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Introduction

1 General Introduction

This thesis consists of two parts. In the first part we study the existence and uniqueness
of Nash equilibrium solutions for a class of infinite horizon, non-cooperative differential
games. The second part is concerned with the construction of nearly-optimal patchy
feedbacks, for problems of optimal control.

To the former is devoted Chapter 1. Postponing to the following Section 2 a com-
plete introduction to this topic, we briefly summarize here the results proven in [10, 27].
We study a non-cooperative differential game for two players, with infinite horizon and
exponentially discounted payoffs. The existing literature on the subject has been mainly
concerned either with zero-sum games, or with a special class of non-zero sum games
having linear dynamics and quadratic cost functionals. In the first case, optimal feed-
back strategies can be found in terms of the viscosity solution of the corresponding scalar
Hamilton-Jacobi equation. In the second (linear-quadratic) case, the corresponding sys-
tem of Hamilton-Jacobi equations for the value functions reduces to a finite-dimensional
system of Riccati equations. Our present goal is to push the analysis a few steps beyond
these two basic cases, and study a more general nonlinear system of H-J equations, de-
scribing non-cooperative Nash equilibrium. The main results refer to a non-cooperative
differential game for two players in one space dimension. Roughly speaking, the following
holds:

e If the cost functions is a smooth and small perturbation of a linear cost, as shown
in [10], then the game admits a Nash equilibrium solution in feedback form. More-
over, if the sum of the derivatives of the two cost functions is bounded away from
zero, these feedback strategies are unique.

e On the other hand, if players’ costs are not smooth, then various instabilities can
arise. This means that some games can have infinitely many Nash equilibria, while
some slightly different games can have no equilibrium at all, as described in [27].

These negative results, in the non-smooth case, indicate that the problem of finding
solutions within the framework of Nash equilibria is not well posed, in general. Similar
results were found in [13], for finite horizon problems. They provide at least a glimpse of
the great complexity of this problem for a general non-cooperative game with nonlinear
costs.

Chapter 2 is devoted to the construction of nearly optimal patchy feedbacks. The
main results presented here first appeared in [11]. We consider a nonlinear control system
of the form

j::f(x,u),
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2 Introduction

and a cost functional

JZ/WMMﬂm@»ﬁ+¢@WD, (L1)
0

which we wish to minimize among all controls ¢ +— u(t) taking values in some given set
U C R™. In an ideal situation, one can find a terminal set S and a continuous feedback
control z +— U(x) defined for x ¢ S, such that every trajectory of the corresponding
O.D.E.

i = f(x,U()) (1.2)

is optimal for the cost criterion (1.1). It is well known, however, that in general no
continuous optimal feedback exists. On the other hand, according to the results in [4], it
is possible to construct a piecewise constant feedback which is nearly optimal. As shown
in [1], controls in the class of “patchy feedback” enjoy various useful properties. In
particular, even if the right hand side of (1.2) is discontinuous, the Cauchy problem has
at least one forward solution and at most one backward solution, in Carathéodory sense.
Up to now, patchy feedbacks have been constructed in two different ways. Either, as
in [1], by patching together families of open-loop controls. Or else, as in [4], starting with
a suitable regularization of the value function, which was assumed known a-priori. The
main purpose of the present analysis, taken from [11], is to construct patchy feedback
from scratch, i.e. without a priori knowledge of the value function. Our basic procedure
constructs at the same time a piecewise constant nearly optimal feedback, together with
a piecewise smooth approximation to the value function. The basic step is repeated
inductively on higher and higher level sets, eventually covering the entire domain.

2 Infinite Horizon Noncooperative Differential Games

Problems of optimal control, or zero-sum differential games, have been the topic of an
extensive literature. In both cases, an effective tool for the analysis of optimal solutions
is provided by the wvalue function, which satisfies a scalar Hamilton-Jacobi equation.
Typically, this first order P.D.E. is highly non-linear and solutions may not be smooth.
However, thanks to a very effective comparison principle, the existence and stability of
solutions can be achieved in great generality by the theory of viscosity solutions, see [6]
and references therein.

In comparison, much less is known about non-cooperative differential games. In a
Nash equilibrium solution, the value functions for the various players now satisfy not
a scalar but a system of Hamilton-Jacobi equations [19]. For this type of nonlinear
systems, no general theorems on the existence or uniqueness of solutions are yet known.
A major portion of the literature is concerned with games having linear dynamics and
quadratic costs, see [18] for a comprehensive treatment and a complete bibliography.
In this case, solutions are sought among quadratic functions. This approach effectively
reduces the P.D.E. problem to a quadratic system of O.D.E’s. Well known results on
Riccati equations can then be applied. However, it does not provide any insight on the
stability (or instability) of the solutions w.r.t. small non-linear perturbations.

On the other hand, in the present more general case one has no established tech-
niques to rely on. We recall here some of the few known results.

In [12], a class of non-cooperative games with general terminal payoff was studied,
in one space dimension. Relying on recent advances in the theory of hyperbolic sys-
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tems of conservation laws (see [8]), some results on the existence and stability of Nash
equilibrium solutions could be obtained. On the other hand, for games in several space
dimensions and also in various one-dimensional cases, the analysis in [13] shows that the
corresponding H-J system is not hyperbolic, hence ill posed.

In the present work we begin exploring a class of non-cooperative differential games
in infinite time horizon, with exponentially discounted costs. Namely, we consider a
game with dynamics

T = Z o, z(0) =y, (2.1)
i=1

where each player acts on his control «; to minimize an exponentially discounted cost of
the form

Ji(o) = /000 e i (z(t), ou(t)) dt. (2.2)

In one space dimension, the corresponding value functions satisfy a time-independent
system of implicit O.D.E’s. Global solutions are sought within a class of absolutely
continuous functions, imposing certain growth conditions as |z| — oo, and suitable
admissibility conditions at points where the gradient u, has a jump.

The dynamics of our system is very elementary, and the cost functions we consider
are small perturbations of linear ones. However, already in this simple setting we find
cases where the problem has unique solution, and cases where infinitely many solutions
exist.

This richness of different situations reflects in some sense the results found in [15].
Indeed, the exact same dynamics was studied, in the finite horizon case, with only exit
costs. Main differences between [15] and [10, 12, 13] lay in the concept of solution. The
authors of [15] look for discontinuous feedback controls that not only leads to Nash equi-
libria, but also satisfies a sort of programming principle. This resulted in (uncountable)
infinitely many solutions, at price of stronger assumptions on the final costs.

All these difficulties provide a glimpse of the extreme complexity of the problem,
for general non-cooperative N-player games with non-linear cost functions.

A first attempt to study this problem in the infinite horizon setting, for two players,
was made in [10]. The same simple game was considered, and it was proved that,
depending on the monotonicity of the cost functions, very different situations could
arise. Indeed, the HJ system in this case takes the following form

uy(z) = hi(x) — vhuh — (u))?/2,
(2.3)
ug(z) = ha(z) — ujuh — (uh)?/2.

But with a system of this form, we can end up with too many solutions. We find not
only value functions u that leads to Nash equilibria in feedback form, but also solutions
that does not represent equilibria of the game. It is then necessary to introduce a
suitable concept of admissibility. In particular we say that a solution u is admissible,
if u is a Carathéodory solution of (2.3), which grows at most linearly as || — oo
and satisfies suitable jump conditions in points where its derivatives are discontinuous.
For such a kind of solutions, a wverification theorem was proved: given an admissible
solution u and denoted by u the components of its derivatives, then «; = —u; provide
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a Nash equilibrium solution in feedback form. In [10], it turned out that existence and
uniqueness of admissible solution for (2.3) heavily depend on the choice of the costs.

First, suppose that both the cost functionals are increasing (resp. decreasing). This
means that both players would like to steer the game in the same direction, namely the
direction along which their costs decreases. In this case an admissible solution always
exists, and it is also unique, provided a small oscillations assumption is satisfied. This
existence result was in some sense expected, since this case corresponds, in the finite
horizon setting, to the hyperbolic one studied in [12].

Suppose now that the cost functionals have opposite monotonicity. This means
that the players have conflicting interests, since they would like the game to go in
different directions. In this case it is known, see [13], that the finite horizon problem is
in general ill-posed. On the same line, for our game, it is enough to consider two linear
functionals with opposite slopes (say k, —k, for any real number k& # 0) to find infinitely
many admissible solutions, and hence infinitely many Nash equilibria in feedback form.
Nevertheless, quite surprisingly, it’s still possible to recover existence and uniqueness of
admissible solutions to (2.3) in the case of costs that are small perturbation of linear
ones, but with slopes that are not exactly opposite.

While the cost functionals considered in [10] were a small perturbation of affine
costs, in [27] we studied a wider class of cost functions. Motivated by the theory of
hyperbolic systems [8], we considered piecewise linear cost functionals, whose derivative
has jumps. This setting is a natural first step towards the analysis of existence and
uniqueness of Nash equilibrium solutions for non-linear costs.

Again, as in [10], we reached different results depending on the signs chosen for
h;. Indeed, as it will be showed in the second part of Chapter 1, if we are in the
cooperative situation for all =, we can still recover a unique admissible solution for (2.3).
On the other hand, any change in the behavior of the costs will translate in some sort of
instability of the game, leading either to infinitely many admissible solutions, or to one
unique admissible solution, or even to no admissible solution at all, only depending on
the particular choices of the slopes h/.

In conclusion, this great variety of arising situations seems to suggest that the
presented approach is not the most suitable one to deal with the intrinsic issues of the
problem. In particular, we can provide examples of very simple differential games where
no Carathéodory solution with sublinear growth at infinity exists. Recalling that, in the
case of smooth costs (see [10]), this class of solutions was exactly the right one to find
Nash equilibria in feedback form, our study strongly suggest that a different approach is
needed: either to look for Pareto optima, as in [13], or to introduce some other relaxed
concept of equilibrium.

The outline of Chapter 1 is the following. In Section 1, we introduce the class
of differential games we deal with. In Section 2, the concept of admissible solution is
presented and it is proved that to any admissible solution there corresponds a Nash
equilibrium strategy in feedback form. In Section 3 we specialize our study to 2-players
games in order to address, in Sections 4-5, the question of existence and uniqueness of
admissible solutions in the case of smooth cost functionals. In Section 6, we approach
the case of non-smooth costs. Namely, we consider piecewise linear costs, with a finite
number of jumps in their derivatives. Finally, Sections 7-8-9 deal with existence and
uniqueness of admissible solutions in these cases of non-smooth costs.
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3 Nearly optimal patchy controls in feedback form

Consider an optimization problem for a nonlinear control system of the form

= f(z,u)
2(0) = y u(t) € U, (3.1)

where x € R™ describes the state of the system, the upper dot denotes a derivative
w.r.t. time, while U C R™ is the set of admissible control values.

A classical problem is the existence of optimal feedback controls, i.e. if it is possible
to construct a feedback control u = U(x) such that all the trajectories of

are optimal for the problem
T
min {1/1(3:(T)) —l—/ L(z(t), u(t)) dt} . (3.3)
0
We assume that f: R™ x R™ — R" is Lipschitz continuous and satisfies

|f(@,u)| <C(1+ |z]), VueU, (3.4)

that both the terminal cost ¢ : R® — R and the running cost L : R” x U — R are
continuous and strictly positive, say

P(z) >co >0, L(z,u) > ¢ >0 VezeR" welU. (3.5)
Moreover,
lim ¢(z) =o0. (3.6)
|z[—00

A strategy to attack this optimal control problem (see [24, 32]), is to investigate
an optimal “synthesis”, which is just a collection of optimal trajectories not necessarily
arising from a feedback control. The existence and the structure of an optimal synthesis
has been the subject of a large body of literature on nonlinear control. At present, a
complete description is known for time optimal planar systems of the form

&= f(2) + g(x)u wel-1,1, ceR?,

see [7] and the references therein. For more general classes of optimal control problems,
or in higher space dimensions, the construction of an optimal synthesis faces severe
difficulties.

On one hand, the optimal synthesis can have an extremely complicated structure, and
only few regularity results are presently known (see [21]). Already for systems in two
space dimensions, an accurate description of all generic singularities of a time optimal
synthesis involves the classification of eighteen topological equivalence classes of singular
points [24, 25]. In higher dimensions, an even larger number of different singularities
arises, and the optimal synthesis can exhibit pathological behavior such as the famous
“Fuller phenomenon” (see [22, 33]), where every optimal control has an infinite number
of switchings.
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On the other hand, even in cases where a regular synthesis exists, the performance
achieved by the optimal synthesis may not be robust. In other words, small perturbations
can greatly affect the behavior of the synthesis (e.g. see Example 5.3 in [26]).

Because of the difficulties faced in the construction of an optimal syntheses, it seems
natural to slightly relax our requirements, and look for nearly-optimal feedback controls
instead. Within this wider class, one can hope to find feedback laws with a simpler
structure and better robustness properties than a regular synthesis.

But we immediately face a new theoretical obstacle. Indeed, it is well known that,
in general, it is not possible to construct a nearly-optimal feedback law v = U(z) among
a class of continuous control. As shown in Example 1.1 in [23] or Example 2 in [9],
restricting the study to continuous feedbacks leads to topological obstructions completely
similar to the ones found in controllability problems [31, 30, 14].

Hence, we necessarily have to deal with discontinuous feedbacks U(x) and cor-
responding discontinuous right hand side in (3.2). Therefore, it becomes essential to
provide suitable definitions of “generalized solutions” for discontinuous O.D.E.s. No-
tice that the concepts of Filippov and Krasovskii generalized solutions [5], frequently
encountered in the literature, are not suitable in this setting: indeed, these generalized
solutions form a closed and connected set; thus the same obstructions to the existence
of a continuous feedback are recovered.

Two approaches were followed in the literature to overcome this issue.

1. One can allow any arbitrary feedback control v = U(x). In this case, we cannot be
sure to still have Carathéodory solutions and hence a new concept of generalized
solutions must be introduced for O.D.E.s with an arbitrary measurable right hand
side.

2. Otherwise one can restrict the problem to a particular class of discontinuous feed-
backs so that Carathéodory forward solutions always exist. Then we have to prove
that a nearly-optimal feedback control exists within this class.

The first approach lead, in particular, to the concept of “sample-and-hold” solu-
tions and Euler solutions (limits of sample-and-hold solutions), which were successfully
implemented both within the context of stabilization problems [16, 28, 29] and of nearly-
optimal feedbacks [17, 20, 23]. A drawback of this approach is that, as illustrated by
Example 5.3 and Example 5.4 in [26], arbitrary discontinuous feedback can generate
too many trajectories, some of which fail to be optimal. In fact, Example 5.3 in [26]
shows that the set of Carathéodory solutions of the optimal closed-loop equation (3.2)
contains, in addition to all optimal trajectories, some other arcs that are not optimal.
Moreover, Example 5.4 in [26] exhibits an optimal control problem in which the optimal
trajectories are Euler solutions, but the closed-loop equation (3.2) has many other Euler
solutions which are not optimal.

The second approach was followed in [1, 2, 3, 4], through the introduction of patchy
feedbacks. These controls, that are piecewise constant in the state space R™, were first
introduced in [1] in order to study asymptotic stabilization problems. It turned out that
the corresponding Cauchy problem always has at least one forward and at most one
backward Carathéodory solutions.

Moreover, these solutions enjoy important robustness properties [2, 3], which are
particularly relevant in many practical situations. Indeed, one of the main reasons for



3. Nearly optimal patchy controls in feedback form 7

using a state feedback is precisely the fact that open loop controls are usually very
sensitive to disturbances. Namely, it was proven in [2] that a patchy feedback is “fully
robust” with respect to perturbation of the external dynamics, and to measurement
errors having sufficiently small total variation, so to avoid the chattering behavior that
may arise at discontinuity points.

Finally, it was proven in [4] that time nearly-optimal patchy feedbacks exist. Indeed,
if we set T'(y) the minimum time needed to steer the system from the state y € R™ to the
origin, then every initial state y can be steered inside an e-neighborhood of the origin
within time T'(y) + ¢ using a patchy feedback, for any fixed £ > 0.

In all previous works, patchy feedbacks were constructed either by patching together
piecewise constant open-loop controls as in [1], or, as in [4], relying on the a-priori
knowledge of the value function V. We recall that this is defined as

T
V(y) ﬁi%f){z/)(:c(T)) +/0 L(x(t), u(t))dt},

where the minimization is taken over all 7' > 0 and all control functions w : [0,7] — U
such that the trajectory of (3.1) satisfies the terminal constraint |z(T")| < €.

Aim of [11] and of the results in Chapter 2 is to develop an algorithm that produces
a nearly-optimal patchy feedback “starting from scratch”, i.e. without any a-priori infor-
mation about the optimal trajectories. Both the patchy feedback and an approximate
value function will be constructed simultaneously, working iteratively on higher and
higher level sets.

This provides a very useful construction, that may be used in all those applications
in which it is particularly difficult to derive explicitly the value function of the optimal
control problem.

The outline of Chapter 2 will be the following. In Section 1 we recall the optimality
result from [4] and state our main result on the construction of a general nearly optimal
patchy feedback. Section 2 will be focused on the introduction of the basic concepts of
patchy vector fields and patchy feedback controls, and on a brief overview of the known
robustness results from [1, 2, 3]. Finally, in Section 3 we sketch the proof of the main
result, which is still a work in progress and it will soon appear in [11].






Chapter 1

Infinite Horizon Noncooperative
Differential Games

1 Basic definitions

Consider an m-persons non-cooperative differential game, with dynamics

m

T = Zfi(x,ai), a;(t) € A;, x e R". (1.1)
i=1
Here t +— «;(t) is the control chosen by the i-th player, within a set of admissible control
values A; C R¥. We will study the discounted, infinite horizon problem, where
the game takes place on an infinite interval of time [0, oo, and each player has only a
running cost, discounted exponentially in time. More precisely, for a given initial data

2(0) =y € R", (1.2)

the goal of the i-th player is to minimize the functional

Jl(al) = /OOO €7t 1/}Z($(t), Ozl'(t)) dt, (13)

where t — x(t) is the trajectory of (1.1). By definition, an m-tuple of feedback strategies
a; =af(x),i=1,...,m, represents a Nash non-cooperative equilibrium solution for the
differential game (1.1)-(1.2) if the following holds. For every i € {1,...,m}, the feedback
control a; = o (x) provides a solution to the optimal control problem for the i-th player,

m%l)l Ji(o), (1.4)

where the dynamics of the system is

&= fi(z,0u) + Y _ filw, af(x)), a;i(t) € A; . (1.5)
J#i
More precisely, we require that, for every initial data y € R, the Cauchy problem

T = ij (a:,oz;f(x)) , z(0) =y, (1.6)
j=1

9
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should have at least one Carathéodory solution ¢ — z(t), defined for all ¢t € [0, o00].
Moreover, for every such solution and each ¢ = 1,...,m, the cost to the i-th player
should provide the minimum for the optimal control problem (1.4)—(1.5). We recall that
a Carathéodory solution is an absolutely continuous function ¢ +— x(¢) which satisfies
the differential equation in (1.6) at almost every ¢ > 0.

Nash equilibrium solutions in feedback form can be obtained by studying a related
system of P.D.E’s. Assume that a value function u(y) = (u1,...,u,)(y) exists, so that
u;(y) represents the cost for the i-th player when the initial state of the system is 2:(0) = y
and the strategies aj, ..., o), are implemented. By the theory of optimal control, see for
example [6], on regions where u is smooth, each component w; should provide a solution
to the corresponding scalar Hamilton-Jacobi-Bellman equation. The vector function u
thus satisfies the stationary system of equations

ui(x) = Hi(z, Vuy, ..., Vuy), (1.7)

where the Hamiltonian functions H; are defined as follows. For each p € R", assume
that there exists an optimal control value o} (x,p) such that

P Ji(e, of(x.p) + 4 (2, oj(e.p)) = min {p- fi(z.0) + (x.0)} . (18)

Then .
Hi(z, p1,.-yDPm) = pi- ij (:1:, aj-(:z,pj)) + ; (:1:, ozf(a:,pi)) ) (1.9)

j=1

A rich literature is currently available on optimal control problems and on viscosity
solutions to the corresponding scalar H-J equations. However, little is yet known about
non-cooperative differential games, apart from the linear-quadratic case. Here, we begin
a study of this class of differential games, with two players in one space dimension. Our
main interest is in the existence, uniqueness and stability of Nash equilibrium solutions
in feedback form.

When z is a scalar variable, (1.7) reduces to a system of implicit O.D.E’s:

w; = Hi(z,ul, ... ul,). (1.10)

m

In general, this system will have infinitely many solutions defined on the whole R. To
single out a (hopefully unique) admissible solution, corresponding to a Nash equilibrium
for the differential game, additional requirements must be imposed. These are of two

types:
(i) Asymptotic growth conditions as || — oc.
(ii) Jump conditions, at points where the derivative u’ is discontinuous.
To fix the ideas, consider a game with the simple dynamics
T(t) = ar(t) + -+ an(t), (1.11)

and with cost functionals of the form

o] a2
Ji(a)ﬁ/o et[hi(l‘(t))—f-ki(x(t)) ’2@ dt. (1.12)
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We shall assume that the functions h;, k; are smooth and satisfy
1
|hi(z)] < C, 5 <hi@) <C, (1.13)

for some constant C' > 0. Notice that in this case (1.8) yields af = —p;/k;, hence (1.10)
becomes

;= Z J L+ hi(x). 1.14
u Zk](x uj + hi(x) (1.14)

J=1

For a globally defined solution to the system of H-J equations (1.14), a natural set
of admissibility conditions is formulated below.

Definition 1.1 A function u : R — R™ is called an admissible solution to the implicit
system of O.D.E’s (1.14) if the following holds.
(A1) w is absolutely continuous. Its derivative u' satisfies the equations (1.14) at
a.e. point x € R.
(A2) w has sublinear growth at infinity. Namely, there exists a constant C' such that,
for all x € R,

lu(z)| < C(1+]z]). (1.15)

(A3) At every point y € R, the derivative v’ admits right and left limits v’ (y+), v'(y—).
At points where u' is discontinuous, these limits satisfy at least one of the conditions

m ; ‘|‘ m I,
Zukfy or ;uk(y

=1

(1.16)

Because of the assumption (1.13), the cost functions h; are globally Lipschitz contin-
uous. It is thus natural to require that the value functions u; be absolutely continuous,
with sub-linear growth as 2 — 4o00. The motivation for the assumption (A3) is quite
simple. Recalling that the feedback controls are o = —u}/k;, the condition (1.16)
provides the existence of a local solution to the Cauchy problem

=— Z kzgg , z(0) =y (1.17)

=1

g\

forward in time. In the opposite case, solutions of the O.D.E. would approach y from
both sides, and be trapped. As will be proved in the next section, the assumptions
(A1)—(A3) together yield the existence of a global solution to (1.17), for every initial
data y € R. Therefore, the functions uq,...,u,, are indeed the costs for the various
players, if the feedback strategies afj,...,a,, are implemented.

Next, call p;-t = wu,(y%). By the equations (1.14) and the continuity of the functions
u;, h;, k;, one obtains the identities
pz p] (p; )? p; pj

. 2k(>+j;éi = i=1,...,m. (1.18)

These are certainly satisfied when

ui(y+) +ui(y—) =0  i=1,...,m. (1.19)
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In the case m = 2, it is easy to check that (1.19) yields the only non-trivial solution to
the jump conditions (1.18). In this case, the assumptions (A3) yield

ui(yt) | up(y+) R o
Mm@ k) d(y-) = —di(y+)  (i=1,2). (1.20)

By (Al), the derivatives p; = u] are defined at a. e. point z € R. The optimal
feedback controls af = —p; /k; are thus defined almost everywhere. We can use the
further assumption (A3) and extend these functions to the whole real line by taking
limits from the right:

e D)
ey

In this way, all feedback control functions will be right-continuous.

(1.21)

2 Solutions of the differential game

In this Section, we prove a verification theorem, i.e. we show that admissible solutions to
the H-J equations yield a solution to the differential game. Moreover, we give a couple
of examples showing the relevance of the assumptions (A2) and (A3).

Theorem 1.1 Consider the differential game (1.11)-(1.12), with the assumptions (1.13).
Let u : R — R™ be an admissible solution to the systems of H-J equations (1.14), so
that the conditions (A1)-(A83) hold. Then the controls (1.21) provide a Nash equilibrium
solution in feedback form.

Proof. The theorem will be proved in several steps.
1. First of all, setting

. * B u; ()
o) = Faito) = -3 (21)
we need to prove that the Cauchy problem

a(t) = g(x(t)), z(0) =y, (2.2)

has a globally defined solution, for every initial data y € R. This is not entirely obvious,
because the function g may be discontinuous. We start by proving the local existence of
solutions.

CASE 1: g(y) = 0. In this trivial case z(t) = y is the required solution.

CASE 2: g(y) > 0. By right continuity, we then have g(x) > 0 for x € [y, y+4], for some
0 > 0. This implies the existence of a (unique) strictly increasing solution x : [0, ] — R,
for some € > 0.

CASE 3: g(y) < 0. By the admissibility conditions (1.16), this implies that g is strictly
negative in a left neighborhood of y. Therefore the Cauchy problem (2.2) admits a
(unique) strictly decreasing solution z : [0, ] — R, for some ¢ > 0.
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2. Next, we prove that the local solution can be extended to all positive times. For this
purpose, we need to rule out the possibility that !x(t)‘ — 00 in finite time. We first
observe that each trajectory is monotone, i.e., either non-increasing, or non-decreasing,
for t € [0,00[. To fix the ideas, let t — x(t) be strictly increasing, with z(t) — oo as
t — T—. A contradiction is now obtained as follows. For each 7 > 0, using (1.14) we

compute
Zuz(l‘(T)) — Zuz(x(o)) — /OT {%Zuz(x(t))} dt
T , u; (a:(t))
-/ - 2= 0) gy
( 2

Lu@®)” hi(x(t))} dt (2.3)

By assumptions, the functions u; and h; have sub-linear growth. Moreover, each k;
is uniformly positive and bounded above. Using the elementary inequality

|2(7) — 2(0)| < /071- |2(t)] dt < </(]Tldt>l/2~ (/OT \j:(t)ﬁdt)m,

from (2.3) we thus obtain

| 2

2(7) —2(0)]* 7 e T |ul(x(t)
— g/o |l2(t)|” dt §4C/0 ;7&
Zu (z(7)) - Zu (2(0))

2k;(x(t))
<4c{
+/0 Z |hi(2(t))] dt}

<Ch(1 —1—7){2 + ‘55‘(7)‘ + ‘x(O)‘},

+/Z |ui(2(t))] dt

0

for some constant Cy. Therefore, either |z(7)| < 2+ 3|(0)], or else
|2(7)| < |2(0)] +27-Co(1+7). (2.4)

In any case, blow-up cannot occur at any finite time 7.
3. To complete the proof, for each fixed i € {1,...,m}, we have to show that the feedback
af in (1.21) provides solution to the optimal control problem for the i-th player:

N R i (t)
min e " hi(2(t) + ki (z(t)) == dt, (2.5)
ai(-) Jo 2
where the system has dynamics
T =+ Z (). (2.6)
J#i
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Given an initial state x(0) = y, by the assumptions on u it follows that the feedback
strategy «; = a;(x) achieves a total cost given by u;(y). Now consider any absolutely
continuous trajectory t — x(t), with 2(0) = y. Of course, this corresponds to the control

ai(t) = () = > af(x)
J#i

implemented by the i-th player. We claim that the corresponding cost satisfies
> —t kl . * 2
/0 e [hz(x(t)) + E(w(t) - Zaj (a:(t))) } dt > wu;(y).
J#i

To prove (2.8), we first observe that (2.4) implies

lim e "u; (z(t)) =0 i=1,...,n.

t—o00
Hence
ui(y) = uz(m(O)) = —/ pr [e uz(x(t))] dt .
0
The inequality (2.8) can now be established by checking that

k;

et [hi (z(t)) + 5 (g‘:(t) - o (a;(t))ﬂ > e tug(a(t)) — et (2(t)) - (1) .

JF

Equivalently, letting a; be as in (2.7),
u; < ai—Z# U;—F—ZOQZ-F}LZ'.
i#i !

This is clearly true because, by (1.8),

ull

. kz 2 / 77
ui(:z):m;n 50 +aui—z i + hi(z)

g# Y

(2.7)

(2.9)

We now give two examples showing that, if the growth assumptions (1.15) or if the
jump conditions (1.16) are not satisfied, then the feedbacks (1.21) may not provide a
Nash equilibrium solution. This situation is already well known in the context of control

problems.

Example 1.1 Consider the game for two players, with dynamics

T=a;+as,

(2.10)
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and cost functionals

') 2
Ji:/ ot Qi) G
0

In this case, if u} = p;, the optimal control for the i-th player is
2
* . w
o (p;) = arg n}uln{piw—i—?} = —p;.

The system of H-J takes the simple form

/
_ u / /
up = — 5 +uy)uy,
/ (2.11)
_ / Uog /
U = — U+ 5 ) Uy.

The obvious admissible solution is u; = ug = 0, corresponding to identically zero
controls, and zero cost. We now observe that the functions

() 0 if |z|>1, () =0
uil\xr) = Us\xr) =
! “l-z))* i Jel <1, ? !

provide a solution to (2.11), which is not admissible because the conditions (1.16) fail
at z = 0.
Next, the functions

1
ui(z) = —51‘2, uz(x) =0,

provide yet another solution, which does not satisfy the growth conditions (1.15).
In the above two cases, the corresponding feedbacks o (z) = —u}(z) do not yield a
solution to the differential game.
3 Two-Players Games
We consider here a game for two players, with dynamics
T=a1+ o, z(0) =y, (3.1)

and cost functionals of the form

Ji(on) = /O Tt [hi (2(t)) + @} dt. (3.2)

Notice that, for any positive constants k1, k2, A, the more general case

Ji(as) = /O T eu [h (a(t) + O‘;it)] dt

can be reduced to (3.2) by a linear change of variables.
The system of H-J equations for the value functions now takes the form

uy(x) = h(z) — ujub — (u))?/2,
{ uz(z) = ha(x) — u’iui - (ué)2/2’ (3.3)
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and the optimal feedback controls on the whole R are given by
af(z) = —ul(x). (3.4)

Differentiating (3.3) and setting p; = u one obtains the system

{ Ry —p1 = (p1 + p2)p} + p1ph (3.5)
B — _ ’ / .
b —p2 = pap + (p1 + p2)ph .
Set
. D1+ D2 D1 .
A = A = det A(p).
w={nom n (5) = det A
Notice that
1
5 (P +p3) < Alp) < 2(p7 +p3). (3.6)

In particular, A(p) > 0 for all p = (p1,p2) # (0,0). From (3.5), we can then deduce
{ Py =Ap) [ = pi + (B} = hy)py + hips], (3.7)
Py = Ap) [ = p3 + (W — Wy)pa + hiypa ] .

We can now simplify the equation by a suitable rescaling of the space variable. Define
a new variable s such that ds/dz = A(p)~!. Using s as a new independent variable we
write p; = p;i(s) and h; = h;(x(s)) and study the equivalent system
{ %m = (hy — hy)p1 + Pyp2 — pi (3.8)

452 = (R — h)pa + hypr — 3 .

We underline that it is possible to choose the rescaling in order to map 0 to 0. This
choice will be assumed in the following, so that s(0) = 0.
In this case the condition (1.16), coming from (A3) is equivalent to those in (1.19).
Therefore here jumps for piecewise smooth solutions are only allowed from any point
(p1,py) with

p; +py =0 (3.9)

to the symmetric point
(p1.p3) = (=p1, —13)- (3.10)

4 Smooth costs: cooperative situations

Theorem 1.2 Let the cost functions hi, hy be smooth, and assume that their derivatives

satisfy

1

& <hi@=<c (4.1)
for some constant C > 1 and all © € R. Then the system (3.3) has an admissible
solution. The corresponding functions o in (3.4) provide a Nash equilibrium solution

to the mon-cooperative game.
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Here we talk of cooperative situation because (4.1) implies that both costs have the same
monotone behavior. Hence it’s convenient for both players to push the game in the same
direction, and in this sense they cooperate. Of course a similar theorem can be proved

if there holds q
—C<hi(z)<-— VzeR.

Q

Similarly in Section 5, where h} and h) have opposite signs, we’ll talk of competitive
situation and of players which have conflicting interests, in the sense that it is convenient
for them to push the state of the system in opposite directions.

Proof.  Write the O.D.E. (3.7) in the more compact form

dp

— = . 4.2

P o) (1.2
To show the existence of at least one admissible solution of (3.3), for every v > 1 let
p®) 1 [=v, 00[ — R? be the solution of the Cauchy problem

)
ng: = F(p). P (—v) = (1,1). (4.3)

It is easy to check that the polygon

I'= {(plapQ); P1,P2 € [0720]1 P11+ P2 > 1/20}

is positively invariant for the flow of (3.7). Hence p)(z) € T for all v > 1 and z > —v.
We can extend each function p*) to the whole real line by setting

p(y)(ﬂf) =(1,1) for z < —v.

By uniform boundedness and equicontinuity, the sequence p®) admits a subsequence
converging to a uniformly continuous function p : R — I'. Clearly this limit function
provides a continuous, globally bounded solution of (3.7). We then define the controls

af(z) = —pi(x) and the cost functions

[ 1, 2
wl = [~ et huGeten) + o (e ar (1.4
where ¢t — x(t,y) denotes the solution to the Cauchy problem
i = (@) + a3(a) #(0) = y. (45)
This function provides a globally Lipschitz, smooth solution of the system (3.3). O

In the case where the oscillation of the derivatives h) is sufficiently small, we can
also prove the uniqueness of the Nash feedback solution.

Theorem 1.3 Let the cost functions be smooth, with derivatives satisfying (4.1), for
some constant C'. Assume that the oscillation of their derivatives satisfies

sup |hi(x) — hi(y)| <6 i=1,2 (4.6)
z,yeR

for some 6 > 0 sufficiently small (depending only on C'). Then the admissible solution
of the system (3.3) is unique.



18 Chapter 1. Infinite Horizon Noncooperative Differential Games

Figure 1

Before giving details of the proof, we sketch the main ideas. In the case of linear
cost functions, where h;(x) = k; , h} = k;, the phase portrait of the planar O.D.E. (3.8)
is depicted in Figure 1. We observe that

- Unbounded trajectories of (3.8), with |p(s)| — oo as s — 5, correspond to solu-
tions p = p(z) of (3.7) with |p(x)| — oo, |p'(z)| — oo as & — +oo. Indeed, because
of the rescaling and of (3.6), as the parameter s approaches a finite limit s, we have
|z] — oco. This yields a solution u(z) = [ p(x) dz which does not satisfy the growth
restrictions (1.15).

- The heteroclinic orbit, joining the origin with the point (k1, k2), corresponds to a
trajectory of (3.7) defined on a half line, say [Z,o0[. To prolong this solution for z < z
one needs a trajectory of (3.8) which approaches the origin as s — oo. But the two
available solutions are both unbounded, hence not acceptable.

- Finally, one must examine solutions whose gradient has one or more jumps. Re-
calling that (A3) imposes a selection among admissible jumps, here we have to consider
all the discontinuities from a point P = (p1,p2) with p; + pa > 0 to its symmetric point
—P = (—p1, —p2). However, a direct inspection shows that, even allowing these jumps,
one still cannot construct any new globally bounded trajectory.

In the end, in the linear case, one finds that the only admissible solution is (p1,p2) =
(k1,K2). A perturbative argument shows that this conclusion remains valid if a small C!
perturbation is added to the cost functions.

Proof.  First Step. We begin with the case h(x) = k; and assume, without any loss of
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generality, that k1 < ko.
Let p be a smooth solution of (3.8), as shown in Figure 1.
We observe that the following facts hold (see Figure 2):

1. Both sets A = {(p1,p2) # (0,0) : p1 <0, p2 <0} and {(p1,p2) # (0,0) : p1 >
0, p2 > 0} are positively invariant for the flow of (3.8) and both B = {(p1,p2) : p1 >
0, p2 <0} and C = {(p1,p2) : p1 <0, pa > 0} are negatively invariant.

2. If p(so) € A= {(p1,p2) # (0,0) : p1 <0, pa <0} for some s,, then |p| — +o0 as s
increases. Indeed, since

d  _ _ _ _ _ _ 1, _
%(Pl +P2) = —Pt — D3 + k11 + Kapa < —5(]91 +P2)” <0,
we can assume there exist § > s, and € > 0 such that p;(5) + p2(5) < —e. Moreover, the

following holds for any o > s:

d, . 1, _ _ 1, . _ €, _
2 B14P2)(0) < =5 (B1(0)+52(0))* < =5 (51(5)+52(5)) (B1 (0)+2(0)) < 5(P1(0)+52(0)) -
Hence, an integration yields (51 + p2)(s) < —nez® for s > 5 (and 1 > 0). This means

(p1 + p2) — —o0 as s increases, eventually reaching +oo.

3. If p(s,) € B={(p1,p2) : p1 >0, pa <0} for some s,, then |p| — 400 as s decreases.
Indeed, let ¢ > 0 such that p;(s,) > €. Since

d . N . N N N
= — 3 4 (K1 — Ko)p1 + Kipa < —(P1 + K2 — K1)P1 < 0,

it is sufficient to observe that, for o < s,,

d _ . -

gpl(a) < —(P1(80) + K2 — K1)p1(0) < —(€ + K2 — K1)p1(0) .

Hence, an integration yields pi(s) > ne~(Etr2=51)s for s < s, (and 5 > 0) and p; is
bounded below by a term tending to +00 as s — —o0.

4. If p(s,) € C1 = {(p1,p2) : p1 <0, pa > ko — K1} for some s,, then |p| — +oo as
s decreases. Here the argument is exactly the same as in the previous case with ps in
place of p;.

5. If p(s,) € Co = {(p1,p2) : p1 <0, 0 <p2 < Kz — K1} then there exists 5 < s, such
that p(5) is in Cj as in case 4. above. Indeed there could be only two situations.

If —p1(50)% + (k1 — K2)p1(s0) + K1P2(8o) > 0, then, by negative invariance, p could only
have reached this region from C7, hence there exists § < s, such that p(s) is as in case
4 above. Otherwise, using again negative invariance and the fact that there are no
equilibria in Cy, either there exists § < s, such that p(s) is in case 4 above, or there
exists s1 < s, such that —pyi(s1)% + (k1 — k2)p1(s1) + k1P2(s1) > 0 and then, by the
previous case, the existence of such a § < s1 < s, follows.

6. If p(s,) € D = {(p1,p2) : p1 >0, pa > 0, p1 +p2 > 2Ky} for some s,, then
|p| — 400 as s decreases. Indeed, since
d

- . _ . - _ 1, - - _
%(pl + P2) = —PT — D3 + K1p1 + Kopa < —5(1?1 + P2 — 2k2)(P1 +P2) <0
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(and the inequality is actually strict when p; + p2 = 2k2), we can assume that there
exist 5 < s, and € > 0 such that p;(5) + pa(5) > 2k2 + €. Moreover, the following holds
for any o < s:

i(@ +p2)(0) < —l(ﬁl(g) +52(5) — 262) (51 (0) + P2(0)) < == (P1(0) + a(0)) .

ds 2 2
Hence by integrating we find (51 + p2)(s) > ne 2° for s < § and > 0. Therefore
(P1 + P2) — 400 as s decreases, eventually reaching —oo.

7. If p(so) € E = {(p1,p2) # (0,0) : p1 >0, p2 >0, p1 + p2 < 2k1} for some s,, then
from

d, . 9 . . 1, . L

75 (PL+D2) = —P1 — P + K1p1 + Kapa > —5 (b1 + P2 = 261)(p1 +2) 2 0,

it follows, as above, that either p — 0 for s — —oo or there exists § < s, such that p(3)
satisfies one of the previous cases 3-4-5. While the latter case has already been treated,
we will deal with the former one in 10 .

8. If p(so) € F = {(p1,p2) : p1 >0, pa >0, 251 < p1 + p2 < 2Ky} for some s, and
p # P, then there exists a small circle V' (say with radius smaller than [p(s,) — p(so)|)
around the stable focus p = (k1, k) such that p ¢ V for s < s,. But then, looking at
the signs of the derivatives of p;, as s decreases our solution p must go away from the
whole region F' and there exists § < s, such that p(3) is in one of the previous cases.

9. We can now provide more accurate estimates on blow-up. Indeed, by previous
analysis, blow-up of |p| can occur either because p; — —oo as s increases or p; — +00 as
s decreases, for some index i € {1,2}. But these results has been obtained by estimating
p; with suitable exponential functions, hence it is still not clear whether there exists a
finite s, such that the blow-up occurs when s — s, or |p| — oo as |s|] — oco. To fix
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the ideas, assume it holds |p1| — oo, being |p2| — oo entirely similar. For s sufficiently

large, we have
~2

b - -
—51 + (k1 — K2)p1 + K1p2 < 0.

=2
Hence, integrating the inequality %ﬁl < —%, one can conclude that |p| — oo as s — s,,

for some finite s,. In particular, for this s, € R (and n > 0), p satisfies |p(s)| > ﬁ
In terms of the original variable x, one may guess that the corresponding function

p = p(z) could be as in Figure 3a and that u may be continued beyond the point where

p blows-up (say x, = (s,)). But this is not the case since such a trajectory yields a

solution defined on the whole real line. Indeed by (3.6)

dx

sl A(ﬁ(s)) >

(4.7)

(s05)%

for some ¢, > 0, and therefore either z(s) — 400 as s — s, or z(s) — —oo as
s — st. Therefore, the solution u(z), corresponding to p(z), violates the growth as-
sumptions (1.15) and it is not admissible.

10. We remark that in case 7, the solution p can tend to 0 as s — —oo. But then for
some ¢, > 0
Pl < 1+ P2 < e

Recalling (3.6) we obtain, in terms of the variable =,

dx

2 = A@(s) = 0(1) -, (4.9

lim z(s) =z, < o0,
S§——0

for some z, € R. Therefore, to the entire trajectory s — p(s), there corresponds only a
portion of the trajectory = +— p(z), namely for x > x,.

To prolong the solution @ for x < x,, we need to construct another trajectory
s +— p(s) such that lims_, ;o p(s) = 0. But this trajectory, by previous analysis (see
3.-4.-5.), will be unbounded for negative s, hence the corresponding @(x), will not be
admissible.

11. Next, we consider the case where p(s) is a discontinuous solution with admissible
jumps. In this case, first of all we can say that p has no more than 2 jumps. Indeed, the
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—_
—

set 21 = {(p1,p2) : p2 <0, p1+p2 < 0} is positively invariant and =9 = {(p1,p2) : p2 <
0, p1+p2 > 0} is negatively invariant. Hence, if a jump occurs at s,, either p(s}) € =
or p(s, ) € Z2. In the former case p(s) has no jumps for s > s,; in the latter case p has
no jumps for s < s,. This means that there could be at most two jumps when there
exist s1 < 89 < s3 such that

e a first jump occurs at s; and p(s;—) € Eo,
e p crosses the line p; + p2 = 0 at so,

e a last jump occurs at s3 and p(s3+) € Z7.

In any case, the corresponding solution @ does not satisfy (1.15) and is not admissible.
Indeed, we can have only three situations for a p with an admissible jump at s,:

(a) if p(s, ) € Za, then |p| — oo as s decreases;

(b)if p(sF) € =1 and p1(s}) > 0, then either p(s) is continuous for s < s, (and therefore
|p| — oo as s decreases) or p has another jump at § such that p(s—) € E4 (and
therefore again |p| — oo as s decreases);

(c) if p(s}) € 21 and py(s)) <0, then |p| — oo as s increases.

Second Step. We now extend the proof, in the presence of a sufficiently small perturba-
tion. By (4.6), there exist constants k1, ke > 0 such that

R (2) — ke| <6, |hy(z) — ko <6 for all z € R. (4.9)

Let u(-) be the solution constructed in Theorem 2, and let & be any other smooth
solution of (3.8). Call p = v/, p = @ the corresponding gradients, rescaled as before,
and let V' be a small open bounded set containing the whole image of p and the point
(K1, k2). Of course it is not restrictive to consider V' as circular, say with radius p > 0.

Now we split the proof in three cases.

CASE 1: p(s) € V for every s. In this case we look at the difference w(s) = p(s) — p(s).
We can write a linear evolution equation for w:

dw
it A(s)w(s), (4.10)

where the matrix A is the “average” matrix

1
A(s):/o Df(Op(s) + (1 — 0)p(s))df , (4.11)
)

and f is the vector field at (4.2).
Since p,p € V, the matrix A(s) is very close to the Jacobian matrix Df(r1, K2).

Therefore

%‘w(s)! < —K |w(s)|, (4.12)
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for some constant K > 0. Indeed Df(k1,k2) is negative definite and, provided § (and
then p) is small enough, A(s) is negative definite too. Hence

Q‘w(s)‘c%!w(s)‘ _ % w(s)]” = 2L w(s) - w(s) = 2A(s)w(s) - w(s) < —2K]|w(s)

‘2
ds

Now integrating (4.12), we have for s < 0,

2p > |w(s)| > e_Ks‘w(O)‘
and, letting s — —oo0, find

§——00 §——00

lw(0)| < lm |w(s)[e"* < lim 2pe”s =0. (4.13)

This implies p(0) = p(0), hence p = p by the uniqueness of the Cauchy problem.
CASE 2: p(s,) ¢ V for some s, and, in particular, p(s,) in a small neighborhood W of
the origin. Consider the linearized system near (0,0)

£)-r(1).  a-(% )
(7 ) A

and notice that the origin is a saddle point for this system. Indeed H has eigenvalues
A1, A2 such that

3 1
0< o < W= 0P+ mi < a2 -

where C' is the constant in (4.1). Moreover its eigenvectors vy, vy form angles ag, as
with the positive direction of the pj-axis such that

0< % (\/dQ—i—%—d) < [tana;| =

where d = (C — %) > (0 and C' is again from (4.1).

Hence, exactly as one can do with saddle points in the autonomous case, we can prove
that there exist four sectors S;, i = 1,...,4 (see Figure 4), where the following facts
hold:

(a) If p(s,) is in S or Ss, then |p(s)| grows for s < s, and the solution moves away from
w;

(b) Both boundaries of So and Sy allow orbits to only exit from those sectors for s < s,;
(c) If p(so) ¢ S; foralli=1,...,4, then for s < s, the angle between the vector (pi,p2)
and the pj-axis is strictly monotone, forcing the solution either to reach S; or Ss, or to
move away from W

(d) Finally, if p(s,) is in S or S4, then for s < s, the solution can tend to the origin.
But, since

i + (hh —hY)
h

<C (\/d2 YO+ d) . (4.15)

d . - _ _ - _ 1, _ - . _
—(p1 + P2) = —PT — Ps + hip1 + hhpa > —=(P1 + P2 — 2C) (p1 + P2) > 0,
ds 2

as in the constant case, one obtains an estimate of exponential type of the decay of |p|.



24 Chapter 1. Infinite Horizon Noncooperative Differential Games

p2

Sa
s

U1

p1

Sy |-

Figure 4

CASE 3: p(s,) ¢ V and p(s,) not in a neighborhood of the origin. In this case, combin-
ing (4.9) and the continuous dependence of solutions with the estimates of the constant
case (indeed, using (4.1), they remain true), we can prove that |p| — oo for finite s and
that the rate of blow-up of |p| can be estimated in the same way we did in the case of
h = k.
In any case either @ = u or, in the original coordinates x, @ fails to satisfy (1.15).

It remains to prove what happens if @ is an admissible solution with discontinuous
(rescaled) gradient p(s). Assume p has an admissible jump at s,. Using (4.9) it holds,
for p1 > 0,

d  _ 5 N N 8 -
£(p1 + p2) = 2% + (W) — hy)p1 < —2p% + (k1 — Ko + 20)P1
p1+p2=0

and hence, provided ¢ small enough, the region Z; (resp. E9) defined in the First Step is
positively (resp. negatively) invariant also in this setting. Then conclusions made in the
constant case still hold and % corresponding to p is not admissible, since it violates (1.15).
O

5 Smooth costs: players with conflicting interests
We consider here a game for two players, with dynamics (3.1) and cost functionals as

in (3.2). Contrary to the previous section, we now assume that the player have conflicting
interest. Namely, their running costs h; satisfy

K, (z) <0 < By(). (5.1)
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Figure 5

We begin with an example showing that in this case the H-J system can have infinitely
many admissible solutions. Each of these determines a different Nash equilibrium solu-
tion to the differential game.

Example 1.2 Consider the game (3.1)-(3.2), with
hi(x) = —kx, ho(x) = Kz, (5.2)

for some constant k > 0 (see Figure 5).
In this special case, the equations (3.8) reduce to

I = —2Kkp1 — Kkpa — D7,
Dy = Kp1 + 2Kkp2 — P55 .

The point P = (—, k) is stationary for the flow of (5.3). Setting q1 = p1+k, g2 = p2— K,
the local behavior of the system near P is described by

/:_,<6 o 27
{ Q}_ q2 gl (5.4)
do = Kq1 — (g3 .

Notice that

d d 2
2 _dey 0y %
dp1  dq K
2
A _dar oy o0

dps  dga K
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dp _ dar

dp2  dgo
By symmetry across the line p; + p2 = 0, any trajectory passing through a point P, =
(—a, ) with 0 < @ < k is a closed orbit. We thus have infinitely many solutions of the
H-J equations (5.3), having bounded, periodic gradients. Therefore, all of these solutions
are globally Lipschitz continuous and satisfy the growth condition (1.15). Notice that
the homoclinic orbit py(+) starting and ending at the origin also yields a periodic solution
to the original equation (3.7). Indeed, to a solution p = p(s) of (5.3) with

=1 lf P1 = —p2.

lim p(s) = lim p(s) =0,
§——00 s§—+00
through the reparametrization x = z(s) there corresponds a solution p = p(z) defined
on some bounded interval |¢,,¢1[. This yields a periodic solution p = p(x) with period
=101 —¥,.

The main result of this section is concerned with the existence and uniqueness of
admissible solutions.

Theorem 1.4 Let any two constants k1, ko be given, with
k1 <0< ko, K1+ Ko #0. (55)

Then there exists § > 0 such that the following holds. If hi,hs are smooth functions
whose derivatives satisfy

W (z) — ke| <6, |hy(z) — ke| <6, (5.6)
for all x € R, then the system of H-J equations (3.3) has a unique admissible solution.

The structure of the proof will be the following. We first prove the result in the
case of linear costs: the phase portrait in this case is depicted in Figure 6. We observe
that:

- As in Theorem 1.3, unbounded trajectories of (3.8), with |p(s)| — oo as s — §, cor-
respond to solutions p = p(z) of (3.7) with |p(z)| — oo, |p/(z)| — o0 as & — +oo. This
yields a solution u(z) = [ p(z) dz which does not satisfy the growth restrictions (1.15).

- The heteroclinic orbit, joining the origin with the point (k1, k2), corresponds to a
trajectory of (3.7) defined on a half line, say [z, 00[. As in Theorem 1.3, there exists no
admissible solution to prolong this one for z < Z.

- Finally, even considering solutions whose gradient has one or more jumps, it is
impossible to find more admissible solutions.

Therefore, in the linear case, one finds that the only admissible solution is (p1,p2) =
(K1, K2). As in Theorem 1.3, a perturbative argument allows to conclude the same holds
if a small C! perturbation is added to the cost functions.

Proof. 'We will first consider the linear case, where h} = k; is constant. Then we recover
the more general case by a perturbation argument.

Existence. Assume that h;(z) = k; z with k1 + k2 > 0, which is not restrictive. The
existence of an admissible solution for (3.8) is trivial, since we have the constant solution
p = (K1, K2), which corresponds to

2 2

(ul(a:), u2(:1c)) = (K1x + K1K2 + % , Kok + K1ka + %) . (5.7)
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Consider now the case of h), hf, small perturbations of the constants k1, k. Notice
that, in the previous case, every ball B(k,R) around k = (k1,k2) with radius R <
V2

Y2 (k1 + ko) was positively invariant for the flow of (3.8).
Indeed, setting q; = p; — K;, the system becomes

{ ¢y = — (k1 + K2)q1 + K1g2 — (J%y (5.8)
¢y = Kkoq1 — (K1 + K2)q2 — G35 .

and it holds

d |qf”
iy =Gt R)@ G- an)= (@ te - an)m R tate).

Now, since |¢| < R < @(m + k2) ensures k1 + k2 + g1 + g2 > 0, one can conclude that

2 2
%% = (g7 + & — q1g2) (k1 + k2 + q1 + g2) < —%("61 +re+q1+q2) <0, (5.9)
and this prove the positively invariance of such a ball B.

Then, provided 9 is small enough, we can choose one of these balls as a neighborhood
U of (k1, ke) positively invariant also for the perturbed system (i.e. h; # ;). Once we
found such a compact, positively invariant set U, we can repeat the existence proof of
Theorem 2:

a. Consider p): [—v, 0o[ — R? solution of the Cauchy problem with initial datum
P (=v) = (k1, k2);

b. By positive invariance, p)(z) € U for x > —v. We then extend the function p*)
to the whole real line by setting p*)(z) = (k1, ko) for z < —v;

¢. By uniform boundedness and equicontinuity, the sequence p®) admits a subsequence
converging to a uniformly continuous function p : R — U. Clearly, this limit
function p(-) provides a global, bounded solution to the system (3.8). In turn, this
yields an admissible solution u(-) to (3.7).

Uniqueness. First Step. Let hl = k; and k1 + k2 > 0. In order to prove that the
previously found solution is the only one that satisfies (A1)-(A3), we assume that @ is
another solution of the system (3.3), whose gradient will be denoted by p. Figure 6
depicts possible trajectories s — p(s) of the planar system (3.8). We remark that:

1. The regions {(p1,p2) # (0,0) : p1 > 0, p2 <0, p1 +p2 < 0} and {(p1,p2) #
(0,0) : p1 >0, p2 <0, p1 + p2 > 0} are positively and negatively invariant for the
flow of (3.8), respectively.

2. If p(so) € {(p1,p2) # (0,0) = p1 >0, po <0, p1 +p2 < 0} for some s,, then
|p| — +o0 as s increases. Indeed, since

d _ _ _ - _ _ _
E(Pl +p2) = —P% —Pg + K1p1 + keP2 < —(P1 +p2)2 <0,
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Figure 6

K1

we can assume there exist § > s, and € > 0 such that p1(38) + p2(5) < —e. Moreover, for
any o > 5 we have

d%(ﬁl +52)(0) < =(p1(0) +52(0))* < = (B1(5) +52(3)) (B1(0) +P2(0)) < (p1(0) +p2(0)).

After an integration, we find (p1 + p2)(s) < —ne®® for s > 5 (and n > 0) and hence
(p1 + p2) — —o0 as s increases, eventually reaching +oo.

3. If p(so) € {(p1,p2) # (0,0) : p1 >0, p2 <0, p1 +p2 > 0} for some s,, then
|p| — 400 as s decreases. Indeed, reasoning as above, we can assume there exist 5§ < s,
and € > 0 such that p1(5) + p2(5) > € and the following holds for any o < s:

d

—< (D1452)(0) < = (p1(0)+52(0))* < —(B1(5)+52(5)) (1 (0) +72(0)) < —£(P1(0)+52(0)) -

This implies (p1 + p2)(s) > ne %% for s < § (and n > 0), hence (p1 + p2) — 400 as s
decreases, eventually reaching —oo.

4. If p(so) € {(p1,p2) : p1 >0, pa > 0} for some s,, then |p| — 400 as s decreases.
Indeed, let € > 0 such that pi(s,) > €. Since

%ﬁl = —p] + (K1 — K2)P1 + K1P2 < —P; <0,
it is sufficient to observe that for o < s,

d

—-01(0) < ~P1(0)P1(0) < ~ehi(0).



5. Smooth costs: players with conflicting interests 29

Hence, integrating, pi(s) > ne *® for s < s, (and n > 0) and either p; — 400 as s
decreases, or there exists 5 < s, such that p is in the previous case.

5. If p(so) € {(p1,p2) : p1 <0, pa < 0} for some s,, then |p| — +00 as s increases.
Here we can repeat the argument of 4. with ps in place of p.

6. Let p(s,) € {(p1,p2) # (0,0) : p1 <0, pa > 0} for some s, and set p as the unique
solution in this region that tends to the origin as s — +oo. Notice that, as s decreases,
either p(s) crosses the pg-axis or py — +00. Then:

e if p = p, then as stated above either there exists § < s, such that p(s) is in the case
4, or py — 00 as s — —oo. In both cases |[p| — 00 as s — —c0.

e if p(s,) belongs to the region between p and the po-axis, then there could be only three
possibilities: either p is the unique solution that tends to the origin as s — —o0,
or po — oo as s decreases, but p does not cross the ps-axis (and, of course, this
can only happen if p does not cross it too), or there exists § < s, such that p(3) is
in the case 4. above. In the former case we will estimate the decay of |p| in 8; in
the latter ones |p| — oo as s decreases.

e if p(s,) doesn’t belong to the region between p and the pg-axis, then either po — 0o
as s decreases, or there exists § < s, such that p(3) is in case 5 above (and this is
possible only if also p(s) crosses the ps-axis). In both situations, again, [p| — oo
as s decreases.

7. We can now provide more accurate estimates on blow-up. Indeed, by previous
analysis, blow-up of |p| can occur either because p; — —oo as s increases or p; — +00 as
s decreases, for some index i € {1,2}. But these results has been obtained by estimating
p; with suitable exponential functions, hence it is still not clear whether there exists a
finite s, such that the blow-up occurs when s — s, or [p| — oo as |s| — oo. However,
applying the same ideas used in Theorem 1.3, we can prove that there exists s, € R (and
n > 0) such that |p(s)| > ﬁ In terms of the original variable x, such a trajectory
yields a solution defined on the whole real line, because by (3.6)

d_x
ds

= A(p(s)) > (80003)2 . (5.10)

for some ¢, > 0 and therefore either z(s) — +oo as s — s, or z(s) —» —oo0 as s —
st. In conclusion, the solution @(z) which corresponds to p(z) violates the growth

condition (1.15), and hence it is not admissible.

8. Notice that only in case 6-(ii), where p is the unique solution that tends to 0 as
s — —oo, we have a solution that could remain bounded in the whole R. But in this
case, we shall have as s — —o0

pl(s) < (P2 — p1)(s) < ve™, (5.11)

for some v, ¢, > 0. Indeed studying the linearized system near the origin we see that p

tends to (0,0) along the direction (1, ). Then there exists § such that

Ko—K1+ nf+ng—n152
K1
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for s < § the following holds:

Ba(s) > (ug)’”%“ﬁl(s) =5

_ \/W
f2 T RLE VR TR T Rk P1(s), (5.12)
K1
where
(14 L2)(k2 — 1)

9
Ko — K1 + H%—i—/ﬁi%—/ﬂllﬂg

6=

Be(0,1). (5.13)

Notice that, setting

2 2
K{t+K3—K1K2

K1 — 2&2 — (/ig — 2&1) ﬁ fa—rt P

a= 1-8 Ka—K1+ :?ng—nm -
_ K1 — 2ko — (ke — 2k1)(1 + g)“?ﬁ;l’“ .
1— (1+ ¥2)k=m ’
we obtain exactly
5'12—"61+ /‘G%JF"L%—“W?:Z;:;:T:Z, (5.14)
Hence, for s < s,
pols) > L2 (515)

Ko — 2K1 — «
ie. (k2 —2K1)p2 — (K1 — 2K2)p1 > a(p2 — p1). Recalling that |p| — 0 as s — —oo, which
implies the existence of ¢, > 0 and § such that a — pi(s) — pa(s) > ¢, for any s < §, we
find

d  _ 5 B B 5 5 B o 5 5 B
E(pz—m) = Py — D3+ (K2 — 2K1) P2 — (k1 — 2k2)P1 > (v—P1 — P2) (P2 — 1) > Co(B2—P1)

for s small enough (namely s < min{s,5}). Integrating we find (p2 — p1)(s) < ye®?
(v > 0) and hence (5.11) is proved. Next, recalling (3.6), in terms of the variable = we
obtain

dx
ds

= A(B(s)) = O(1) - €2, (5.16)

lim z(s) =z, < o0,
S§——0

for some z, € R. Therefore, to the entire trajectory s — p(s), there corresponds only
a portion of the trajectory x +— p(x), namely the values for x > x,. To extend this
trajectory also on the half line | — 0o, z,|, we need to construct another trajectory
s +— p(s) with lims_ o p(s) = 0. But any such trajectory, by previous analysis, will
yield a solution @(x), which violates the sublinear growth condition (1.15) as x — —o0
and is not admissible.

Second Step. Next, we prove uniqueness of the admissible solution the case where h/
is not constant. Let u(-) be the solution constructed before, with p = «' remaining in
a small disc V, centered at (k1,k2) with radius p > 0, positively invariant for the flow
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of (3.8). Moreover, let 4 be any other smooth solution of (3.3). We split the proof in
three cases.

CASE 1: p(s) € V for every s. In this case, as in Theorem 3, we look at the difference
w(s) = p(s) — p(s) and at the linear evolution equation for w:

%’ — A(s)w(s), (5.17)
where A is the averaged matrix
1
A(s) = /0 Df(0p(s)+ (1 —0)p(s))de , (5.18)

and f is the vector field describing our system, as in (4.2). Since p,p € V, the matrix
A(s) is very close to the Jacobian matrix D f(k1,K2), therefore

%‘w(sﬂ < K |w(s)], (5.19)

for some constant K > 0. Indeed,

K1 + Ko

5 2|2 (5.20)

Df(k1,k2)r - < —

Provided that §,p > 0 are small enough, there will exist K > 0 such that A(s)x -z <
—K|z|?. But then, exactly as in Theorem 3, (5.19) implies p(0) = 5(0) and hence p = p
by the uniqueness of the Cauchy problem.
CASE 2: p(s,) ¢ V for some s, and, in particular, p(s,) in a small neighborhood W of
the origin. Consider the linearized system

P 1 hy—hy >
:H s H: )
() =) ("

and notice that the origin is again a saddle point for this system. Indeed H has eigen-
values A1, Ao such that, recalling (5.6) and provided § < 3 min{—r1, K2},

2
0< g(/ﬂg — K1 — 25) < |)\z‘ = \/(h/l)Q + (hé)2 — hllhé < Ko —kK1+26. (5.21)

Moreover its eigenvectors vy, v form angles «q, ag with the positive direction of the
pr-axis such that

A1+ (R — k) A2+ (hy — hY)

0>tanag = > tan g =
hh h
More precisely, for ¢ small enough, we have
\/5 Ko — K1 + 20 \/5 Ko — K1 — 20
0>t 1-—) 1+ —)————— >t . 5.22
> tanag > ( 2) P >(—|—2) pa— > tan o ( )

Hence, as in the previous proof of Theorem 3, we show the existence of four sectors S,
i=1,...,4 (see Figure 7), where the following holds:
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b2
So
V2

S 1

U1

S3

- s,

Figure 7

(a) If p(s,) is in S or Ss, then |p(s)| grows for s < s, and the solution moves away from
W

(b) Both boundaries of S2 and Sy allow orbits to only exit from those sectors for s < s,;
(c) If p(sy) ¢ S; for alli =1,...,4, then for s < s, the angle between the vector (p1, p2)
and the p;-axis is strictly monotone, forcing the solution either to reach S; or Ss, or to
move away from W

(d) Finally, if p(s,) is in Sy or Sy, then for s < s, the solution can tend to the origin.
But

d . o . N
(P2 =) = Pi — 3 + (b — 2hY)pa — (R} — 2R%)p1 >
> P2 — pa + (kg — 2k1 — 30)p2 — (K1 — 2K — 30)P1 ,

and, provided § is small enough, we can use (5.22) to find @ > 0 such that

d, . . 9 . N . N
—(P2=p1) > Pr— D3+ (k2 —2K1—30)pa— (k1 —2k2—308)P1 > (—Pr—P2)(P2—P1) - (5.23)

Hence an estimate of exponential type of the decay of [p| follows as in (5.11).

CASE 3: p(s,) ¢ V and p(s,) not in a neighborhood of the origin. In this case, combin-

ing (5.6) and the continuous dependence of solutions with the estimates of the constant

case (indeed they are true also in this more general setting), we can prove that |p| — oo

for finite s and that the rate of blow-up of |p| can be estimated in the same way we did

in the First Step.

In any case either @ = u or, in the original coordinates x, @ fails to satisfy (1.15).
Finally, we rule out the possibility that the gradient p = @' has jumps. Looking at

the phase portrait in Figure 6, we see that after one or at most two admissible jumps, the
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values of p must fall within the positively invariant region {(p1,p2) : p2 <0, p1 +p2 <
0}. It follows that p cannot have any more jumps, and the estimates in 2, 5 and 7
(together with their analogs in the non-constant case) imply that @(x) violates (1.15) as
x — 400. Therefore, @ is not an admissible solution. O

6 Towards non-smooth costs

In the remaining part of this Chapter, we want to look for admissible solutions when
smoothness of functions h; is relaxed. Namely we consider functions h; that are piecewise
linear, with a finite number of discontinuity in their derivatives. In other words we require
that there exists a finite subdivision
To=—00<x; <...<ZNy <TN4] = +00
of [—00,4+oc] and two (N + 1)-tuple of constants (], ... ,K£V+1), i = 1,2, such that
Wix) =K if x e Jaj, ] i=12  j=0,...,N. (6.1)
Could be of use to remark that this assumption on h; means that the system (3.8)
follows different dynamics in each interval Z; = Jx;,xj41[: indeed, in each Z;, (3.8) will
have an equilibrium in (0,0) and a second one in the point K7 = (x], k3).
We also introduce the following notation (see Figure 8)
[ } , (6.2)

to label regions in R?, where we put our non-zero equilibria K/ = (n{, /@%)

Finally, we state a few easy properties we will need in the following. They provide
expressions for both eigenvalues and eigenvectors of the system obtained linearizing (3.8)
around the origin. These expressions were already found in [10], and they follow from
simple linear algebra.

A; = {p(cos 6,sinf) € R?

p>0,0¢ ](i—l)%,i

RS
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Proposition 1.1 The linearized system near (0,0), corresponding to (3.8), has the fol-
lowing form

/ —
Py=m- (), H=(™""mM " (6.3)
%) b2 K2 R2 — K1

Moreover the eigenvalues of the matriz H are

A= _\/(51)2 + (k2)? — K1k2, Ay = \/(/ﬂ)Q + (k2)? — k1Ko, (6.4)

with corresponding eigenvectors

o — < 1 Hg—/ﬁl—\/(/ﬂ)2+(/€2)2—/€1/€2 )

K1

(6.5)

B ( Ko — k1 4+ \/(51)% + (K2)? — Ki1ka )
V4 = 1, .
K1

One can immediately see that the eigenvectors in (6.5) depend actually by the ratio
between ko and k1 only. Moreover it turns out that this kind of dependence is indeed
monotone increasing, as proved in the following Proposition.

Proposition 1.2 Set a = Z—f Then the directions corresponding to the eigenvectors v_
and vy are given (respectively) by the maps

1
]0,00[ - ]_27__[
G_(a): 2
a — a—1—-+va2—-a+1
] —00,0] — ]—o00,-2]
g-(a)
a — a—1—+vVa?2—-—a+1
J0,00[ — ]0,00]
G (a)
a — a—1++va2—-—a+1
1
]_OO’O[ - }__70[
g4 (a): ?

a — a—1++va2—-—a+1

depending on the sign of a (and hence of k1 - ko). These maps satisfy
d d
1.G- >0, 17.G+ >0

Lg_ >0, Lg.>0.
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Proof. The properties follow from

200 — 1 20 —1)2+3—-(2a—-1
G (a)=¢ (a)=1- a _ VQ@a—1F+3 - (2a )>0,
Va2 —a+1 Va2 —a+1
200 — 1 (2a—1)24+3+ (20— 1)
G (a)=¢ (o) =1+ = >0,
+@) = g1 (a) Va2 —a+1 Va2 —a+1
and from

lim G_(o) = lim g_(a) =—-1—-1= -2,

a—0t a—0—

lim G_(a) = lim —

o 1
a—+00 a=too g —1+4/(a—1)2 4+« 2’

lm_g.() = 1 . .
1m o) = im — = —=,
a0 9T a=—o0 g—1—/(a—1)2 4+« 2

lim Gi(a)=+00,

a—-+00

lim g (o) =—0.
a——00

0

Next Proposition collects properties of the rescaling s = s(x), introduced in Section
3, which were proved while proving Theorem 1.3 and Theorem 1.4.

Proposition 1.3 In the rescaled variable s = s(x), such that ds/dv = A(p)~!, the
following holds.

(i) Every unbounded trajectory p(s) of (3.8) actually blows up at finite s,, and it corre-
sponds to an unbounded trajectory p(z) that tends to oo as |x| — oco. Moreover, since

d_a:
ds

Co
(50 —5)? ’

= A(p(s)) >

it follows that u(x) increases more than linearly as x — oo. Therefore, u is not admis-
sible.

(ii) Trajectories of (3.8) that tend to the origin, i.e. to the point where our change of
variables is singular, satisfy

dr

= A(p(s)) = O(1) - e~2elsl,

In the original variable x, to the whole trajectory s +— p(s) there corresponds only a
portion of trajectory x — p(x), say either for x € |z,,00[ or x € | — 00, x,[. Another
tragectory s — p(s) has to be constructed to extend the solution to all x € R.
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7 Non-smooth costs: cooperative situations

We start considering all K7 = (ﬁ{, ﬁ%) in A; U A. Notice that a similar analysis, with
straightforward adaptations, can be done if the K7 are in A5 U Ag. This choice implies
that our system follows the dynamics depicted in Figure 9.

Theorem 1.5 Let the cost functions hi, he be asin (6.1), and assume that the constants

(Ii{, K3) are all chosen in AjUAs. Then the system (3.3) has a unique admissible solution
and the corresponding functions o = —u provide a Nash equilibrium solution to the

non-cooperative game (3.1).

Proof. Existence. The existence of an admissible solution is very easy to prove. In-
deed, it is enough to glue together pieces of admissible solutions in each interval Z;. We
proceed as follows:

e in 7, we set p° = K° = (r{, Kk3);

e for j > 1, in Z; we set p/ the unique solution of the Cauchy problem for (3.8) with
initial datum p(s(z;)) = p’~1(s(z;)). Since the set

i C
IV = {(P1,p2) | p1,p2 € [0,2C1],p1 + p2 > 72} ,

where

-1 -1
oL (s(z)) pp (s(zy))
Cy = max{k], K}, — 5 J 2 5 2N

‘ o .
Cy = min{r1, w3, p1 (s(z;)) + 5 (s(x5))},

is positively invariant for (3.8), each p’ will exists up to s(xj +1) without reaching

(0,0) and remaining bounded;
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Then, it is well defined the continuous function p given by p(x) = p’ (x) whenever z € Z;.
Its admissibility is an immediate consequence of its continuity and the admissibility of
each p/.

Uniqueness. To prove that the solution built above is the unique admissible solution
to (3.8), we start proving uniqueness on Z,,.

We know from [10] that, for s negative small enough (eventually for s — —o0),
the only solutions that remain bounded are the equilibrium K¢ itself and the unstable
orbits exiting from the origin. Therefore, these are the unique possible choices, in order
to retain admissibility. If we choose an unstable orbit in place of K¢, in the original
variable x it would correspond to a solution defined only for x > z, (for a suitable x,).
To define the solution also for x < x,, we should need a solution to

Py = (K§ — K9)p1 + KSp2 — pi,

ph = (k3 — K9)p2 + KSP1 — D3 ,

that tends to the origin as s — +o0o and remains bounded for all negative s. But we
know from [10] that no solution with both these properties exists. Hence the uniqueness
of the solution follows on Z,.

For s > s(z1), the smoothness of the right hand side of (3.8) in each interval Z;
ensures that p is the unique continuous solution.

It remains to prove that there exists no solution with admissible jumps in s > s(x1).
But this property follows from (3.9)-(3.10) and from the positive invariance of the sets

It = {(p1,p2) €R?|p1 >0, po >0} ,

I~ = {(p1,p2) € R?|p1 <0, pp <0} .

Indeed, for s > s(x1) a solution can have only jumps from I't to I'". Hence, recalling [10],
after a first jump the solution would be forced to remain in I'™ and to tend towards oc.
In the z variable, this would translate into a solution u(z) that grows more than linearly
as |z| — oo, and this would contradict admissibility. O

In light of Theorem 1.5, on the same line of [10], it is natural to ask whether the
result still hold for perturbations of (6.1) or it fails. Actually, we can prove the following
Theorem.

Theorem 1.6 Let the cost functions h,hb in (3.2) be smooth in each I, and assume
that:

(1) their derivatives satisfy

1
I8, < hi(z) < C

for some constant C > 1 and all x € R;

(2) on ZL,, the following additional assumption is satisfied

sup |W(&) — W] <6 i=1,2. (7.1)
&n€Lo

for some 6 > 0 sufficiently small (depending only on C).
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Then the system (3.3) has a unique admissible solution.

Proof. We can proceed as in Theorem 1.5, using Theorem 1.3 to deal with the pertur-
bations. Indeed, for s < s(x1) Theorem 1.3 implies that there exists a unique admissible
solution, say p°. Hence, an admissible solution on the whole real line can be built as in
the previous case: for x €]z, 41, 7 > 1, we define p(z) = p/(x) where p’ is the unique
solution to (3.3) with initial datum p(s(x;)) = p’~1(s(x;)). Exactly as in Theorem 1.5,
this function is well defined and is a continuous admissible solution to (3.8). Since the
sets '™ and '™ are still positively invariant, also uniqueness can be proved by means of
the same arguments used in Theorem 1.5. O

Remark 1.1 We underline that the presence of the small oscillations assumption (7.1)
is uniquely motivated by the use of Theorem 1.3, which requires (7.1) to provide a unique
admissible solution for s < s(z,).

8 Non-smooth costs: players with conflicting interests

In this section we assume that the two players have conflicting interests, i.e. their costs
satisfy h}(z)-hh(x) < —C < 0 for all = € R. For particular choices of smooth costs, this
situation can produce infinitely many Nash equilibria to the game (see Example 1.2).
Nevertheless Theorem 1.4 shows that, for costs which are not exactly opposite and
under suitable assumptions of small oscillations, it is possible to recover existence and
uniqueness of Nash equilibria. This is not the case for costs as in (6.1).
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8.1 Infinitely many Nash equilibria

Let us consider j = 1 in (6.1), i.e. let us consider cost functionals that have a single
jump in their derivatives. In particular, assume this jump is located at z = s(z) = 0.
Moreover, let us choose the constants K7 = (k],k3), j = 0,1, so that K° € A4 and
K' e As.

Under these assumptions, the dynamics followed by the system are depicted in Figure 10
(for z < 0) and Figure 11 (for > 0). We now prove that we could find infinitely many
solutions to our problem. Indeed, consider an initial datum p™ = (piln,pg‘) such that

. . . . o 1
P+ py' = 0 and pi* < 0 < p3'. Recalling Proposition 1.2 and setting a® = :—%, al = %,
1
we have
pin 1
g-(a') < =2 < -1 =" < —5 < gy(a?),
p1 2

i.e. p™ belongs to the region between the stable orbit for the negative system (say
7g) and the unstable one for the positive system (say 7;} ), provided it’s been chosen
sufficiently near the origin. Therefore to any choice of p'® there corresponds an admissible
solution tending respectively to either K! or K° as s — +o0.

Moreover, if the unstable orbit for the dynamics in Figure 10 (say 7 ) intersects the
stable one for the dynamics in Figure 11 (say 'y;r), we can obtain an additional solution
considering as initial datum that point of intersection. Indeed the function given by the
juxtaposition of v, and ’yg corresponds, in the original variable x, to a solution defined
on a bounded interval [z_, x|, with z_ < 0 < x4 by the choice of the rescaling. This
solution can then be extended to an admissible trajectory defined on the whole real line
by using v4 for z < x_ and 'y;} forx > x.

Remark 1.2 The same construction can be applied when K° € Ag and K! € As.
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8.2 No admissible solutions

Now we want to show, by means of a second example, how a simple change between
the positive and negative behaviors of the costs, can lead to completely different result.
Namely, we consider costs with a single jump in their derivatives, located in z = s(x) = 0,
and K° € A3, K' € A4. This choice produce a game with no admissible solutions
to (3.8).
We proceed by contradiction. Assume that an admissible solution p = (p1, p2) exists, for
a Cauchy problem with initial datum $(0) = p™. Then, recalling the results in [10], we
have that

lim [p(s)] < 400

§—+400

actually implies

lim[a(s)] =0,
and hence p is one of the stable orbits of the positive system. Now we underline that
this means p'* ¢ 75}. Then, we can repeat the proof of Theorem 1.4, given in [10], and
find

lim |p(s)| = +o0,

$—Sot+

for a suitable s, < 0, eventually s, = —oo. Therefore the solution cannot be admissible,
and we have a contradiction.
Notice that the previous calculations hold even if the unstable orbit for the dynamics in
Figure 10 (say 7, ) intersects the stable one for the dynamics in Figure 11 (say 73) This
means there is no solution as the one built in the previous case, using more trajectories
in the s variable: this is obviously due to the fact that we cannot find solutions bounded
at +oo (resp. —00) to extend a possible p when x > x4 (resp. x < z_).

Remark 1.3 The same result can be obtained when K° € A~ and K! € As.

Remark 1.4 Actually, one can still construct particular cases so that there exist admis-
sible solutions. Fixed K°, K! as above, assume that the trajectories vy and 'yg intersect
in a point. Moreover, set x_ and x the values introduced in the previous example,
{=|zy —2x_| and T, =|z_ + nl,z4 +nl], n € Z. We can define piecewise linear costs
on the whole R by repeating on each 7,, the same 2-value piecewise linear cost. In other
words, Vn € Z set

kY ifxe Jz_ +nl nl

]
/ _ 7 N
hi(x)!ﬂn N { ki ifx € Inlxy + nl 1=12 (8.1)

Then, we find a solution by simply gluing together periodically v;; and ’y;r. This solution
is admissible, being bounded in the p;, p2 plane.
Anyway no general results as Theorem 1.4 is possible.

9 Non-smooth costs: a mixed case

In this section we end our presentation of ill-posed problems, with a last example pre-
senting costs that can switch from a situation with conflicting interests into a cooperative



9. Non-smooth costs: a mixed case 41

D2

\ y

Figure 12

one. More precisely, we consider costs with a single jump in their derivative, located
again in x = s(x) =0, and K° € A5 U Ag, K' € A; U As. Moreover, let us assume

1 o
1_Fa M

-1

(0]
o
Ry Ry

=a’. (9.1)
With these assumptions, the system follows the dynamics depicted in Figure 12 (resp.
Figure 9) for z < 0 (resp. = > 0) and K° K'! are not on the same line through the
origin.

Again, we observe the existence of infinitely many Nash equilibria. Assume it holds
a® < o' in (9.1) (the opposite inequality leading to a similar analysis). Then, we can
consider the non-empty region

0= {(pl,pg) € R? ‘ p1 <0<py, G_(a°) < % < G(al)} .
1

This region is, at least near the origin, say in a neighborhood O, exactly the region
between the stable orbit for the positive system and the unstable one for the negative
system. Taking as initial datum any point p™ both in Q and in O, we can construct
an admissible solution in the following way. We take for s < 0 the unique solution to
the negative system, passing through p™ at s = 0 and tending to K° as s — —oo. In
an analogous way, we take for s > 0 the unique solution to the positive system, passing
through p™ at s = 0 and tending to K' as s — +o00. Every such a solution, being
continuous and bounded in s, corresponds to an admissible solution u(x).






Chapter 2

Nearly Optimal Patchy Feedback
Controls

1 Statement of the main result

We consider a general optimization problem

T
min {1/1(3:(T)) +/ L(z(t), u(t)) dt} , (1.1)
0
for a nonlinear control system of the form
T = f(x,u) u(t) e U. (1.2)

Here x € R™ describes the state of the system, the upper dot denotes a derivative
w.r.t. time, and U C R™ is the set of admissible control values.

In the literature, several results are available, which provide the existence of an
optimal control ¢ — u°P!(t) in open-loop form, for each initial condition

z(0) =y, (1.3)

On the other hand, the existence and regularity of an optimal control in feedback form is
a far more difficult issue. In an ideal situation, one would like to construct a (sufficiently
regular) feedback u = U(z) such that all trajectories of the corresponding O.D.E.

i=f(z,U(x)) (1.4)

are optimal w.r.t. the cost criterion (1.1). Only few general results are yet known in this
direction.

A possible strategy (see [24, 32]) is to investigate an optimal “synthesis”, which is
a collection of optimal trajectories not necessarily arising from a feedback control. The
existence and the structure of an optimal synthesis has been the subject of a large body
of literature on nonlinear control. At present, a complete description is known for time
optimal planar systems of the form

= f(z)+g(x)u ue[-1,1], r € R?,

43
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see [7] and the references therein. For more general classes of optimal control problems,
or in higher space dimensions, the construction of an optimal synthesis faces severe diffi-
culties: the optimal synthesis can have an extremely complicated structure and even in
cases where a regular synthesis exists, the performance achieved by the optimal synthesis
may not be robust. About the former, already for systems in two space dimensions, an
accurate description of all generic singularities of a time optimal synthesis involves the
classification of eighteen topological equivalence classes of singular points [24, 25]. In
higher dimensions, an even larger number of different singularities arises, and the opti-
mal synthesis can exhibit pathological behavior such as the famous “Fuller phenomenon”
(see [22, 33]), where every optimal control has an infinite number of switchings. About
the latter, small perturbations can greatly affect the behavior of the synthesis (e.g. see
Example 5.3 in [26]).

An alternative strategy, pursued in [17, 20, 23, 4], is to construct sub-optimal feed-
backs, trading off the full optimality in favor of a simpler structure of the control and
the robustness of the resulting system.

Anyway, this approach has its own difficulties. First of all, it is known that no
continuous optimal feedback can be constructed [23, 9]. Therefore, one has to deal with
a discontinuous right hand side in (1.4) and to introduce a suitable concept of solution
for this kind of ODEs.

In literature, two different attacks to this theoretical obstacle can be found: either to
introduce a new concept of generalized solution without any restriction on the choice of
U(z), or to allow only sufficiently tame discontinuities in U(x), so that one can still have
Carathddory trajectories. The first one was followed in the [16, 17, 20, 23, 28], where
“sample-and-hold” solutions and Euler solutions are used to solve both controllability
and sub-optimality problems. The second approach was studied in [1, 2, 3, 4], choosing
patchy feedbacks as the class of allowed discontinuous controls. A patchy control in
feedback form has a particularly simple structure, since it is a function v = U(x) that
is piecewise constant on the state space R™. One can prove that, for patchy feedbacks,
forward Carathéodory solutions always exists and that this controls are robust (see |1,
2, 3]). Moreover, the sub-optimal control problem can be solved using these patchy
feedbacks (see [4]).

Indeed, let T'(y) < oo be the minimum time needed to steer the system (1.2) from
the state y to the origin. Then the analysis in [4] shows that, for every ¢ > 0, there
exists a patchy feedback which steers any initial state y € R™ to some point inside the
ball B(0,¢) of radius ¢ around the origin, within time (1 + &) T'(y).

In all cited works, patchy feedbacks were constructed either by patching together
piecewise constant open-loop controls as in [1, 2, 3|, or, as in [4], relying on the a-priori
knowledge of the value function V. We recall that this is defined as

T
Viy) = 1I(1f) {¢($(T)) -l—/ L(z(t), u(t)) dt} , (1.5)
where the minimization is taken over all 7" > 0 and all control functions w : [0,7] — U
such that the trajectory of (1.2) reaches a sufficiently small neighborhood of the origin
at time 7.

Aim of the present Chapter, based on [11], is to develop an algorithm that produces
a nearly-optimal patchy feedback “starting from scratch”, i.e. without any a-priori infor-
mation about the optimal trajectories. Both the patchy feedback and an approximate
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value function will here be constructed simultaneously, working iteratively on higher and
higher level sets. For convenience, we list here the basic assumptions used throughout
the Chapter.

(H) The set of admissible control values U C R™ is a compact, the function f :
R"™ x U +— R™ is Lipschitz continuous and satisfies the sublinear growth condition

|flz,u)] < C(1+ |z|) VueU. (1.6)

Both the terminal cost ¥ : R™ +— R and the running cost L : R” x U — R are continuous
and strictly positive, say

Y(x) >co >0, L(z,u) > ¢ >0 VereR" welU. (1.7)
Moreover,
‘ l‘im P(z) =o00. (1.8)

Our main result can be stated as follows.

Theorem 2.1 Let the system (1.2) satisfy the assumptions (H), and let € > 0 be given.
Then there exist a closed terminal set S C R"™, a continuous function W : R™ — Ry and
a patchy feedback u = U(x) defined on the complement R™ \ S such that the following
holds.

(i) For every y € R™, every Carathéodory solution of
i=f(z,U(z)), z(0) =y (1.9)
eventually reaches the set S.

(ii) Calling T = 7(y) the first time where x(7) € S, we have
wle(r) + [ L), Uaw) & <1+ W), (1.10)

(iii) Outside S, one has

—1—e < min VW () - f(z,w) < VW (z) - f(z,U(z)) < —1+e¢. (1.11)

wGU

2 Basic definitions

In this Section we recall basic definitions and properties connected to patchy controls,
as introduced in [1, 2, 3, 4].

Definition 2.1 A couple (Q, g) 1s said to be a patch if Q C R"™ is an open domain with
smooth boundary 0), and g is a smooth vector field defined on a meighborhood of the
closure Q of Q, which points strictly inward at each boundary point x € O€).

Setting n(x) the outer normal at the boundary point x, we thus require

<g(x), n(x)> <0 YVt x € 0. (2.1)
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Definition 2.2 We say that g :  — R"™ is a patchy vector field on the open domain §2
if there exists a family of patches {(Qa, Ja); Q€ .A} such that

- A is a totally ordered set of indices,

- the open sets Qo form a locally finite covering of €2,

- the vector field g can be written in the form

g(@) =galx) if e\ ] . (2.2)

B>a

We shall occasionally adopt the longer notation (Q, 9, (Qa, ga)aeA) to indicate a patchy
vector field, when we want to specify both the domain and the single patches.

Setting
o (z) =max{a€A; z€Q,}, (2.3)

we can rewrite (2.2) in the following form
9(T) = g () (T) vVt x e (2.4)

Remark 2.1 Notice that the patches (24, go) are not uniquely determined by a patchy
vector field (€2, g). Indeed, whenever o < 3, by (2.2) the values of g, on the set Q, N Qg
are irrelevant. Therefore, whenever we have open sets {2, which form a locally finite
covering of  and vector fields g, so that, for each a € A, (2.1) is satisfied at every point
x €0 \U g>a §28, then the vector field g defined using (2.2) is again a patchy vector
field.

To see this, it suffices to construct new vector fields g, (still defined on a neighborhood
of Q, as g,) which satisfy the inward pointing property (2.1) at every point z € 9,
and such that go = go on Qq \ Ugs, g (cfr. Remark 2.1 in [1]). In fact, with the
same arguments one deduces that, to guarantee that a vector field g defined on an open
domain Q according with (2.2) be a patchy vector field, it is sufficient to require that
each vector field g, satisfy (2.1) at every point x € 9, \ ((Uﬁ>a Qp) UOQ).

If g is a patchy vector field, the differential equation

T =g(x) (2.5)

has several useful properties. In particular, in [1] it was proved that the set of Carathéodory
solutions of (2.5) is closed (in the topology of uniform convergence) but possibly not
connected. This allows to circumvent the topological obstructions present in [23, 9].
Moreover, given an initial condition

l‘(to) = Xo, (26)

the Cauchy problem (2.5)-(2.6) has at least one forward solution, and at most one
backward solution, in the Carathéodory sense. For every Carathéodory solution z =
x(t) of (2.5), the map ¢+— o*(x(t)) is left continuous and non-decreasing.

More precisely the following theorem can be proved
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Theorem 2.2 Let (Q, 9, (4, ga)
Then the following holds.

aeA) be a patchy vector field on an open domain €.

(i) If t — x(t) is a Carathéodory solution of (2.5) on an open interval J, then t — &(t) is
piecewise smooth and has a finite set of jumps on any compact subinterval J' C J.
The function t — o*(x(t)) defined by (2.3) is piecewise constant, left continuous
and nondecreasing. Moreover, there holds

z(—t) = g(x(t)) forallte J.

(ii) For each T € Q, the Cauchy problem for (2.5) with initial condition x(0) = T has
at least one local forward Carathéodory solution and at most one local backward
Carathéodory solution.

(iii) The set of Carathéodory solutions of (2.5) is closed.

Definition 2.3 Let (Q, g, (Qas ga)aeA) be a patchy vector field. Assume that there
exist control values v, € U such that, for each o € A, there holds

ga(x) = f(2, Vo) V€ Dy=Q\ U Q. (2.7)
B>a

Then, the piecewise constant map
u=U(x) = v, if  x€ Dy (2.8)
is called a patchy feedback control for the system & = f(x,u) on Q, and referred to as

(Q, U, (Qaa va)aEA)

Remark 2.2 By Definitions 2.1 and 2.2, the vector field

9(@) = f(z, U(x))

defined in connection with a given patchy feedback (Q, U, (Qa; Va) e A) is precisely the
patchy vector field (2, g, (Qa, ga).ca) associated with a family of fields {gq : a € A}
satisfying (2.1). Notice that, recalling the notation (2.3), for all € Q we have

U($) = Ua*(x) . (29)

As observed in Remark 2.1, the values of the vector fields f(z, v,) on the set , N Qg
are irrelevant whenever o < 3, and it is not necessary that f(z, v,) satisfy the inward-
pointing condition (2.1) at the points of 92, N (U g>a Qﬁ). Moreover, all the properties
of a patchy feedback continue to hold even in the case where we assume that the inward-
pointing condition (2.1) fails to be satisfied at the points of (9Q2q NX) \ Upgs, 2, for
some region Y. of the boundary 9€). Clearly, in this case every Carathéodory trajectory
of the patchy vector field g can eventually reach the boundary 02 only crossing points
of 3.
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The following results hold for patchy vector fields and patchy controls.

Theorem 2.3 If the system & = f(x,u) is asymptotically controllable, then it admits
an asymptotically stabilizing patchy feedback.

Theorem 2.4 The patchy feedback control found in Theorem 2.3, is robust with respect
to both external disturbances and measurement errors. Namely, if g is a patchy vec-
tor field on an open domain € and w is a left continuous function with bounded total
variation, then for any closed A C Q, any compact K C A and any T, e there exists
0 =0(A,K,T,e) >0 such that the following holds. If £: [0,T] — A is a solution of the

perturbed system

§=9(&) +w, (2.10)

with £(0) € K and Tot.Var{w} < 0, then there exists a solution x: [0,T] — Q of
= g(x) with
|z = yllpee o)) <e- (2.11)

Remark 2.3 Consider a control system where we allow both external disturbance eg
and measurement errors eq, i.e. a system of the form

T =g(x+e(t)) + eat)

where ¢ is a suitable bounded vector field, in this case a patchy vector field. Then, the
map y(t) = z(t) + e (t) satisfies

y=g(y) +et) +é1(t) =gly) +w,
setting

t
w(t) = ey (t) +/t ea(s)ds .

Therefore, any perturbed system can be reduced to an impulsive system as (2.10).
On the other side, the hypothesis of small Tot.Var.{w} is necessary to avoid chat-
tering behaviors.

Remark 2.4 In some situations it is useful to adopt a more general definition of patchy
vector field than the one formulated in Definition 2.2. Indeed, one can consider patches
(R4, ga) where the domain €, has a piecewise smooth boundary (see [3]). In this case,
the inward-pointing condition (2.1) can be expressed requiring that

g(x) € To(z) (2.12)

(o]
where Tq(x) denotes the interior of the tangent cone to €2 at the point z, defined by

d(z +tv, O
To(r) = {v ER" : 11%an - 0}. (2.13)

Clearly, at any regular point x € 952, the interior of the tangent cone Tq(z) is precisely
the set of all vectors v € R™ that satisfy (v, n(z)) < 0 and hence (2.12) coincides with
the inward-pointing condition (2.1). One can easily see that all the results concerning
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patchy vector fields established in [1, 2] remain true within this more general formulation.
On the other hand this generalization allows to better estimate the rate of convergence
in (2.11). Indeed, for patches with smooth boundary, one would expect nothing more
than an estimate like

|z = yl| o o.1) < O(1) Tot.Var{w}'/?,

for a suitable p > 1 (see Example 1.4 in [3]). However, slightly generalizing the defini-
tion of patch in the way above, it is possible to recover patchy vector fields defined on
polyhedral coverings. In this new setting, one can prove a linear estimate. Namely, it
holds

|2 =yl Lo po,77) < O(1) Tot.Var{w}.

3 Proof of the main result

We are now ready to prove the result stated in Section 1, about the construction of a
nearly optimal patchy feedback control without any use of the value function. Actually,
some part of the construction is still a work in progress, so we sketch here only the main
passages of the proof. For missing details (especially Steps 8. and 15.), we refer to [11].

1. Various reductions can be performed. By approximating the cost functions v, L, it is
not restrictive to assume that ¢ is piecewise quadratic, while L € C*°. Next, replacing

f(z,u) by

g(z,u) = L™ (z,u) f(z,u), (3.1)
the problem takes the form
min {7 +(z(r))} (3.2)
with dynamics

In the following, we thus assume without loss of generality that the running cost is
simply L(z,u) = 1.

2. For the problem (3.1)—(3.3) with smooth coefficients, our eventual goal is to construct
a closed terminal set S C R such that

7(y) =min {t >0, ()€ S} (3.4)

In other words, as soon as the system enters S, the evolution stops.

Moreover, we construct a continuous, piecewise smooth, Lyapunov function W :
R™ — R, and a patchy feedback u = U(z) on the complement R™\ S, with the following
properties.

min VW (@) f(w,w) = ~(1+2). (3.5)

Moreover, if x lies in the interior of a region where U is constant, then

VW(z)- f(z, U(z)) < —1+e. (3.6)
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3. We now sketch the inductive construction procedure, on progressively higher level
sets of the approximate value function. Let

min () =mgo > 0.
T

Take a set Sy with piecewise smooth boundary such that

So=A{z; ¥(x) < Ao},

with

3 3
Since 1 is piecewise quadratic, the boundary 9Sy consists of finitely many portions of
spheres, say I'{,... ,F?VO. We assume in the following that Sy is connected, being the

general case a simple adaptation of this one (see [11]).
We begin by defining the approximate value function

W(x) = ¢(x) x€Sy.

Starting from 0.Sy we solve the equations for characteristics corresponding to an Hamil-
tonian of the form

H"(z,p) = ma —p-y—1},
(z,p) yEF(}:(t:){ pry—1}
where

F(x) = {f(a:,u), uEU}

is the set of admissible velocities. Unfortunately, the multifunction F'(x) could depend in
a non-smooth way from x, therefore we need to change slightly the admissible velocities.
This will be achieved in two steps.

4. First, we replace the velocity sets
Fe) = {f(x,u); ue U}

with slightly larger, uniformly convex sets. For this purpose, we call B(z,r) the closed
ball centered at z with radius r, and write B(A,r) for the closed neighborhood of radius
r around the set A C R™. For a suitably small constant n > 0, we define

Fi@)= (] Blaa).
B(z,n=1)2B(F(x),n)

1

In other words, F"(z) is the intersection of all closed balls of radius n~" which contain

the n-neighborhood B(F(x), n).

Claim 1. For any n sufficiently small, we claim that the above definition of the sets F"
yields

du(F(z), F'(z
dg (F"(z), F'(z)) < 2Lz — /|, (3.9)
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where the constant C' depends only on an upper bound for the diameters of the sets
B(F(m), 77), and L is a Lipschitz constant for the original multifunction F'. Moreover, if
p1,p2 are any unit vectors and

— arg max . 5 — arg max . 5
U1 gyan(x)pl Y Y2 gyan(z)m Yy

we claim that

Ip1 — p2|

ly1 — y2| < (3.10)

Notice that (3.10) is obvious if F'" is exactly a ball of radius n~*.

5. Proof of Claim 1. We give here a proof of the above claims. Of course, (3.7) is
obvious.

a. Recall that, setting

¥ (p) = sup (y,p),
yeEA

the Hausdorff distance between two convex sets A, B can be expressed by

A (4, B) = max o7 (p) =" (p)] (3.11)

Since

PEEM (p) = ) (p) 40,

it is clear that the Lipschitz constant of the map = — F(z) = B (F(z),n) is the same as
for the original multifunction F.

To establish (3.8), fix any unit vector p € R™ and choose a point y € F(z) such
that 1@ (p) = (y, p). Then F(z) = B(F(z),n) is contained in the half-ball centered
at y + np with radius

R > 2 + diam F(z) > diam F\(z).

By Pythagoras’ theorem, the ball with radius 7' centered at the point y + (77 —

v/n~2 — R?)p contains F(x). Therefore, for all > 0 sufficiently small,

W@ ) < {y+ =V 2= R)p+n'p,p) =" @) 4+t — /2 — R?
2

< PF@ ) rn+ — M @) oy (3.12)

2y/1—R2np2 ~
Since the unit vector p € R" is arbitrary, from (3.12) it follows (3.8).
b. To prove (3.9), fix again a unit vector p. Take a ball B(z,n~!) D F(x) such that
W0 (p) = pPET D () = (z,p) + 07"
For ! >> diam F(x), we have

F(z) c Bz,n )N {y; (y—=zp)>n"'/2}.



52 Chapter 2. Nearly Optimal Patchy Feedback Controls

Therefore, for » > 0 small
B(F(:U) ;1) C B(z+2rp; n7 ).
For 2’ close to z, if
dy (F(2'), F(z)) = dy (F(2'), F(z)) < L|2' — 2],

using the above estimate with » = L |2’ — x| we obtain

PP (p) < wB(F(x),Lla:’—xD(p) < wB(z+2L|a:’—a:\p,n*1)(p)
<(z,p)+2Llz' — x|+t =@ (p) + 202" — 2|. (3.13)
Since p is arbitrary, from (3.13) it follows
F'(z') € B(F"(z), 2Lla" — xl).
Reversing the roles of z, 2’ we obtain (3.9).

c. Finally, we prove (3.10). Consider any unit vector p; and let y; = argmaxyc gn(z) p1-¥-
We claim that
F'(x) € By = B(y1 =1 'p1,n ") (3.14)

Assuming for the time being that (3.14) holds, we easily reach the desired conclusion.
Indeed, consider a second unit vector ps and let y2 = argmax,c pn(,) p2 - y. In particular,
this implies

Y2 € {y € Bi; (y.p2) >y, p2>} C B(y1, n ' p2 —p1l)

proving (3.10).

It now remains to establish the inclusion (3.14). We argue by contradiction, as-
suming there exists a point £ € F"(x) \ B;. By assumption, every ball of radius n~!
containing F'(z) also contains the two points y; and £. In particular, it must also contain
the arc of circumference v with radius !, with endpoints y; and &, in a two-dimensional
plane II; parallel to p;. But then -y is contained in F". Therefore,

max > max > 3.15
yEF (z) <y7p1> = ey <y7p1> <ylap1> ) ( )
obtaining a contradiction. The following computations better explain (3.15). Let 71 be
the hyperplane orthogonal to p; through y; and define

7 ={CER" |p1-¢C<p1-wn},

m={CER" | p1-C>p1-y}-
Then F"(z) C (m; Um) and By is the sphere tangent to m; through y;. Hence, any

sphere B’ with radius n~!, passing through both y; and €, intersects 71 in more than a
single point. Now if we prove that

[1]
I

(1l B |[n=f #0, (3.16)

{y1,£}CB’
B'=B(z2,n~!)
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Figure 13

then we would have a contradiction. Indeed, for any ( in that intersection, we would
recover the same inequalities of (3.15) on =.

In order to prove (3.16), we restrict our study to a suitable two-dimensional plane.
We fix a center ¢ of a sphere of radius n~!, passing through 7 and £. Clearly ¢ belongs
to the hyperplane

{CeR" [z —yi] = [z -]}
and the three points y1, £ and ¢ determine a plane, which we will indicate with II. Notice
that the circles given by each sphere with radius ! through y; and ¢ intersected by
I1, have centers ¢y = 2 + \(c — “54) and radii Ry = \/(%)2 + (Al = e — L2 for
A € [—1,1]. Our goal is to prove that

(| (Blex, R) NI | naf =ENTT# . (3.17)
A€[—1,1]

At this point, we just need to show that any ¢ € v belongs to ﬂ)\e[q,l](B(C)\v RN
IT), where 7 is the shorter arc of dB(c, R1) N1I, joining y; and £ (see Figure 13). Indeed,
near y1, these points g belongs also to Wf’ (due to all B’ not being tangent to m1) and
hence to Z N II, which results non-empty.
For such a point ¢ and for any A € [—1, 1], setting ¢’ the projection of ¢ on the line on
IT joining ¢ and ¢y (we still refer to Figure 13 for a picture of the situation), it holds
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lg—alP=lg—dP+|d -\ =
=lg—c* = (ld =l +lex —c))? +1d —er* =
=n2=2|¢ —crl|ex— | = |ex — cf?,

_ n+€ y1+¢§
Ri=n"?—|c— === +ler— ? =
2 2
_ Y1+ & y1+§
2772—(|C—CA\+|CA—TD2+|CA— 5 ? =
_ v +§
=n?=2c—cxllex— 5 | —lc— e\,
and finally
_ y1+¢& Y1+ &
lg—a>=n"?-2(¢ - 5 |+ | 5 —al)lex—c = lex — > =
+
:R)\—2|q/—le€‘-|C)\—C|<R)\.

Therefore we have (3.16) and the required contradiction.

6. At this point, we have obtained regularity w.r.t. p, and we have sets of admissible
velocity that satisfy both the inner and the outer sphere condition. It is still not clear
the regularity w.r.t. x. Hence, for any fixed x, set

¢x(2) = d(z, F"(x)) — d(z,R" \ F'(z))

i.e. the signed distance from the boundary of F"(x).
The idea is to consider a regularizing functions pj whose support is contained in
B(0,1/h), h > 77!, and the set

Fl(x) ={y; pn* ¢=(y) <0}, (3.18)
in place of F(zx). In this way, we will have H" smooth in both its arguments.

Claim 2. Replacing F" with F}!, the following properties still hold. F}'(z) is strictly
convex,

(ﬂgfﬂ@ (3.19)
dH( ), Fil(z)) < (C+1)n, (3.20)
du(F)(z), F}'(z')) < 2Lz — /|, (3.21)
where the constants C, L are as in ( 8)-(3.9).
Moreover, for any pi, p2 unit vectors and
Y1 = arg max pi-y, yg_argmax b2-Y,
YEF) (z) Fyl (@)

we still have that
v -l < 222, (3.22)
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7. Proof of Claim 2. Strict convexity of F}(x) follows from strict convexity of ¢,.

To prove (3.19), notice that if £ € F(x), then B(¢,1/h) C F(z) C F" by choice of
h. Hence, pp, * ¢2(§) < 0 and £ € F)/(z).

Now, for any small o > 0, consider £ € R™\ B(F"(z), + 1/h). Then, B(§,% +
) NEM(z) =0 and pp, * ¢z(€) > /2 > 0. Therefore, F}!(z) C B(F"(z),1/h) and, for
any unit vector p,
W@ p) < () + 1/h.
On the other hand, Gy(z) = {y € R" ; ¢,(y) < —1/h} is contained in F)'(x).
Therefore, for any unit vector p, from () (p) = @) (p) + 1/h, it follows

PE@ (p) > @ (p) —1/h.

These two inequalities, since p is arbitrary, imply dg(F}(z), F"(z)) < 1/h < 1.
Hence,
du (Fy) (), F(z)) < (C+1)n

where C' is the constant in (3.8), and (3.20) is proved.

To prove (3.21), recalling 1/h < 1, one can use B(F(z),1/h) C F(z) and repeat the
proof of (3.9) with F(x) in place of F(x). Namely, using a ball of radius 7! containing
F(z) and passing through ¥, such that % n (@) (p) = p- yn, one can follow the procedure
in Claim 2 to conclude.

Similarly, one can prove (3.22) repeating the step used for (3.10), with simple adap-
tations.

8. Having replaced the sets F'(x) with the larger, uniformly convex, sets F}'(x), the
Hamiltonian function
H'(z,p) = max -1 3.23
(z,p) an($){ p-y—1} (3.23)
is smooth w.r.t. both its arguments. We now take a look at the equations for the
characteristics.

OH"
T = —|/— = arg max , 3.24
o g max Py (3.24)
OH"
) = — 2
p o (3.25)

Notice that the right hand side of (3.24) is Lipschitz continuous because of (3.22). More-
over, the right hand side of (3.25) is homogeneous of degree one w.r.t. p. We thus have
an estimate

p(t)] < [p(to)] - €™~ (3.26)
uniformly valid on compact sets, with « independent of 7.
For each boundary point Z € 05, the initial conditions for (3.24)—(3.25) are z(0) =

Z, while p(0) is a suitable vector perpendicular to 0S¢ at the point z. More precisely,
p(0) = a Vi)(Z), where the constant « € [0, 1] is such that

yerr;%x {-p(0)-y—1}=0. (3.27)
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Notice that, if no a € [0, 1] exists such that (3.17) holds, this means that

max 1 — VyY(x)-y—1; <0. 3.28

e {—VU(@) v 1) (3.28)

In this case, in a whole neighborhood of Z it is convenient to stop immediately, and pay

the cost v, rather than try to move to a point with lower cost. Indeed, in a suitably
small neighborhood N of Z, we would still have the strict inequality

yénF%{—vw<5>-y—1}<o, £eN.

and for ¢ < 0 small enough (so that x(t) remains in N) the cost to reach Sy, equal to
Ao — t, would satisfy

Ao =t = P(x(t) = —t = (V(z(t)) — () = ~t - /0 Vip(x(s)) - i(s)ds

0

> —/ max {—1—Vy(z(s))-ytds>0.
t yEF, ((s))

In other words moving from points of N would cost more than remain there. Charac-

teristics starting at such points need not be constructed.

By choosing a sufficiently short time interval [0, d], any two trajectories of (3.24)—
(3.25) originating from point on the same sphere F? will not intersect. Notice that ¢
depend on 7.

These trajectories, for ¢ € [0,d], form lens-shaped domains around each I'? C Sy in
the sense of [4]. Setting I'? these domains, we define

K = (ur?) \ So. (3.29)

We underline that K is compact, since the union of Ff is contained in a sufficiently large
sphere. Namely, for any ¢ € [0, ], we have

¢
o)~ 20 < € (54 [ Ja(ollas )
0
and, therefore, by Gronwall’s Lemma
2(t) — 2(0)] < CO(1 + [2(0)]) 2.

We can conclude that, if Sy C B(0, R), then any z(¢) will remain in B(0,R + C4o(1 +
R)e®?).
By solving (3.24)—(3.25), we obtain a function V" corresponding to
min {T + ¢(:1:(7'))}
T7$(')

Here 7 is the first time ¢ where z(t) € Sp.
We can recover this value function V" as the minimum among Ny scalar functions.
More precisely, calling t +— z(t,z) the trajectory of (3.24)—-(3.25) starting at z, for a
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given point z there will be at most Ny initial points z; € T 9 and times ¢; such that
z = x(t;,Z;). We then set

V(2) :min{)\o+t1,..., >\0+tNO}, (3.30)

where )\g is the constant value of ¥ on the boundary of Sy, and
77(2) = min {¢(z) , V”(z)} . (3.31)

Outside the terminal set Sy the value function V" satisfies
H'(z, V") =0 xé¢So. (3.32)

Notice that, by (3.26) and since along trajectories we have
YV =p, (3.33)

the size of the gradient |[VV"| is bounded, uniformly w.r.t. . This, in particular, implies
that V" is differentiable almost everywhere. The same holds for V.

Moreover, we assume V' semiconcave on the same set where the uniform bound on
its gradient holds. Hence, there exists A > 0 such that for any y where V" is differentiable

V() <V (y) + VV(y) - (x —y) + Nz —y|*. (3.34)

9. As in [4], we now approximate the value function V" with a piecewise quadratic
function W such that

1-S< min VW-y<-1+2 (3.35)
yer) () 2

Namely, we set, for any y € K in which V" is differentiable,

V(x) = V(y) + VV(y) - (z = y) + (1 + N)|z -y (3.36)

where A > 0 comes from the semiconcavity of V7. Therefore we have
VT (z) + |z —y|* < vV (z). (3.37)
Since min {VV"(y)-(} = —1, for every fixed £; > 0, there exists u., = u(e1,y) € U
)

CEFR(y
such that f(y,u.,) € F}'(y) and

VVI(y) - fy,ue,) < —1+e1. (3.38)

Now we claim that there exists p > 0 sufficiently small, so that for any z € B(y, p) and
weU
VV,(2) - f(z,ue,) < =1+ 2e1, (3.39)

VV,J(2) - f(zw) > =1 — 2¢1. (3.40)
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This follows from

VVyn(z) f(zyuey) = VVIy) - fy,ue) + VVT(y) - [f(2ue,) — [y, ue, )]
+2(1+N)(z—y) - f(z,ue)

< —1+e1 +|[V|Lip(f)|z — vl
+2(1+ ) {Sgpf‘ |z —y| + Lip(f)|z — yQ} ,

and

VVJ(2) - f(z,w) = VV(y) - fy,w) + VV(y) - [f (z,0) = f(y,w)]

+2(1+N)(z—y) - f(z,w)

> —1—[|[V|Lip(f)|z -yl
—2(1+ ) {sipf |z =yl + Lip(f)|z — Z/2} .

We underline that p does not depend on y and that we can also assume p <
[|VV"|o. Moreover, the first inequality will be crucial in the introduction of the patchy
control, since it will give the inward-pointing condition.

Using notations from 4.-5. and choosing €1 < ¢/4, we can rewrite the previous
inequalities as follow. There exists p such that for any y € K in which V7 is differentiable,
and any z € B(y, p), setting z., = f(z,u.,), one has

€ , €
—1—=5< min VV](2)-(<VV](2) 2, < -1+

= 41
= in 5 (3.41)

10. Now we consider the compact set K given in 8.. We recall that we defined it as

U, F? \ So, where T'? were the lens-shaped domain around Sp. Let y1,...,yn; be points
of K such that V" is differentiable in y; and the balls B(y;,p’) covers completely K.
Here, we choose the radius p’ sufficiently small so that for any « € B(y;, p') it holds

Vi(z) < V(z) <V (z)+ 0%, (3.42)

where p is the value found in 9. In particular p’ < p. Then, we set V; = V,!, u; = u(e1,y;)
and finally

W(z) = minV;(z), VreK. (3.43)
7
With this definition, (3.5)—(3.6) easily hold, since each V; verifies them. Moreover, the
same bounds given above for ||[VV"|| can be achieved also for ||[VIV||.

Indeed, for any x € K in which W is differentiable, if x € K \ B(y;, p), then there exists
j such that x € B(y;, p') \ B(yi, p) and hence, recalling (3.42),

W(z) < Vi(z) <V (z) + p? < Vi(x). (3.44)
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This implies that W (z) = V;(z) can hold only if 2 € B(y;, p). Therefore

VW ()] = [VVi(@)] = [VV(g:)] +2(1+ M|a = yil
<VV oo +2(1+A)p < 3+ 2X) - [[VV|oo -

Assuming \VWN/|C77 < ¢/2, from (3.8) and (3.35) we deduce

—1—e< min VW-y<—1+¢. (3.45)
yEF ()

For the suitably small § > 0 found in , we set
Al=X+9, (3.46)
and we define
W(z) = min{y(z), W(z)} forallz € KU{y; ¥(y) < A1}.

We now use this approximate value function W to construct a patchy feedback on a
sub-level set
Si={zeR"; W) <A}

so that (3.5)—(3.6) hold.
Notice that S; \ Sy is contained in K U {¢) < A1}, which represent the sub-level for

min{V" 1}, corresponding to A\;. More precisely, S \ Sp is contained in the union of
finitely many spheres F(l), ri ... ,F}Vl, where F(l) is the sub-level of ¢ and each Fil is the
sub-level of V;.

Observe that, since all functions V;, 1 < i < Ny, have the same coefficient of the quadratic
term, it follows that, for each couple of indices k # i, the set

Tk, = Tk = {ZC € Rn; Vk(l‘) = %(l‘)} (3.47)

is an hyperplane, and the difference of the gradients VV;(x) — VVi(x) is a constant
vector on ;. Then, letting ny ; denote the unit normal to 7 ;, pointing towards the
half space

+
T

- Tik = {:c eR™; Vi(x) > Vz(a:)} , (3.48)

one has
VVi(z) = VVi(z) = —cng; V€T, (3.49)

for some constant ¢ = ¢;; > 0. Denote as 7, the other half space determined by 7y,
i.e. set

T = T = {w €R™; Vi(x) < Vi(x)}. (3.50)
Now we introduce some more notation, related to the level set of V; and W
Set
Po={z eR"; (z)=W(2)}, P, ={zeR"; Vi(z)=W(2)}, (3.51)

Ii{z‘e{l,...,]\h}; <PZ-\UPJ->HSH£®,}, (3.52)
J#i
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Yi={zeR"; Vi(x)=W(x) < Ao+d}=PiNT; VieZu{0}.  (3.53)

Notice that in Py the evolution stops. Moreover, this definition of Z implies that, in
the following, we ignore any index k such that the sub-level of the corresponding Vi is
completely contained in the sub-levels of other V;. With these notations, and recalling
the definition of 7; ; above,

TiNOT} =m,;, NTF =TE NI},
VkicT. (3.54)
X C Mg U This Y C i U ﬂ;i

Notice, also, that

Uzi=s =1}

On each ¥; we have a constant control u; given in (3.38) such that
VW (z)- f(z,u;) < —1+¢
holds for any z € ¥;. Indeed ¥; C P; C B(y;, p)-

11. So far we have defined a constant control on S;. Nevertheless, we cannot simply set
U(z) = u; for z € 3; \ (Uj>i ;). Indeed, every trajectory x(t) of & = f(z,u;), passing
only through points of ¥;, satisfies V ¢ > s

W(:L‘(t)) = W(a:(t))

t
= VZ(:L‘(S)) —I—/ <VVZ‘(.1‘(U)), f(x(a),ui)> do

< Vi(z(s)) + (=1+¢€)- (t—s)
=W(z(s)) +(~1+¢)-(t—s) (3.55)

However, there may well be points z(t) € I't where Vi(z(t)) > W (z(t)). Near these
points there is no guarantee that (3.55), and therefore sub-optimality, should hold. To
address this difficulty, we will consider the set of all indices 7 # k such that V;(T) < Vi(Z)
for some T € F,ﬁ , and such that

min (VVj(z) — VVi(z), f(z,ux)) <0. (3.56)

xEFi
domain
IyNn{z eR"; Vi(z) < Vi(z)}.
More rigorously, setting

‘ﬁﬁ{ieﬂw”Jﬂ\{H;Zﬂﬂ%#ﬁ,H@ﬂvﬂﬁﬁ—kuﬁf@Wﬁ><0}

zel}
(3.57)

we consider the domains
I L 1N A R/ Y
I} = i€ (3.58)
T }c otherwise.
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Then we can prove the following.

Claim 3. For any k € Z, the domains fi, defined in (3.58), enjoy the inward-pointing
condition. Namely, the vector field f(z,u) points strictly inward at every point of the
upper boundary B B

97T} = I\ (SoUPy). (3.59)

Moreover, for any y € l:_llc\ (So UPy), there exists a time 7;(y) > 0 so that, letting z(:)
be the solution of & = f(x,uy) through y, one has

z(Ti(y); y,ur) € SoU Py, (3.60)
w(t;yw) €T Vtel0, Tu(y)l, (3.61)

and there holds
W(z(t)) <W(z(s)+ (=1+e)-(t—s) VO<s<t<Ti(y), (3.62)

where ¢ is the constant satisfying (3.45).

12. Proof of Claim 3. We know that, for every k € Z, the vector field f (-, ug) is inward-
pointing on the region 9~ '} N (811,1C \ (So U 770)). On the other hand, recalling (3.49),
the inequality (3.56) guarantees that f(-,uy) enjoys the inward-pointing condition also

at the boundary points x € 9~ f,lc N I‘}C N 7i, © € Ji. Then, observing that
(o]
O TE\NO Ty =0 TpnTin | mhy,
1€Tg

o ~ o
by continuity it follows that f(z,ur) € T (2) at every point x € 9~ I'l. Here, T
k k

denotes the interior of the tangent cone to I'L. defined in (2.13). This completes the
proof on 9~ I‘i.
Moreover, for any z in I‘,ﬁ,

_ (Vi) S w) _ 1

(n;, f(z,u)) < V) < oV < -6<0, (3.63)
for a suitable 8 > 0.
Hence, we have
|f(z,u)| > [0y, f (2, ur))| > B> 0. (3.64)

Therefore, any trajectory starting from a point of r L, cannot remain in f,{: At the
same time, due to the inward-pointing condition, it can escape only through 0 (So U Po).

Setting 7j(x) the minimum time to reach Sy U Py, we have (3.60)—(3.61). Finally
we prove (3.62). For any fixed 0 < s <t < Ti(z) there exists i(s) such that W (z(s)) =
Vi(s)(z(s)) and it holds

WWWS%@MMZW@MW+/<W%mwmﬂd@w»w
<W(a(s) + (~1+2)-(t—s).
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13. Relying on the properties in Claim 3, we shall construct now a patchy feedback on
the open region

Qisl\(SOUP()) .
To this end we first need to slightly enlarge some of the domains defined in (3.58).
Namely, for every k € 7, consider the set
T={ienI;i>k, keli}, (3.65)

fix some positive constant o < ¢, denote by 77 ; the hyperplane parallel to 7 ; that lies
in the half space 7, = { € R"; Vj(z) > Vi(z)} at a distance o from 7 ;, and call
7rk . the half space determined by 7j P that contains 7, ;. Then, set

rin () m.n () @ n if Ty T T #0,
ZEJk\jk ZGJk
Th=<rin () (=77 n it =Tk #0, (3.66)
=
O =TE\ (SoUPy), (3.67)

and observe that, by definitions (3.58), (3.59), (3.65), (3.66), (3.67), one has

oT}\ | T} coTy,
heT
h>k

O\ (SouPoU | ) c o7 T}
hel
h>k

Thus, by choice of o and Claim 3, it follows that the vector field f(x,uy) still satisfies
the inward-pointing condition at every point = € 0 Qy \ (So UPo U U Qh). Then, we

hel
h>k
can finally setting on S,
g(z) = flou) i weA=0\ [J (3.68)
hel
h>k
and considering the map U: Q2 — U defined by
U(x) = uy if  zelAg, (3.69)

we deduce that the triple (Q g, (U, gk)kg) is a patchy vector field on € associated to
the patchy feedback (Q U, (Q, ug keI)
Notice that, by definitions (3.58), (3.59), (3.65), (3.66), (3.67), (3.68), one has

Aka_}c\(SoU’Po) VkeTl,

and hence we may apply Claim 3 to a trajectory of g passing through the domain Ay.
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Claim 4. The patchy vector field g on the domain €, defined in (3.68) enjoys the
following property. For any y € Q, and for every Carathéodory trajectory v,(:) of

i =g(x) (3.70)
starting at y, there exists a time 7 (y, 7,) > 0 so that one has
V(T (y; 1)) € SoU Py, (3.71)
and there holds

W(y(t) SW(y)+(—1+¢)-t VO<t<T(y,vy)- (3.72)

14. Proof of Claim 4. We proceed as it was done to prove Claim 3 of Theorem 1 in [4].
Given y € €, let 7, be a trajectory of (3.70) starting at y, and set

tmax (1y) =sup{t >0; =, is defined on [0,¢]}. (3.73)

By the properties of the patchy vector fields and Claim 3 above, one can recursively
construct two increasing sequences of times 0 = tg < t; < ... < ty = tymax, and of indices
11 < iy < ... < iy € T with the following properties:

a. v, is a solution of & = g;, () taking values in A;, for allt €]t,_1, t,], 1 <v <7;
b. v, (t,) €08y, forall 1 <v <7, and v,(ty) € SoUPy;
c. ty—ty_1 < T, (y(ty—1)) forall 1 <v < v, and ty —ty_1 < T (yy(to—1)) -

Hence (3.71) is proved. Next, applying repeatedly the estimate (3.62) of Claim 3,
and recalling that 7, (0) = y, we derive

W(vy(t) S W (yy(t) + (=1+¢)- (t—1t)
<W(y)+(=1+¢)-t Vtelt, 1,t)], 0<v<D,
which yields (3.72).

15. The inductive step can now be repeated. Assume that a patchy feedback and a
piecewise quadratic value function W has been constructed on a set Sg, with

W(l’) =X =X+ kS V x€0dS. (3.74)
Since the boundary 9}, is the union of finitely many spheres, say T'},... ,Flka, we can
repeat the earlier construction and extend the patchy feedback and the approximate
value function to a larger set Sy1, etc. .. O

Remark. The upper bounds on the gradients |VV"|, [VW| of the value functions do
not depend on 7. On the other hand, the step J in (3.46), (3.74) must be chosen suitably
small, depending on 7.
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