u,,,
we get that

€ Vair(0) + 1) + 5. (1 Lar(0)) <0

for some B, € [—L, L]. Together with (4.13), this yields (4.10), as required. O
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Proposition 4.2 stated that, for every € > 0, optimal trajectories for OCP,(k.) always remain in an € neigh-
borhood of (2. Using the previous results, we can now be more precise and show that, if € > 0 is small enough,
optimal trajectories for OCP.(k.) starting at (o, o) € R4 X € never leave Q.

Proposition 4.7. Consider the optimal control problem OCP.(k¢) under assumptions (H1)—(H3), (H4), and
(H5) and k. defined from k as in (4.1). There exists €g > 0 such that, for every e € (0,¢0), (to,zo) € Ry x RY,
and v € Opt, (ke,to, z0), we have do(y(t)) < da(wg) for every t € Ry. In particular, if zq € Q, then y(t) € Q
for everyt € R

Proof. Take (to,z0) € Ry x RY. Notice first that, if g € T, then Opt,(ke,to, 7o) is equal to the singleton
containing only the trajectory that remains in x( for all times. We thus assume, for the rest of the proof, that
Xo € Q \ TI.

Let W be as in the statement of Proposition 4.1(b) and take €, > 0 such that {x € R? | dpq(z) < €.} C W.
Let C be a Lipschitz constant of Vde on W and L, Kyax, and Ky, be as in (H4) and (H5). Let ¢y =

min{e*, Lféi;(‘:n“} and take € € (0, €).

Fix v € Opt,(ke, to, zo) and let T' = @, (to, zo). Recall that, by Proposition 4.2, do(v(t)) < € for every t € R..
Let p: [to,to + T] — R? be the costate associated with -y, whose existence is asserted in Proposition 4.3. By
Propositions 4.3(b) and 4.5(a), there exists a measurable function ¢ : [tg,to + 7] — R? such that £(t) € Z(¢)
and p(t) = |p(¢)|£(¢) for a.e. t € [to,to + T], where E(t) is defined in (4.8).

By definition of optimal trajectories, we have that v(t) = zg for every t € [0,to] and v(t) = y(toc +T) € C Q
for every ¢ € [to + T, +00), and hence dq(y(t)) < da(zo) for every t € [0, to] U [to + T, +00). Assume, to obtain a
contradiction, that there exist a,b € [to, o + T such that a < b, do(y(t)) > da(zo) for ¢t € (a,b) and do(y(t)) =
dq (o) for t € {a,b}. In particular, dg(y(t)) > 0 for t € (a,b), implying that v(t) ¢ Q for ¢ € (a,b) and y(t) & Q
for t € [a, b].

Recall that, by Proposition 4.2, dq(v(t)) < € for every ¢ € Ry, and thus, in particular, y(¢t) € W for
every t € [a,b]. Hence, by Propositions 4.1 and 4.5(c), the map t +— di,(v(t)) is differentiable on (to,to + T),
dZo(v(t)) > da(xo) for t € (a,b), and da,((t)) = da(xo) for t € {a,b}. Thus, its derivative is nonnegative at a
and nonpositive at b, i.e.,

Y(a) - Vdiy(v(a) >0 and  A(b)- Vdi,(y(b)) < 0.

Since, by Propositions 4.2 and 4.5, we have 4(t) = ke(t,v(t)) |Z§2\ and X I(;(Z)(It)) > 0 for every t € [to, to + T, we
deduce that

pla) - Vdi,(v(a)) >0  and  p(b) - Vdi,(v(b)) < 0. (4.14)

Consider now the map « : t — p(t) - Vdi, (y(t)). Since v(t) € W for every t € [a,b] and di, € CVH(W;R), a is
absolutely continuous on [a,b] and, for a.e. t € (a,b), we have, using Lemma 4.6 and the fact that Vdz, oy is
C K yax-Lipschitz continuous in [a, b], that

d [VdZOtQ © ’Y}
dt

d[VdZ, o 7]
—a (t)

SN~ (1= £da(r(0) ) ZIO)] = CHanlp(0)

a(t) = p(t) - Vo (4(t)) + p(t) - (t)

P - Vo (4(t) + p(t) -

Y

vV

Kmin
|p(t)| ( € - L- CKmax) > 07



22 S. ARJMAND AND G. MAZANTI

which contradicts (4.14). O
We are now in position to show the main result of this section.

Theorem 4.8. Consider the optimal control problem OCP(k) under assumptions (H1)—-(H3), (H4), and (H5),
as well as the problem OCPE(/{E) with k. defined from k as in (4.1). There exists e¢g > 0 such that, for every
€ € (0,€9) and (to,x0) € Ry X Q, we have Opt (ke, to, zg) = Opt(k,to, zo) and ¢c(to, xo) = ¢(to, o).

Proof. Let ¢y > 0 be as in the statement of Proposition 4.7, ¢ € (0,¢p), and (to,79) € R x Q. Let v, €
Opt, (ke,to, o) and v € Opt(k,to, zo), and denote T, = @.(to, zo) and T = ¢(tg, zg). Clearly, v € Adm.(k.),
and thus T, < T. On the other hand, thanks to Proposition 4.7, 7. € Adm(k), which leads us to T' < T,. Hence
T = T, which shows that we have both 7. € Opt(k,to,zo) and v € Opt,(ke, to, zo), as required. O

Thanks to Theorem 4.8, all properties established in this section for optimal trajectories of OCP,(k.) also
hold for optimal trajectories of OCP(k). The next statement, whose proof is an immediate consequence of
Proposition 4.5(c) and Theorem 4.8, gathers the properties of optimal trajectories of OCP(k) that will be used
in the sequel.

Corollary 4.9. Consider the optimal control problem OCP (k) under assumptions (H1)-(H3), (H4), and (H5).
Let (to,z0) € Ry x Q, v € Opt(k,to,z0), T = ¢(to,v0), and u : Ry — B be an optimal control associated
with «y. Then, up to redefining u in a set of Lebesque measure zero, we have v € CY([tg,to + T);Q) and u €
Lip([to, to + T]; $971).

Before concluding this section, we also provide the following result on the local Lipschitz continuity of ¢,
which can be obtained as a consequence of Proposition 4.7. For its statement, we introduce, for € > 0, the set

={z € R?| do(z) < €}

Proposition 4.10. Consider the optimal control problem OCP,(k¢) and its value function p. under assumptions
(H1)-(H3), (H4), and (H5) and k. defined from k as in (4.1). Then there exists eg > 0 such that, for every
€ € (0,€p), the value function p. : Ry x Q. — Ry of OCP(k.) is locally Lipschitz continuous. More precisely,
for every n € [0,€), @e is Lipschitz continuous on Ry x €.

Proof. Let €y > 0 be as in the statement of Proposition 4.7 and fix € € (0,¢p) and n € [0,€). We consider the
optimal control problem OCP defined as follows: given (to,79) € Ry x Q »» minimize 7(to,y) over all Lipschitz
continuous curves v : Ry — Q,, satisfying (4.2) for some measurable functlon u: Ry — B and v(tg) = xg. We
denote by @ : Ry x €, — Ry the value function of OCP and by Opt(ke, to, xo) the set of optimal trajectories
for (to, o), with the convention that v € 61;6(1&, to, o) must satisfy v(t) = o for t € [0, o] and v(t) = vy(to +
P(to, o)) for t € [to + P(to, o), +00).

Note that OCP is a minimal-time optimal control problem with dynamics defined by k. and with the state
constraint y(t) € Q, for every ¢t > 0. In particular, OCP coincides with the optimal control problem OCP (k)
if one replaces Q by Q, and k by the restriction of k. to 1R+ x €1,, and assumptions (H1)-(H3), (H4), and
(H5) are satisfied for OCP with K, in (H4) replaced by K min = (1 — ;) Kmin and L in (H5) replaced by
L= L. = L+ #max Hence, all properties of Section 3 apply to OCP and thus, by Proposition 3.3, @ is Lipschitz
continuous on 1R+ x .

In order to conclude it suffices to show that . and @ coincide on this set. For this purpose, we proceed
as in the proof of Theorem 4.8. Let (to,zp) € R X Q Let . € Opt, (k:e,tmxo) and ¥ € Opt(k,,to,z0), and
denote T, = ¢¢(tg, o) and T = ?(to, xo). Clearly, 7 € Adme( ¢), and thus T, < T. On the other hand, thanks
to Proposition 4.7, we have do(7.(t)) < da(zo) < n for every t > 0, showing that 7. takes values in (2,,. Hence
e is an admissible trajectory for the optimal control problem 6&’, showing that T < T.. Hence T = Te, as
required. O
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4.2. Boundary condition of the value function

Proposition 3.4 in Section 3 asserts that ¢ is a viscosity solution of the Hamilton—Jacobi equation (3.8) and
also provides its boundary condition on R4 x I'. The only information provided in Proposition 3.4 on ¢ on
the part of the boundary Ry x (9Q\ T') is that ¢ is a viscosity supersolution there. The main result of this
section, Theorem 4.11, provides additional information on ¢ on Ry x (92 \ T'). We recall that, given xz € 99,
n(z) denotes the outward unit normal vector to 2 at x.

Theorem 4.11. Consider the optimal control problem OCP(k) and its value function ¢ under assumptions
(H1)—-(H3), (H4), and (H5). Then ¢ satisfies Vo(t,x) - n(x) > 0 in the viscosity supersolution sense for every
(t,z) € Ry x (0Q\T).

Proof. We consider in this proof that k is extended to a continuous function, still denoted by k, defined in
[—1,4+00) x R which is Lipschitz continuous with respect to its second variable, uniformly with respect to the
first one. Note that, up to considering the optimal control problem OCP(k(- — 1,-)), all of the previous results
on minimal-time optimal control problems apply to & with the time domain R4 replaced by [—1, +00)

Fix (tg,z0) € Ry x (0Q\T) and let £ € CY(V;R) be such that £(tg, z0) = p(to, z0) and £(¢, x) < p(t, x) for
every (t,x) € V, where V is a neighborhood of (tg,z¢) in [~1,+00) x Q. Assume, to obtain a contradiction,
that V& (to, o) - n(z) < 0. In particular, we have V&(tg, zg) # 0.

Let v € Opt(k,tg,x0), v be an optimal control for 7, and T = ¢(tg, zg). Since z¢ ¢ I', we have T > 0 and,
by Corollary 4.9, we have v € C([to,to + T]; ) and u € Lip([to,to + T); 3¢ 1).

Let o : [-1,+00) — R¢ denote the solution of the initial value problem

1) = Koo oy

U(to) = Xg.

Since k is continuous, by construction, o € C'([—~1,+0c), R%). We claim that there exists e € (0,1] such that
o(t) € Qand (t,0(t)) € V for every t € [to—¢,to]. Indeed, let W be as in Proposition 4.1(b) and notice that, since
xo € 00, there exists €y € (0,1] such that o(t) € W for every t € [tg — €, to + €0]. Moreover, up to reducing e,
we also have (t,a(t)) € V for every t € [t — €, to + o). Consider the map 3 : t — di,(c(t)), which is Lipschitz
continuous on [ty — €p, to + €]. By differentiating, we have, for a.e. ¢ € [ty — €g, to + €o),

Vé(to, z0)

Bt) = 610) Voo (t)) = —k(t,0(0) Vi (o(0) - oz 2l

(4.15)

Recalling that n(zg) = Vda, (7o) and using the continuity of Vdaq, we deduce from the fact that VE(to, zo) -
n(zp) < 0 that there exists e € (0, ] such that Vd,(a(t)) - VE(to,20) < 0 for every t € [to — €, to + ¢]. Hence,
by (4.15), we have 3(t) > 0 for a.e. t € [ty — €, to + €. Since B(to) = 0, we thus have 5(t) < 0 for ¢ € [to — €, to],
which implies that o(t) € Q for every t € [tg — €, tg]. Since € € (0, o], we also have in particular that (¢,0(t)) € V
for every t € [to — €, o).

Define 7 : [—~1,+00) — by

o(to—e), ifte[-1,t—e),
() =< o(t), if t € [to — €, to),
y(t), if ¢ > to.

Hence 7 is an admissible trajectory for k and thus, by Proposition 3.1(c), for every h € [0, €], we have ¢(tg, zo) >
p(to — h,3(tg — h)) — h, and thus &(tg, o) > &(to — h,5(to — h)) — h. Notice also that, for h € [0, €], we have
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F(to — h) = o(tg — h), yielding that &(tg, zo) > &(to — h,o(to — h)) — h. Since ¢ and o are C! functions, for
h € [0, €], we have

&(to — h,o(to — h)) = &(to, wo) — h&(to, x0) — hVE(to, z0) - 0 (to) + o(h).

Inserting this fact in the inequality £(to,xo) > &(to — h,o(tg — h)) — h for h € (0, €], using the definition of o,
dividing by h and letting h — 0%, we deduce that

— 8t€(t0,f£0) + k(to,xo)‘VE(to,iﬁo” —-1<0. (416)

Since v € Opt(k,to, zg), we have, by Proposition 3.1(c), that ¢(tg,zo) = @(to + h,v(to + h)) + h for every
h € [0,T], and thus &(tg, o) > &(to + h,y(to + h)) + h. We also have, for h € [0,T],

&(to + b,y (to + h)) = &(to, zo) + hdi&(to, o) + AVE(to, z0) - F(t5) + o(h),

where we use the fact that v € C!([tg, to + T]; ) and +(¢7) denotes the limit of 4(¢) as t — tJ. Using the fact
that ~y satisfies the first equation of (2.1), we deduce as before, dividing by h and letting h — 07, that

0¢&(to, xo) + k(to, xo) VE(to, zo) - u(te) +1 < 0.

Adding with (4.16), we deduce that VE(to, zo) - u(to) + |VE(to, 20)| < 0 and, since u(ty) € B, this implies that

= Veltom)
ulto) = ~ Vet o)

Consider now the function a : t +— dz,(v(t)) defined on [to,to + T]. Since y(ty) = xo € I, there exists
5o € (0,T] such that v(t) € W for every t € [tg,to + o], and thus a is C* on [tg,to + o], with

a(t) = Vi (7(t)) - 4(8) = k(t, () Vo (v(1)) - u(t).
In particular, &(tg) = —k(to, zo)n(xo) - % > 0, showing that there exists § € (0, o] such that «(t) >
a(ty) = 0 for every t € (to,to + 6]. From the definition of «, this means that y(t) ¢ Q for t € (to,to + 6],

which is a contradiction since v € Opt(k, to, xo). This contradiction establishes that VE&(to, xo) - n(zg) > 0, as
required. O

Remark 4.12. Under the assumptions of Theorem 4.11, if (¢, x0) € Ry x (02 \T) and ¢ is differentiable at
(to,xo), then the inequality V(to, zo) - n(zp) > 0 holds in the classical sense.

Proposition 3.4 asserts that the value function ¢ is a viscosity solution of the Hamilton—Jacobi equation (3.8)
in Ry x (2\T') and thus, as a consequence of standard properties of viscosity solutions, (3.8) is satisfied in the
classical sense at all points (¢,z) € R4 x (2\ I') at which ¢ is differentiable. Thanks to Theorem 4.11, we can
prove that (3.8) is actually satisfied at all points (t,2) € Ry x (Q\T) at which ¢ is differentiable.

Proposition 4.13. Consider the optimal control problem OCP (k) and its value function ¢ under assumptions
(H1)—(H3), (H4), and (H5). Let (to,z0) € Ry x (Q\T') be such that ¢ is differentiable at (tg,xo). Then
_atgo(tbaxo) + va(th xO)‘k(toa J)O) -1=0.

Proof. Tf g € Q\ T, this fact is a consequence of classical properties of viscosity solutions, and so we assume
in the sequel that zo € 9Q \ I'. By Remark 4.12, we have that V(to, o) - n(xzg) > 0. Moreover, by Propo-
sition 3.5(a), we have Vp(tg,z9) # 0. Since, by Proposition 3.4, ¢ is a viscosity supersolution of (3.8) in
R, x (Q\T), we have in particular that

—8t<p(t0,xo) + |V<p(t0, mo)‘k(to, 130) —1>0.
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We are thus left to show the converse inequality.

Let D be the set of unit vectors pointing to the inside of I at xg, i.e., D is the set of ug € $¢~! for which there
exists ho > 0 such that zo + hug € € for every h € [0, ho]. Notice that {ug € $97" [ ug - n(z) < 0} € D C {ug €
91 | ug - n(xp) < 0} and thus, in particular, D = {ug € $¢! | ug - n(z¢) < 0}. Since Vi(tg, zo) - n(wg) > 0,

_ Volto,o) ~ f
we deduce that NECEDIS D.

Let u € D and o € C*(R4;R?) be the unique solution of

(i) 0. (4.17)

{ 5(t) = k(t,o(t))u

Since u € D, there exists hg > 0 such that o(t) € Q for every t € [to,to + ho]. Let v € Adm(k) be defined
by ’Y(t) = xq9 for t € [07t0], ’}/(t) = U(t) for t € [t(],t(] + ho], and ’y(t) = O'(t() + h()) for t > tg + hg. By
Proposition 3.1(c), we have, for every h € [0, ho],

gp(to,xo) < h—|—<p(t0+h,0’(t0+h)). (418)

One the other hand, notice that o(tg + h) = x¢ + hk(to, zo)u + o(h) as h — 0. Since ¢ is differentiable at (to,xo)
and Lipschitz continuous, we deduce that, as h — 0T,

©(to+ h,o(to + h)) — @(to, x0) = horp(to, xo) + hk(to, zo)Ve(to, xo) - u + o(h).
Dividing the above expression by h, using (4.18) and letting h — 07, we get
—1 < 9yp(to, xo) + k(to, z0)V(to, zo) - u.
Since this holds for every u € D and the right-hand side of the above inequality is continuous in u, we get that

Orp(to, xo) + k(to, zo) in]% V(to, o) -u+1>0.
ue

Since —% € D, the above infimum is attained at u = —%, yielding that
—0rp(to, o) + | Ve(to, zo)|k(to, z0) — 1 <0,
as required. 0

Remark 4.14. At the light of Proposition 4.13, a natural question is whether ¢ is also a viscosity subsolution
of (3.8) in Ry x (Q\ ), since this would imply the result of Proposition 4.13. However, this may fail to
be the case, as illustrated by the following example. Consider the case d =1, Q = (0,1), I' = {0}, and & :
Ry x [0,1] — R4 given by k(t,z) = 1 for every (t,z) € Ry x [0, 1]. One easily computes that ¢(t,z) = = for
every (t,z) € Ry x [0,1]. For every o € (—o0, 1], the function & : R4 x [0,1] defined for (¢,z) € R4 x [0,1] by
E(t,z) =14 alx — 1) satisfies £(¢,1) = p(t,1) =1 and £(t,z) > (¢, ) for every (¢,z) € Ry x [0,1]. However,
for < —1 and t € Ry, we have

—0i8(t, 1) +|0:8(¢, )[k(,1) =1 = |a] =1 >0,

showing that ¢ cannot be a viscosity subsolution of (3.8) at (¢,1).
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4.3. Characterization of optimal controls

We now turn to the problem of characterizing the optimal control u : Ry — B associated with an optimal
_ Ve(ta(®)

[Veo(t,y(t)]
for every t € [to,to + ¢(to,x0)) such that ¢ is differentiable at (¢,7(t)). For optimal control problems without

state constraints, one can typically prove that ¢ is a semiconcave function (see, e.g., [17], Thm. 8.2.7) and use
this fact and properties of superdifferentials of semiconcave functions to deduce that ¢ is indeed differentiable
along optimal trajectories, except possibly at their starting and ending times (see, e.g., [17], Thm. 8.4.6).

trajectory v € Opt(k, to, o). By Proposition 3.5(b), the optimal control u can be written as u(t) =

Since value functions of optimal control problems with state constraints may fail to be semiconcave, we
propose in this section an alternative way to characterize the optimal control. In particular, we are also able
to provide a characterization of the optimal control under weaker assumptions: semiconcavity results usually
require the dynamics of the system to be C1! with respect to the state, as in Theorem 8.2.7 of [17], but the
Lipschitz continuity assumption (H5) is actually sufficient for our strategy. The approach we follow here is an
adaptation to the case with state constraints of the characterization of optimal controls from [55]. We start by
introducing the set of optimal directions at a point.

Definition 4.15. Consider the optimal control problem OCP(k) and assume that (H1)-(H3), (H4), and (H5)
hold. Let (tg,z0) € Ry x Q. We define the set U(tg, o) of optimal directions at (to,zo) as the set of uy €
$9-1 for which there exists v € Opt(k,to,zo) such that the corresponding optimal control u € Lip([to,to +
o(to, o)), $¢71) associated with v satisfies u(ty) = uo-

Notice that, by Proposition 3.1(a) and Corollary 4.9, the set U(tg,zo) is non-empty whenever zo € Q \ T.
We now show that U(tg, zo) is singleton along optimal trajectories, except possibly at their initial and final
points. This result was already presented in Proposition 4.11 of [50] for optimal control problems without
state constraints and with the stronger assumption that k& € Lip(R.y x Q; R, ), but the proof presented in that
reference also applies to our setting. We provide the proof here for completeness and also since it is an easy and
interesting consequence of Corollary 4.9.

Proposition 4.16. Consider the optimal control problem OCP(k) and its value function ¢ and assume that
(H1)—=(H3), (H4), and (H5) hold. Let (to,x0) € Ry x Q and v € Opt(k, to,zo). Then, for every t € (to,to +
(to, z0)), the set U(t,y(t)) contains exactly one element.

Proof. Let u : Ry — B be the optimal control associated with «, t; € (to,to + ¢(to, 20)), and x1 = 7(t;). Since
x1 € Q\T, we have U(t1,71) # @. Moreover, by Proposition 3.1(c), we have ¢(t1, 1) +t; —to = ¢(to, 7o) and,
noticing that 7(¢1,7) = to + ¢(to, xo) — t1 = @(t1,21), we deduce that the restriction of v to [t1,to + @(to, x0)]
(extended by constant values to Ry ) is an optimal trajectory for OCP(k) from (t1,z1), and thus u(ty) €
Z/[(tl, 1’1).

We conclude the proof by showing that, for every w; € U(t1,21), we have u; = u(t1). For that purpose,
take uy € U(t1,z1). By definition of U(t1,x1), there exists 4 € Opt(k,t1,x1) such that its associated control @
satisfies @(t1) = uy. Consider the trajectory 4 : Ry — Q defined by 4(t) = y(¢) for t < t; and 4(t) = (¢) for
t > t1, and notice that its associated control @ satisfies 4(t) = u(t) for ¢ < ¢1 and 4(¢) = @(t) for ¢ > t;. Then
4 € Adm(k) and, by construction, 7(tg,5) = t1 — to + 7(t1,7) = t1 — to + @(t1,21) = p(to,zo), which yields
that 4 € Opt(k,tg,x0). In particular, by Corollary 4.9, we have @ € Lip([to, to + ©(to, 70)]; $971), and thus
u(ty) = lim, - a(t) = u(t1) and a(t1) = lim, s a(t) = a(t1) = u1, yielding that u; = u(t1), as required. [

Similarly to [55], the goal of this section is to characterize U (to, zo) as the set of directions of maximal descent
of the value function ¢ of OCP(k). For that purpose, we first introduce the notion of descent rate of ¢ along a
given direction.

Definition 4.17. Consider the optimal control problem OCP(k) and its value function ¢ and assume that
(H1)—-(H3), (H4), and (H5) hold. Let (g, o) € Ry x Q.
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(a) The set of inward pointing directions at xo is the set In(xg) of vectors ug € $9-1 for which there exists
ho > 0 such that x¢ + hug € Q for every h € [0, ho].
(b) The descent rate of ¢ at (to, o) is the function Ay, ..y : In(2g) — R defined for ug € In(zg) by

t h hk(t —p(t
A(to,zo)(uo) = lim sup SD( 0T+ ( 27 xO)UO) SD( 071‘0)
h—01

Note that In(zo) = $971 if 2y € Q, while, thanks to (H3), for 2y € 92, we have
{ug € 377" [ ug - n(z) < 0} C In(xo) C {ug € $77" [ ug - (o) < 0}.
In general, both inclusions may be strict. As a consequence of those inclusions, we have
In(zo) = {uo € $47! | ug - n(zo) < 0}.

The next proposition provides important properties of the descent rate function.

Proposition 4.18. Consider the optimal control problem OCP (k) and assume that (H1)~(H3), (H4), and (H5)
hold. Let (to, o) € Ry x Q.

(a) For every ug € In(xg), we have Ag, 40y (uo) > —1.

(b) The function A, 54y s Lipschitz continuous on In(xg), with a Lipschitz constant depending only on Kyax
and the Lipschitz constant of ¢, and thus independent of (to, zo).

Proof. To show (a), take uy € In(zg) and let o € C'(IR;;R?) be the unique solution of

o(tg) = xo.

{ &(t) = k(t,o(t))uo,

Since ug € In(zg), there exists ¢, > to such that o(t) € Q for every ¢ € [to,t.]. Define v € Adm(k) by

Zo, if t S [O,to],
v(t) =< o(t), ift€ [to,ts],
J(t*)7 if t > t,.

Applying Proposition 3.1(c) to vy, we deduce that ¢(tg + h,y(to + h)) + h > @(to, zo) for every h > 0, and thus,
for h € (0,t, — o], we have

o(to + h,o(to + h)) — o(to, z0)
h

> —1.

Since o(tog + h) = x¢ + hk(to, zo)ug + o(h) as h — 0% and ¢ is Lipschitz continuous, we deduce that (to +
h,o(to + h)) = p(to + h, zo + hk(to, z0)ug) + o(h), yielding that, as h — 0T,

o(to + h, zo + hk(to, zo)uo) — ¢(to, xo)
h

> —1+o0(1), (4.19)

and the conclusion of (a) follows from the definition of A, .-
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In order to prove (b), take uy,us € In(zg) and denote by C' > 0 the Lipschitz constant of . For h > 0 small
enough, we have

¢(to + h, w0 + hk(to, xo)u1) — ¢(to,x0)  ¢(to + h,xo + hk(to, xo)u2) — ¢(to, zo)

h h
N o(to + h, o + hk(to, zo)u1) — @(to + h, xo + hk(to, xo)usz)
h
< @(to + h, o + hk(to, xo)usz) — ¢(to, zo) b CRomaelir — ua).

- h

Taking the limsup as h — 07, we deduce that Atg,0)(U1) < Atg,z0) (U2) + CKmax|ur — uz|. Since this holds
for every uy,us € In(zp), we obtain that

1A (tg,20) (U1) = A(tg,m0) (U2)] < CKmax|ur — ug| for every uq,us € In(xg),

as required. |

As a consequence of Proposition 4.18(b), A, z,) : In(zo) — R can be extended in a unique way to a Lipschitz
continuous function defined on In(zo). In the sequel, by a slight abuse of notation, we use A, ,,) to denote
this Lipschitz continuous extension. Note that this extension still satisfies the assertions of Proposition 4.18.

We are now in position to provide the definition of the set of directions of maximal descent of the value
function.

Definition 4.19. Consider the optimal control problem OCP(k) and its value function ¢ and assume that
(H1)—(H3), (H4), and (H5) hold. Let (¢9,z0) € R4 x Q. We define the set W(to, zo) of directions of maximal
descent of ¢ at (tg,xo) by

Wit z0) = Ay, ooy ({=13) = {uo € In(o) | At a0)(u0) = —1}.

Notice that the term mazimal descent is motivated by Proposition 4.18(a), since we are considering the

elements ug € In(zg) reaching the lower bound —1 on A, 4.

Remark 4.20. If 2o € Q (or, more generally, if the set In(xg) is closed), then W(tg, xo) is simply the set of
uo € 891 such that

to+h hk(t —p(t
hli)%l+ p(to + h,xo + hk( 27 zo)uo) — ¢(to, o) -1, (4.20)

which is the definition of W(tg, z¢) provided previously in Definition 4.11 of [55] for optimal control problems
without state constraints. Indeed, notice that, if In(z¢) is closed, then uy € W(tg, xo) if and only if

©(to + h,xo + hk(to, zo)ug) — ©(to, xo)

e = (4.21)
h—0+ h
On the other hand, (4.19) also yields that
lim juf P20+ %0 + hk(lo, zo)u) — olto, 7o) o
h—0t h

for every u € In(zg), and hence (4.20) is equivalent to (4.21).
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Our next result shows that, at the points (tg,x9) where ¢ is differentiable, W(to,z¢) contains a unique
_ Vo(to,xo)
[Veo(to,zo)l
Proposition 4.13 of [55] for optimal control problems without state constraints, and that proof also carries over
to the present case thanks to Proposition 4.13. For sake of completeness, and since this proof is quite elementary,

we provide it here.

direction of maximal descent which, as one might expect, is equal to This was already shown in

Proposition 4.21. Consider the optimal control problem OCP(k) and its value function ¢ and assume that
(H1)—(H3), (H4), and (H5) hold. Let (tg, o) € R4 x (Q\T) be such that ¢ is differentiable at (to,xo). Then

Vg@(to,l‘o) }
Wito, z9) = { ——— 2201 4.29
o) = |~ (422
Proof. Since ¢ is differentiable at (¢, xo), we have, for every u € In(zg),
Aty,20) (1) = Osp(to, x0) + k(to, 20) Vip(to, x0) - u. (4.23)

By continuity, the above equality also holds for every u € In(xg). We also have, by Proposition 4.13, that
- 8tg0(t0, IJ'J()) + k(to, .’ﬂo)‘vg&(to, .’ﬂo)‘ —1=0. (424)

Moreover, recall that k(to,xz9) > 0 and, by Proposition 3.5(a), Ve(to,zo) # 0. If ug € W(to,zo), then
Aty,20)(u0) = —1 and, combining with (4.23) and (4.24), we deduce that

k(to, zo) [[Ve(to, zo)| + Vp(to, o) - uo) = 0,

which yielis Ug = 7% since ug € $971. Conversely, defining ug = 7%, Remark 4.12 ensures
that ug € In(zo) and it is immediate to compute, using (4.23) and (4.24), that A, .)(uo) = —1, showing that
ug € W(to,xo). O

The reason why we go through the definition of descent rate A, ) in order to define W(to, zo) instead of
the more direct definition provided in Definition 4.11 of [55] is that, if 2o € O and ug € $¢71, one might have
20 + hk(to, To)ug ¢ Q for every h > 0 small enough. Since ¢ is defined only in the set R x €2, this means that
the term @(tg + h, xo + hk(to, o)up) is not well-defined for any h > 0 small enough, and thus the limit in the
left-hand side of (4.20) does not make sense. An alternative approach, however, is to replace ¢ in (4.20) by the
value function @, of the penalized optimal control problem OCP,(k.) defined in Section 4.1. This is the subject
of our next definition, which coincides with Definition 4.11 of [55] but with ¢ is replaced by ¢, whenever its
argument might fail to belong to its domain R, x €.

Definition 4.22. Consider the optimal control problems OCP(k) and OCP.(k.) and their respective value
functions ¢ and @, and assume that (H1)-(H3), (H4), and (H5) hold. Let (tp,z0) € Ry x Q. For € > 0, we
define the set W (to, zo) of directions of maximal descent of p. at (to, o) by

We(to,xo) = {’LLQ S Sdil

hm QOE(tQ + h,l‘o + hk(to,l‘o)ﬂo) — gﬁ(to,l‘o) _ _1
h—0t h ’

Our next result concerns the relation between optimal directions (i.e., elements of U(ty,zo)) and directions
of maximal descent of ¢ (i.e., elements of W(tg, z¢)), and asserts that both notions actually coincide, and that
they also coincide with W, (tg, o) for € > 0 small enough. The fact that U(tg,x0) = W(tg,xo) was already
established in Theorem 4.14 of [55] for minimal-time optimal control problems without state constraints, and
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the proof we provide here follows the same lines, but passes through the optimal control problem OCP, (k) in
order to handle the state constraints appropriately.

Theorem 4.23. Consider the optimal control problems OCP(k) and OCP.(ke) and assume that (H1)—-(H3),
(H4), and (H5) hold. There exists eg > 0 such that, for every e € (0,€9) and (to,zo) € Ry x Q, we have
Z/{(to,l‘o) = W(to,l‘o) = We(to,.ﬁo).

Proof. We first remark that, if zo € I', then U(to, z9) = W(to, o) = Wk(to,v0) = &, and so we are only left to
consider the case xg € Q\T'. We let ¢y > 0 be as in the statement of Propositions 4.7 and 4.10 and Theorem 4.8,
and we fix € € (0, ). We proceed by proving that U(to, x0) C W(to, 2o) C We(to, zo) C U(to, xo).

Part I: Proof of the inclusion U(to,zo) C W(to, o). Let ug € U(to,x0) and take v € Opt(k,to,z0) and u :
R, — B an optimal control associated with v such that u € Lip([to, to + ©(to,0)]; $¢7!) and u(tg) = uo. By
Proposition 3.1(c), we have, for every h € (0, ¢(to, zo)], that

o(to + h,v(to + h)) — ¢(to, o)
h

=—1. (4.25)

We claim that ug € In(zg). Indeed, this is trivial if zo € , and, if x( € 09, since v takes values in Q and
A(to) = k(to, xo)up, one can easily check that ug - n(zg) < 0, implying that ug € In(xg).

Let (u,)nen be a sequence in In(zg) such that u,, — ug as n — +o0. Fix n € N and notice that, as h — 07,
we have

~¥(to + h) = xo + hk(to, zo)ug + o(h)
= 29 + hk(to, Zo)un + hk(to, ﬂfo)(”u,o — Un) + O(h)

Recall that ¢ is Lipschitz continuous (Prop. 3.3) and denote by M > 0 its Lipschitz constant. Using the fact
that zo + hk(to, To)u, € Q for h > 0 small enough, we deduce that, as h — 07,

lo(to + h,y(to + h)) — @(to + h, xo + hk(to, zo)un)| < AM Kpax|un — uo| + o(h).

Combining with (4.25) and letting h — 0, we deduce that, for every n € N,

h —
A(to,a:o)(un) = lim sup @(tO Thro s hk(th xO)un) @(th zO)

h < _1+MKmax|un_u0|-
h—0+

Hence, letting n — 400 and using Proposition 4.18, we deduce that A, .,)(uo) = —1, showing that uy €
W(to, x0), as required.

Part II: Proof of the inclusion W(to, zo) C We(to,xo). Let ug € W(to,zo) and consider a sequence (un)neN

in In(zo) such that w, — uo as n — +oo. By Proposition 4.10, ¢ is Lipschitz continuous on Ry x €29,

and we denote by C. > 0 a Lipschitz constant of this map. Notice that, for h € [O, ﬁ}, we have dqg(zg +

hk(to, xo)un) < £ for every n € N U {0}. Hence, for h € (O, ﬁ] and n € N, we have

@e(to + h,xo + hk(to, xo)uo) — ©(to, zo) < ©e(to + h, o + hk(to, zo)un) — ©(to, o)
h - h

+ CeKmax|un - u0|~

For n € N, since u,, € In(xg), we have z¢ + hk(to, 7o)u, € Q for h > 0 small enough, and thus, by Theorem 4.8,
we have @ (tg + h,xo + hk(to, zo)un) = w(to + h, zo + hk(to, xo)uy) for h small enough. Letting h — 07, we
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thus deduce that

Jimn sup we(to + h, o + hk(to, zo)uo) — ¢(to, o)

S h < A(tg,mo)(un) + CEKIl’laX|U’7L — Up|-
—

Taking now the limit as n — +00, we obtain that

to+h hk(t — o(t
limsup QOE( 0 + » L0 + ( 071’0)11,0) SO( vao) S —1. (426)
h—0*t h
Let v : Ry — RY be defined by ~(t) = zo for t € [0,%] and as the solution of the differential equation +(t) =
ke(t,v(t))up with initial condition (tg) = xq for ¢t > to. Then v € Adm,(k.) and, by the dynamic programming
principle (4.3) for OCP,(k.), and using also Theorem 4.8, we have, for h > 0,

@e(to + h,y(to + h)) — p(to, zo) >

—1.
h =

Using that y(to + h) = x¢ + hk(to, o)uo + o(h) as h — 0T, v(to + h) € Q€/2 for h > 0 small enough, and that
e is Lipschitz continuous in Ry x €2, /3, we deduce that, as h — 0t,

@e(to + h, o + hk(to, xo)uo) — ¢(to, zo)
h

> —14o0(1).
Together with (4.26), this shows that

lim e (to + h, zo + hk(to, xo)uo) — ¢(to, xo) _ 1
h—0+ h ’

and thus ug € W, (to, zo), as required.
Part III: Proof of the inclusion We(to, zo) C U(to, zo). Let ug € We(to, o) and h > 0, which is implicitly always
assumed to be small enough. Then, by definition of W, (to, xg), we have, as h — 0T,

welto + h, o + hk(to, zo)uo) = w(to,xo) — h + o(h). (4.27)

Define g : [to, to + h] — R? by

{ Yo(t) = ke(t,v0(t))uo, (4.28)

Yo(to) = o.
Let f = vo(to + h) and ! = tq + h. Since T is closed and z¢ ¢ ', we have z? ¢ T for h > 0 small enough.

Let v/ € Opt,(ke,t?,2%) and u? be the optimal control associated with v}, which satisfies uf € Lip([t}, ¢} +
e (th, 2)]; 8471) by Proposition 4.5. Set 4/ = uf(¢#) € $2-! and define 77 : [th, % + h] — R? by

“h _ ~h —h
{ (1) = ke(t, 70 (1)) un (4.29)

(Y = af.

Let us also set th = th + h, 28 = 47(th) and zh = 77 (t%). We split the sequel of the proof in two cases.

Case 1. We assume in this case that lim,_,o+ % = ug. Let @} € Lip($971) be defined by 4% (t) = ul for t € [0,}],
ah(t) = up(t) for t € [th th + @ (th, 2h)], and @l (t) = wl (th + o(th, a})) for t > 7 + (4, 2%). Since 7 and 4}
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Lo

Yo

FiGURE 1. Illustration of the constructions used in the proof of Theorem 4.23.

are Lipschitz continuous and their Lipschitz constants do not depend on h (see Prop. 4.5), one deduces from
Arzela—Ascoli Theorem that there exist a positive sequence (h,,),en converging to 0 as n — +oo and elements
v* € Lipg,_ (R%) and v* € Lip($9~1) such that A/{l" — v* and ﬂf" — u* as n — 400, uniformly on compact
time intervals. Since v} € Opt, (ke,t?,z7) for h > 0 and ! — ¢; and 2% — 29 as h — 0%, one can easily show,
using the continuity of ., that v* € Opt (ke, to, zo) and its corresponding optimal control coincides with u* on
[to, to + (o, T)]. Moreover, since zg € Q, we have from Theorem 4.8 that Opt, (kc, %o, zo) = Opt(k,to, o). In
addition,
.

* — hny 3 ghn _
u*(to) = ngl}rloo @y () = ngﬂr}oo Uy~ = Uo,

which implies that ug € U(to, x0), as required.

Case 2. We now consider the case where (#/),~0 does not converge to uy as h — 07, and we prove that this case

is not possible. Let € > 0 and (hy,)nen be a positive sequence such that h, — 0 as n — 400 and |ﬂ§b" —up| > €

for every n € IN. For simplicity, we set t?” =17, x?" = 27, and similarly for all other variables whose upper

index is h,. In order to clarify the constructions used in this case, we illustrate them in Figure 1.

Notice that |2} — 2| < Kmaxhn, |77 (t) — 27| < Knaxhn for every ¢ € [t7,t7 + hy], and |25 — 27| < Knaxhn-
Hence, for all ¢ € [t7,t} + hy], we have 27,77 (t), 25,25 € B(xg,2Kmaxhn). Since xq € Q, for n large enough,
this ball is included in Q.2 = {z € R? | do(z) < §}, and in particular ke(t,z) > § Ky for every (t,z) €
R x B(zo, 2K maxhn).

Integrating (4.28) on [to, t7], we get

e
x] — o =/ ke(s,70(s)) ds uo,

to

and, proceeding similarly for (4.29), we get
7 —af = [ "kl Af (o) dsat.
t’f

Denote the integrals in the right-hand side of the above equalities by I} and I}, respectively. We have

|75 — w0l = (I§uo + I7a}) - (Ifug + I7a})
= (I§)? + (I7)* + 205 T'uo - af

= |z — mo? + | — 2| + 210 Pug - @
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We know that |a] — ug| > €, which leads us to observe that there exists a € (0,1) such that ug - 4} < « for
every n € N. Thus

|75 — ol < |27 — zof* + |75 — 2f[” + 20l I}

Define

I-S 24
.— 1— . min
p \/ (1 —a)grn™,

max

then obviously p < 1 and
|25 — wof® < (o} — wo| + |75 — 27])* — 2(1 — ) [ I}

2In 9
=[1-(1—a) ==L ) (|2} — xo| + |25 — 2}|)
( (Ip+1p)?*) 0

< p? (|2} — @o| + |25 — 2}|)?, (4.30)

where we use that I € [%thin,thax] for ¢ € {1,2}. Let uf = é%:zgl (with the convention uy = 0 if
2
Z% = x0) and define v5 : [to, o + 7] — R? by

23(to) = o, (4.31)

{ V2 (1) = ke(t,75 (8))ug

where 7™ > 0 is chosen so that® v5(to + 77) = 5.
Claim 4.24. As n — 400, we have ™ < 2ph,, + o(hy,).

Proof. Note that we have nothing to prove in the case Z§ = xg, and hence we assume z§ # xg in the sequel. If
|75 — zo| < pla] — xol, we let 2§ = Z%, otherwise we choose x¥ as the unique point in the segment (xo, Z5) such
that |25 — x| = p|z] — zo|. In both cases, we have |z} — x| = p|z] — | for some p < p. Let 77" be the time that
~v4 takes to reach the point %, i.e., v3 (to + 77*) = z%. (Note that 7{* = 7™ in the case |Z§ — zo| < p|z] — zo|.)

We first show that 7] < ph,, + o(h,). To obtain that, we observe, by integrating (4.28) and (4.31) and doing
a change of variables, that

to+71 to+hn
[ sy ds =lag —wol =plat — ol =p [ kulsra(s)ds
to

to

to+phn s—t s—t
:/ ke (to-i- 2 (to-i- - 0>)d8
to 4 P

t0+phn
— [ ks

to

to+phn —t —t
+/ |:ke (tO + 57_0770 <t0 + 5 — 0)) - k6(877§<s>):| ds.
to 4 P

6This is possible since, for n large enough, all points in the segment from zq to zy lie within €2 /9, on which ke is lower bounded
by %Kmin~

(4.32)
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Let us show that

1 t0+ﬁhn — —
Jim 7/ {ke (t0+ s ﬁt",% <t0+ i pt°>> —ke(s,vg(s))} ds =0 (4.33)
to

n—-+o0o hn

Let § > 0. Since k. is continuous in (to, zg), there exists n > 0 such that |k.(t,z) — ke(to, z0)| < d for every
(t,7) € Ry x R? satisfying |t — to| < 1 and |x — 20| < 7. Since h,, — 0 as n — +o0, there exists N € N such
that, for every n > N, we have h,, < n and Kpaxh, < 7). Noticing that, for every s € [to, to + phy], we have

S hn < n, 170 (tO + S:jt0> - xo‘ S Kmaxhn < 1, |S _t0| S ﬁhn < m, and |7§L(S) - xo‘ S ﬁKmaxhn < n, we
deduce that, for n > N, we have, for every s € [to,to + phy],

S*to

— 1 —t
ke(to, 20) — 6 < ke (to-i-spoﬁo <t0+ i i 0)> < ke(to, o) + 0,

ke(to,xo) — 6 < ke(s,74(8)) < ke(to, zo) + 6.

Subtracting those inequalities, integrating on s in [to, to + phy], and dividing by h,,, we deduce that

1| [rothn —t —t
il / [ke <t0 + 2 — <t0 42 - 0)) . ke(s,'yg(s))} ds| < 2p9,
h" to 14 1%
concluding the proof of (4.33). Now, (4.32) and (4.33) imply that
to+T to-+phn
| bsapds= [ ks g o) ds +olh). (4.34)
to to

Define £ : [0,7"] — R4 by F(t) = tzﬁt kc(s,~v5(s)) ds, then obviously F' is continuous and increasing, which
implies that F~' is well-defined on the range of F. Since F(t) = k(t,7%(t)), F is Kmax-Lipschitz continuous
and, since $F~1(t) = we also deduce that F~! is Ki;n -Lipschitz continuous. Therefore, by (4.34),
we deduce that

1
F(F=1()’

' = F~H(F(phn) + o(hy)) = phn + o(hy) < phn + o(hy).

This concludes the proof of the claim in the case |Z5 — x| < plal — xo|, since 7{* = 7™ in that case.

Otherwise, we have p = p and |24 — x| = p|z] — x0|, and thus, from (4.30), we get
|75 —wo| < pja7 — wo| + |75 — 27]) = |5 — wo| + pl73 —2T|.

On the other hand, since z% belongs to the segment (xg,Z%), we have |25 — x| = |25 — 2% | + |2% — 20|, hence
the inequality |Z5 — z%| < p|Zh — a7 | holds. Suppose 73" is the time the trajectory 7% takes to go from z% to Z7,
i.e., Y5 (to + ' + 78) = 4, and note that 7™ = 7{* + 73'. As before, we compare the times between |z§ — 7%
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and |Z5 — «7|. Let 8 < p be such that |Z5 — z%| = 8|75 — «}|. Proceeding similarly to (4.32), we get

T
| kst 793G to ) ds = faf - o)
0

t3

=plag — 2| =8 | ke(s,77(s)) ds
i

Bhan s s
- ke (2 4t + by, 37 <+t +hn>)ds
/0 <ﬁ R AV A

Bhy
:/ ke(s + to + 1,48 (s + to + 1)) ds
0

Bhn
+/ [k <;+to+hmi’ (;+to+hn)> —ke(s+to+ 70,79 (s+to+ 7)) | ds.
0

Proceeding as in the proof of (4.33), we can show that the last integral in the above expression is an o(h,,) as
n — 400, and thus

t0+7'2n tO+Bhn
/ he(s + 7775 (s + 7)) ds = / e(s 4+ 72 (s + 7)) ds + o(f).

to tO
Defining F'(t) = ttOOH kc(s+ 7,45 (s+ 7)) ds and arguing similarly to above, we deduce that 73 = Shy, +o(hy,).
Therefore the time 7" to reach T4 from x( satisfies

7 = (p+ B)hy + o(hy) < 2phy, + o(hy,). O

Let us now compare the trajectories 77 and 47 on [t7,t5]. Let 67 (¢) = v}*(t) — 47 (t). Hence, from the ODEs
satisfied by the trajectories 47 and ~{', we have

510 = [ [klont ouis) ~ ks 7t ] s

n
1

t

- /tt [ke(sﬂ?(S)) - ks(s,ﬂ’(S))} up(s) ds+/ k(5,57 () (u (5) — @) dis.

n n
1 tl

Since u? is the optimal control associated with ~J, by Proposition 4.5, it is Lipschitz continuous in [}, ¢} +
©e(t7, 7)) and its Lipschitz constant is independent of n. Therefore, denoting by L. > 0 the Lipschitz constant
of k. with respect to its second variable (which is independent of the first variable) and C' > 0 the Lipschitz
constant of u, we have

t t
67 ()] < LE/ 167(s)|ds + C’Kmax/ s — 7] ds,
tr tn
and hence, by using Gronwall’s inequality,

_ n)\2 .
o7 ()] < C’Kmaxweu(t—tl )
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In particular, if we set t = t{ + h,,, then

h2
|23 — 23] < Chuax el = O(hy).

n__=n
Ty —Toy

Let uf} = (with the convention a% = 0 if 2 = Z%) and 4% be the solution of

n__sn
Ty le

4.35
Wl +77) = 3. 439

{ V3 (8) = ke(t, 73 (8))uz
Using the lower bound %Kmin on k. and the fact that |25 — 25| = O(h2), one can easily deduce that the time
o™ from Y to ¥ along v§ (i.e., the value 0™ > 0 such that 4§ (¢ + 7" + o™) = a¥) satisfies ™ = O(h2).

We have thus constructed two ways to go from xp to x%. The first one is to choose the path containing
xg, 27, and z§, which corresponds to the concatenation of the trajectories vy on [tg,t}] and 47 on [t}, 5],
and the second one is the path containing xg, Zy, and x4, which corresponds to the concatenation of the
trajectories 74 on [tg,to + 7"] and 4% on [tg + 7™, t9 + 7™ 4+ o™]. Letting T7* and T3 be the times for going
from x( to z§ along these two paths, respectively, we have, by construction and the claim, that 77" = 2h,, and
T3 = 71" 4 0™ < 2ph,, + o(hy,). Hence, since p < 1, we have, for n large enough, that T3 < T7".

By definition of 79, we have ] = vy (t]) = xo + hnk(to, xo)uo + o(hy,) and, using (4.27) and the fact that ¢,
is Lipschitz continuous (Prop. 4.10), we deduce that

p(to, zo) = @e(t1,27) + hy + 0(hn).
Moreover, since 77" € Opt,(ke, t7, ), we have from (4.3) that @ (¢7,27) = @ (t5,25) + hy,, yielding that
e(to, o) = @(t3, x5) + 11" + o(hn).

On the other hand, since the path from z( to 25 going through z% is an admissible trajectory for k., we have,
by (4.3), that ¢(to, zo) < T3 + p(to + T3, 2% ). Hence

Pe(ty, x5) + 11" + o(hn) < T5' + @c(to + T3, x3). (4.36)

We also know that to + 7% < tq + 17" =t for n large enough. Therefore”, by Proposition 3.5(a), there exists a
constant ¢ > 0 such that

et 2) > ety + T, 28) + (e — 1)} — to — T) = pelto + T3, 28) + (c — (T} —TP),
and, using (4.36), we get (¢ — 1)(T}* — T5") + TT* + o(h,,) < T3, which leads to

2hy, 4+ o(hy) =17 + o(hy) < T3 < 2phy, + o(hy).
Divide above inequality by h,, to observe that

240(1) <2p+o(1).

7Strictly speaking, Proposition 3.5(a) only applies to ¢, and not to .. However, one can still get its conclusion by arguing as
follows. Let OCP be defined as in the proof of Proposition 4.10 with n = 5 and consider its value function @. By the arguments
provided in that proof, & satisfies Proposition 3.5(a) and @ and ¢, coincide in 2/2. The conclusion then follows since all points
involved here belong to €2,y for n large enough. Note that the constant ¢ > 0 depends on e.
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Finally by letting n — +o00, we conclude that p > 1, which is a contradiction. Therefore Case 2 will never
happen and this ends the proof. O

We conclude this section with a technical result showing that, for x € 9Q\ T, if all directions of W(¢, z) point
to the inside of the domain, then no optimal trajectories starting at time 0 are close to x at time ¢. For that
purpose, we introduce.

Proposition 4.25. Consider the optimal control problem OCP(k) and assume that (H1)-(H3), (H4), and (H5)
hold. Let x € OQ\T', t >0, and assume that there exists w € W(t,x) such that w-n(z) < 0. Then there exists
a neighborhood N of x in Q such that, for every xo € Q and vy € Opt(k,0,xq), we have y(t) ¢ N.

Proof. Assume, to obtain a contradiction, that there exist sequences (2o n)nen and (v,)nen with g, € Q and
Yn € Opt(k,0,70,) for every n € N and such that v, (t) — x as n — +oo. Since Q is compact and (7,,)nen
is a sequence of functions which are K ,-Lipschitz continuous, applying Arzela—Ascoli Theorem, we deduce
that there exist o € Q and v € Lip Kmx(Q) such that, up to extracting subsequences (which we still denote by
(xo.n)nen and (yn)nen for simplicity), we have, as n — +o00, that z¢,, — 2o and v, — 7 uniformly on compact
time intervals. By straightforward arguments based on the continuity of the value function, we deduce that
v € Opt(k,0,zp), and in addition we have v(t) = x.

Recall that, by Corollary 4.9, we have v € C1([0,T]; ), where T = ¢(0,70) and ¢ is the value function of
OCP(k). Sincet > 0 and z ¢ T, we have t € (0,7, and thus  is differentiable at ¢. Moreover, by Proposition 4.16
and Theorem 4.23, the set W(t, x) contains exactly one element, which we denote by wy € $?~!, and thus, by
assumption, we have wg - n(x) < 0. By Definition 4.15 and Theorem 4.23, we deduce also that 4(¢) = k(, z)wo.

Let a: h — dgg('y(t + h)) be defined on an open neighborhood of 0 in R. Then «(0) = d3,(z) = 0 and
&(0) = k(t,x)n(z) - wo < 0. In particular, there exists hg € [—t,0) such that, for every h € [hg,0), we have
a(h) > 0, and thus (¢t + h) ¢ Q, which contradicts the fact that ~ takes values in Q. This contradiction yields
the conclusion. O

4.4. The normalized gradient

Now that Theorem 4.23 characterizes the set of optimal directions U (tp, ) as the set W(to, xo) of directions
of maximal descent of ¢, we provide the following definition, which is motivated by Proposition 4.21.

Definition 4.26. Consider the optimal control problem OCP(k) and its value function ¢ and assume that
(H1)-(H3), (H4), and (H5) hold. Let (to,z0) € Ry x Q. If W(to,xo) contains exactly one element, we denote

this element by 7%@0, Zo), and call %(to,xo) the normalized gradient of ¢ at (to,zo).

As a consequence of Proposition 4.16 and Theorem 4.23, we immediately obtain the following characterization
of optimal controls.

Corollary 4.27. Consider the optimal control problem OCP(k) and its value function ¢ and assume that
(H1)—(H3), (H4), and (H5) hold. Let (to,z0) € Ry x Q, v € Opt(k, to, xo), and T = p(to, zo). Then for every
t € (to,to+T), ¢ admits a normalized gradient at (t,~(t)) and

() = —k(t, 7 (1) Volt, 4(2)).

Combining the above result with Corollary 4.9, we deduce that, for every optimal trajectory v, the map
t = Vi(t,y(t)) is Lipschitz continuous as long as y(t) € Q\ T and t is larger than the initial time of .
However, this provides no information on the regularity of (¢,z) — %(t, x). We are interested in proving the
continuity of this map on its domain of definition. For that purpose, we first prove the upper semi-continuity of
the set-valued map U (we refer to Definition 1.4.1 of [3] for the definition of upper semi-continuity for set-valued
maps).
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Proposition 4.28. Consider the optimal control problem OCP(k) and assume that (H1)-(H3), (H4), and
(H5) hold. Let U : Ry x Q = 8971 be the set valued map introduced in Definition 4.15. Then U is upper
semi-continuous.

Proof. Since $971 is a compact set, it suffices to show that U/ has a closed graph (see, e.g., [3], Prop. 1.4.8). Let
(tn; Tn)nen be a sequence in Ry x Q converging as n — 00 to some (tg,79) € Ry x Q, (@,)nen be a sequence
such that i, € U(t,,z,) for every n € N and @,, — @iy as n — +oo for some 1y € $¢~ 1. Since i, € U(t,, z,,) for
every n € N, there exists a sequence (7, )nen of optimal trajectories with ,, € Opt(k, t,,, x,,) for every n € N and
a corresponding sequence of the associated optimal controls (wy, )nen With u, € Lip([tn, tn +@(tn, 2,)]; $471) and
Un (tn) = 4, for every n € N. From Corollary 4.9, up to modifying w,, outside of the interval [t,, t, + ¢©(tn, Tn)],
the sequences (yn)nen and (uy)nen are sequences of Lipschitz continuous functions with Lipschitz constants
independent of n, and thus, by Arzela-Ascoli Theorem, one finds elements v* € Lip(Q) and u* € Lip($¢~!)
such that, up to a subsequence, 7y, — v* and u,, — u* uniformly on compact time intervals. In particular,

u*(tg) = nl_)ngo Up(tn) = nh_)ngO Uy, = Up
and
7 (to) = lim ,(t,) = lim 2, = zo.

By using the dynamic programming principle from Proposition 3.1(c¢) and the Lipschtiz continuity of the value
function from Proposition 3.3, one observes that the restriction of u* to [to, to + ¢(to, xo)] is the optimal control
corresponding to the optimal trajectory v*. Hence ug = u*(to) € U(to, xo), concluding the proof that U has a
closed graph. O

On the set of points where a set-valued map is single-valued, upper semi-continuity coincides with stan-
dard continuity of single-valued functions. As an immediate consequence of this fact, Proposition 4.28, and
Theorem 4.23, we have the following result.

Corollary 4.29. Consider the optimal control problem OCP (k) and its value function ¢ and assume that (H1)—-
(H3), (H4), and (H5) hold. Let W : Ry x Q = 8971 be the set valued map introduced in Definition 4.19 and
@ be the normalized gradient of ¢. Then W is upper semi-continuous and @ is a continuous function on the
set where it is defined.

5. THE MFG SYSTEM

We now turn to the characterization of equilibria Q € P(C(Q2)) of a mean field game MFG(K) through a
system of PDEs, known as the MFG system, consisting of a continuity equation on the density of agents ¢t — my,
defined through the relation m; = e;%Q), coupled with the Hamilton-Jacobi equation (3.8) on the value function
 of the optimal control problem OCP(k), where k is defined from K and @ by setting k(t,z) = K(m¢, x). The
main difficulty in this characterization lies within the continuity equation for m;, and more precisely on the
characterization of the corresponding velocity field. Corollary 4.27 suggests that such velocity field should be
given by the opposite of the normalized gradient of ¢ multiplied by the dynamics k.

Corollary 4.29 states the continuity of the normalized gradient V¢ on the set of points of Ry x € where it
is defined. We will now show that, for the purposes of studying the equilibria of mean field games, this set is
quite “large”. More precisely, consider the mean field game MFG(K) and an equilibrium @ € P(C(€)) for this
game. We will prove that, for every fixed ¢ > 0, the set of points z € Q\ T' at which @ does not exist has m;
measure zero, where m; is the evaluation at time ¢ of the equilibrium measure Q.

For that purpose, let us introduce the set

T ={(t,z) e R} x (Q\T) | 3to € [0,t), Tz € Q, Iy € Opt(k, to, o) s.t. y(t) =z} . (5.1)
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In other words, T contains all points (t,z) € R x (Q\T) which are strictly between the starting and the
final points of an optimal trajectory. In particular, it follows from Corollary 4.27 that V(t, z) exists for every
(t,z) € T, and, by Corollary 4.29, V is continuous in Y. We also introduce, for ¢ > 0, the set

T, ={zcQ\T|(t,z)eY}. (5.2)

Proposition 5.1. Consider the mean field game MFG(K) under the assumptions (H1)—(H3), (H6), and (HT).
Let Q be an equilibrium for MFG(K), set m; = e;4Q fort >0, define k : Ry x Q — Ry by k(t,z) = K(my, x),
consider the optimal control problem OCP(k), and let T and Yy be defined as in (5.1) and (5.2), respectively.
Then for every t > 0, we have my(Q\ (T UT;)) = 0.

Proof. Let Opt = |, cq Opt(k,0,20). Since @ is an equilibrium of MFG(K), then Q(Opt) = 1. For every

t > 0, from the definition of T, one has that {y € Opt | y(t) € Q\ (T'UY;)} = &, and then m;(Q\ (T UY})) =
Q{7 € 0pt |7() € 2\ (TUT}) = Q(2) = 0. =

We are now ready to provide our main result concerning the MFG system of MFG(K).

Theorem 5.2. Consider the mean field game MFG(K) under assumptions (H1)—(H3), (H6), and (H7). Let
mo € P(Q), Q be an equilibrium of MFG(K) with initial condition mg, m; € P() be defined for t > 0 by
my = e Q, k: Ry x Q — Ry be defined from Q and K by k(t,z) = K(e;4Q,z), ¢ be the value function of
OCP(k), W be the set-valued map provided in Definition 4.19, and % be the normalized gradient of ¢ from
Definition 4.26. For t > 0, set

00, ={x € 0Q\T | Jw € W(t,z) such that w - n(z) < 0}.

Then (m, @) solves the MFG system

By () — div (mt(:v)K(mt, 2)Volt, g;)) =0, inR; x (Q\I),

— Op(t,z) + |[Vo(t, )| K(my,x) — 1 =0, in Ry x (Q\T),

my(z) =0, fort >0 and x € 09, (5.3)
p(t,x) =0, on Ry x T,

Vo(t,z) -n(z) >0, on Ry x (9Q\ 1),

me = my, in {0} x Q,

where the first equation is satisfied in the sense of distributions, the second and fifth equations are satisfied in
the viscosity senses of Proposition 3.4 and Theorem 4.11, respectively, and the third equation is satisfied in the
following sense: for every t > 0 and x € 090, there exists a neighborhood N of x such that m;(N) = 0.

Proof. Notice first that, since K satisfies (H6) and (H7), then k satisfies (H4) and (H5). The Hamilton—Jacobi
equation on ¢ and its boundary conditions then follow immediately from Proposition 3.4 and Theorem 4.11.
The initial condition on m; follows from its definition.

Let us prove that m; satisfies the continuity equation in (5.3). First, thanks to Corollary 4.29, @ is continuous
on the set T defined in (5.1). Let £ € C°(R% x (2\I');R) be a test function. Take v € Opt(k,0,zo) and let

T = ¢(0, ). By Corollary 4.27, one has %(t) = —K(mt,y(t))@(t,*y(t)) for every ¢ € (0,T). Hence

d

—(E6A0)) = Bt 1) = Va £lt,9() - Tty 1 (1)) K (m, (1), (5.4)
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Let us denote the set of all optimal trajectories by Opt, i.e., Opt = U%eg Opt(k, 0, ). Thanks to the continuity

of the right-hand side of (5.4) on IR*, x Opt, one can integrate to observe that

/ooo /o S (eta) Qe

- / h / D1 E(t,(1)) dQ(7) dt
0 Opt
- / [ 9. €090 Tt A1) K (me. (1) dQ() .

Since ¢ is compactly supported, the left-hand side of the above equality is zero. Hence, by using the
Proposition 5.1 and the relation between m; and @, one concludes that

/ T ot 0y dma(a) dt = / T Vatlta) - Vot x) K (me, x) dmy(z) dt,
0 Q 0 Q

which is precisely the weak formulation of the continuity equation in (5.3).
Finally, let us prove the boundary condition on m;. Let ¢ > 0 and z € 012, . Then, using the definition of m,
and Proposition 4.25, there exists a neighborhood N of x such that

m¢(N) =Q({y € Opt | 7(t) e N}) = Q(2) =0,
as required. |

Remark 5.3. Note that both the continuity and the Hamilton—Jacobi equations in (5.3) are satisfied in the
spatial domain  \ T" and, in particular, they are satisfied up to the boundary, excluding the target set I'. The
velocity field at a point (t,2) € R% x (02 \I') in the boundary is thus —K(my, x)@(t, x), i.e., the same as in
the interior. Note also that the fifth equation in (5.3) shows that such a velocity field either points towards the
inside of the domain or is tangent to it. In particular, contrarily to the mean field game system obtained in [13]
for mean field games with state constraints, fixed final time, and more general cost functions, no correction to
the velocity field is needed in the boundary of the domain in the present model due to the particular structure
of the optimization criterion solved by each agent.
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