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A Bellman approach for two-domains optimal control
problems in RY

G.Barles, A. Briani, E. Chasseigne *

December 15, 2011

Abstract

This article is the starting point of a series of works whose aim is the study of deterministic
control problems where the dynamic and the running cost can be completely different in two (or
more) complementary domains of the space RY. As a consequence, the dynamic and running
cost present discontinuities at the boundary of these domains and this is the main difficulty of
this type of problems. We address these questions by using a Bellman approach: our aim is
to investigate how to define properly the value function(s), to deduce what is (are) the right
Bellman Equation(s) associated to this problem (in particular what are the conditions on the set
where the dynamic and running cost are discontinuous) and to study the uniqueness properties
for this Bellman equation. In this work, we provide rather complete answers to these questions
in the case of a simple geometry, namely when we only consider two different domains which
are half spaces: we properly define the control problem, identify the different conditions on
the hyperplane where the dynamic and the running cost are discontinuous and discuss the
uniqueness properties of the Bellman problem by either providing explicitly the minimal and
maximal solution or by giving explicit conditions to have uniqueness.

Key-words: Optimal control, discontinuous dynamic, Bellman Equation, viscosity solutions.
AMS Class. No: 49120, 491.25

1 Introduction

In this paper, we consider infinite horizon control problems where we have different dynamics and
running costs in the half-spaces Q1 := {z € RY : 2y >0} and Qy := {z € RV : 2 < 0}.

On each domain €; (i = 1,2), we have a controlled dynamic given by b; : Q; x A; — RV,
where A; is the compact metric space where the control takes its values and a running cost [; :
Q; x A; — R. We assume that these dynamics and running costs satisfy standard assumptions: the
functions b; (-, «;), (-, ;) are continuous and uniformly bounded and the b;(+, ;) are equi-Lipschitz
continuous. To simplify the exposure, we also suppose that the system is controllable on both sides.
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2964), Université Frangois Rabelais, Parc de Grandmont, 37200 Tours, France



The first difficulty is to define the controlled dynamic and in particular for trajectories which
may stay for a while on the hyperplane H := Q; N Qs = {:C eRN : zy = 0}. To do so, we follow
the pioneering work of Fillippov [16] and use the approach through differential inclusions. As a
consequence, we see that we have trajectories which stay on H and which are build through a
dynamic of the form

b'H(xv (alva?vu)) = Mbl(xval) + (1 - :U')bQ(xv(XQ)?

for x € H, with u € [0,1], oy € A; and by(x, (a1, a2,1)) - ey = 0 where ey := (0,---,0,1). We
denote by Ag(x) the set of such controls a := (a, a9, ). The associated cost is

In(z,a) = ly(x, (o, ag,p)) == ply(z,01) + (1 — p)la(z, as) .

Once this is done, we can define value-functions and look for the natural Bellman problem(s) which
are satisfied by these value functions. Actually we are going to define two value functions, we come
back on this point later on.

It is well-known that, for classical infinite horizon problems, i.e. here in €27 and €29, the equations

can be written as
Hi(z,u,Du) =0 in Q,

Hy(z,u,Du) =0 1in Qo (1.1)

where Hq, Hy are the classical Hamiltonians

Hi(x,u,p) :== sup {=bi(x,05) -p+ M —li(z,04)}. (1.2)
OzZ'GAi

where A > 0 is the actualization factor. From viscosity solutions’ theory, it is natural to think that
we have to complement these equations by

min{H; (z,u, Du), Hy(x,u,Du)} <0 on H, (1.3)

max{H;(z,u, Du), Hy(z,u, Du)} >0 on H . (1.4)

This is actually true since the two value functions we introduce naturally satisfy such inequalities.
Note that, for the sake of simplicity, we always say a sub and supersolution of (1.1)-(1.3)-(1.4),
while it has to be understood that both verify (1.1) in €7 and Q9, but a subsolution only satisfies
(1.3) on H while a supersolution only satisfies (1.4) on H.

The main interesting questions are then
1) Does problem (1.1)-(1.3)-(1.4) have a unique solution ?
2) Do the value functions satisfy other properties on H ?

3) Do these extra properties allow to characterize each of the value function either as the unique
solution of a Bellman problem or at least as the minimal supersolution or the maximal solution
of them?



Our results give complete answers to the above questions.

Concerning Question 1), unfortunately the answer is no: we do not have uniqueness for the
problem (1.1)-(1.3)-(1.4) but we can identify the maximal subsolution (and solution) and the min-
imal supersolution (and solution) of (1.1)-(1.3)-(1.4): they are value functions of suitable control
problems which we are going to define now. The difference between the two is on H where we
may accept more or less general strategies: we call singular a dynamic by (z, aq, ag, 1) on H when
bi(z,a1) - ey > 0 and ba(z,a2) - ey < 0 while the non-singular (or regular) ones are those for
which the b;(z, «;) - ey have the opposite (may be non strict) signs. The minimal solution U~ is
obtained when allowing all kind of controlled strategies (with singular and regular dynamics) while
the maximal solution U™ is obtained by forbidding singular dynamics. The uniqueness problem
comes from the fact that, in some sense, the singular strategies are not encoded in the equations
(1.1)-(1.3)-(1.4), while it is the case for the regular ones.

For Question 2), the answer is the following: if we allow any kind of controlled strategies, both
the regular and the singular ones, the associated value function, namely U™, also satisfies the
inequality

Hp(z,u,Du) <0 onH, (1.5)

where, for 2 € H,u € R,p’ € RN=1, Hp(x,u,p') is given by

sSup {—b’;-[(.%',a) ’ (pl70) + Au — l’H(I’, a)} :
Ao (z)

We emphasize the fact that this viscosity inequality is actually a RV =1 viscosity inequality (meaning
that we are considering maximum points relatively to # and not to R ); it reflects the suboptimality
of the controlled trajectories which stay on H. This inequality makes a difference between U™ and
U™ since U™ satisfies the same inequality but with Ay(z) being replaced by Aj™®(z) consisting in
elements of Ag(z) satisfying by (z, 1) - ey < 0 and ba(x, ) - en > 0.

For Question 3), (1.5) also makes a difference since there exists a unique solution of (1.1)-(1.3)-
(1.4)-(1.5). In other words, the uniqueness gap for (1.1)-(1.3)-(1.4) just comes from the fact that
a subsolution of (1.1)-(1.3)-(1.4) does not necessarily satisfy (1.5) and this is due to the difficulty
to take into account (at the equation level) some singular strategies. We illustrate this fact by an
explicit example in dimension 1.

Besides of the answers to these three questions, we provide the complete structure of solutions
in 1-d and we also study the convergence of natural approximations.

We end by remarking that there are rather few articles on the same topic, at least if we insist
on having such a structure with a general discontinuous dynamic. A pioneering work is the one
of Dupuis [15] that considers a similar method to construct a numerical method for a calculus
of variation problem with discontinuous integrand. The work of Bressan and Hong [10] goes in
the same direction by studying an optimal control problem on stratified domains. Problems with
a discontinuous running cost were addressed by either Soravia [24] and then by Garavello and
Soravia [17, 18]. To the best of our knowledge, all the uniqueness results use a special structure of
the discontinuities as in [13, 14, 19] or an hyperbolic approach as in [3, 12] then by or Camilli &
Siconolfi [11] (even in an L*°-framework). We finally remark that problems on network (see [22],[2])
share the same kind of difficulties.



The paper is organized as follows: in Section 2, we show how to define the dynamic and cost of
the control problem in a proper way, we introduce two different value functions (U~ and U™) and,
in Theorem 2.5, we show that they are solutions of (1.1)-(1.3)-(1.4). In addition, we prove that U~
satisfies the subsolution inequality (1.5) while U™ satisfies a less restrictive inequality, associated
to the Hamiltonian involving only regular controls H;?g < Hp. Section 3 is devoted to study
the properties of any sub and supersolutions of (1.3)-(1.4)-(1.5) and, in particular, the additional
inequalities that they satisfy on #H (inequalities which are connected to Hp or H}eg). In Section 4,
we use these properties to provide a comparison result for (1.1)-(1.3)-(1.4)-(1.5) (Theorem 4.1); one
of the main consequences of this result is that U~ is the minimal supersolution and solution of (1.1)-
(1.3)-(1.4), while U™ is the maximal subsolution and solution of (1.1)-(1.3)-(1.4) (cf. Corollary 4.4).
In Section 5, we study in details the case of the dimension 1 by providing the complete structure
of the solutions, together with examples of different behaviors. Finally Section 6 is devoted to
examine the effect of several approximations (Fillippov and vanishing viscosity).

2 A control problem

The aim of this section is to give a sense to infinite horizon control problems which have different
dynamic and cost in Q1 := {z € RN : 2y > 0} and in Q5 := {z € RY : 2 < 0}. Of course, the
difficulty is to understand how to define the problem on H := Q; N Qs = {x eRN . 2y = O}.

We first describe the assumptions on the dynamic and cost in each Q; (i = 1,2). On Q;, the
sets of controls are denoted by A;, the system is driven by a dynamic b; and the cost is given by ;.

Our main assumptions are the following

[HO] For i = 1,2, A; is a compact metric space and b; : RY x A; — R¥ is a continuous bounded
function. Moreover there exists L; € R such that, for any z,y € RY and o; € A;

|bi(x, ) — bi(y, o) < Lilx —y .

[H1] For i = 1,2, the function /; : RV x A; — R" is a continuous, bounded function.

[H2] For each x € RV, the sets {(b;(z, ), li(x, ;) : a; € A;}, (i = 1,2), are closed and convex.
Moreover there is a § > 0 such that for any i = 1,2 and = € RV,

B(O,(S) C Bz(.%') = {bi(x,ai) Loy € Al} .

Assumption [H1], [H2] are the classical hypotheses used in infinite horizon control problems.
We have strengthened them in [H2] in order to keep concentrated in the main issues of the problem.
Indeed, the first part of assumption [H2] avoids the use of relaxed controls, while the second part
is a controllability assumption which will lead us to Lipschitz continuous value functions.

In order to define the optimal control problem in all RY, we first have to define the dynamic
and therefore we are led to consider an ordinary differential equation with discontinuous right-hand
side. This kind of ode has been treated for the first time in the pioneering work of Fillippov [16]. We



are going to define the trajectories of our optimal control problem by using the approach through
differential inclusions which is rather convenient here. This approach has been introduced in [25]
(see also [1]) and has become now classical.

Our trajectories are solutions X, () = (Xxo,l, Xio,25 - ,XmO,N)(') of the following differential
inclusion

Konlt) € BXoy (1)) £€ (0,400)5 Xy (0) = 0 2.1)
where Bi(x) if ey >0,
B(x) := Bs(x) ifey <0,

@(Bl(.%') U BQ(.%')) ifzy =0,

the notation @ (E) referring to the convex closure of the set £ C RY. We point out that if the
definition of B(z) is natural if either zy > 0 or 2y < 0, it is dictated by the assumptions to obtain
the existence of a solution to (2.1) for zxy = 0 (see below).

In the sequel, we use the set A := A; x Ag x [0, 1] where the control function really takes values
and we set A := L>(0, +00; A). We have the following

Theorem 2.1. Assume [HO/, [H1] and [H2]. Then

(i) For each xo € RY, there ewists a Lipschitz function X.,(-) : [0,00[— RN solution of the
differential inclusion (2.1).

(ii) For each solution Xy, (-) of (2.1), there exists a control a(-) = (v (-), aa(:), u(+)) € A such that

KXo (1) = b1 (X (1), al(t))]l{XzO(t)te} + b2 (Xwo(t)7042(’5))]1{)@0@)692} )
(2.2
+ by (X (1), a(t))]l{xm(t)eﬂ} '

(791) If ey = (0,---,0,1), then
by (X (t),a(t)) -en =0 a.e. on {Xz n(t) =0} .

Proof. This result follows from two classical results in [1].

STEP 1 — Since the set-valued map B is upper semi-continuous with convex compact images, thanks
to [1, Theorem 10.1.3], we have that, for each zo € RY, there exists an absolutely continuous
solution X, (-), of the differential inclusion (2.1), i.e.

Xz (t) € B(Xy, () for ae. t € (0,00); Xz,(0) = 0.

Note that the solution is defined in all Ry and Lipschitz continuous, thanks to the boundness of
B. This first step justifies the definition of B for x5 = 0.

STEP 2 — The next step consists in applying Filippov’s Lemma (cf. [1, Theorem 8.2.10]). To do
so, we define the map g : Rt x A — RY as follows

bl(XxO(t),Oél) if X:vo,N(t) >0
g(t, a) = by (Xxo (t), 042) if Xxo,N t) <0
by (Xao(t),a)  if Xpo N () =0,
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where a = (a1, a9, ). We claim that g is a Caratheodory map. Indeed, it is first clear that, for
fixed ¢, the function a — ¢(¢,a) is continuous. Then, to check that g is measurable with respect to
its first argument we fix a € A, an open set @ C RY and evaluate

9.1 (0)={t>0:g(t,a)NO # 0}
that we split into three components, the first one being
ga_l((’)) N {.%'N < 0} = {t >0: bl(XxO(t),Oél) € O} N {1‘]\[ < 0}.

Since the function ¢ — by (X, (t), 1) is continuous, this set is the intersection of an open set and
a closed set, hence it is measurable. The same argument works for the other components, namely
{zn > 0} and {xx = 0} which finishes the claim.

The function ¢ Xxo (t) is measurable and, for any ¢, the differential inclusion implies that
Xa:o (t) € gt A),

therefore, by Filippov’s Lemma, there exists a measurable map a(-) = (o, a9, 1)(+) € A such that
(2.3) is fulfilled. In particular, by the definition of g, we have for a.e. t € R

. b1 (Xa (t), 1 () if Xy n(t) >0
Kao (1) = ( o(t),az(t))  if Xugn(t) <0 (2.3)
by (X (1), a(t))  if Xpy n(t) = 0.

STEP 3 — The proof of (i7i) is an immediate consequence of Stampacchia’s Theorem since, if
y(t) == (Xz,(t))n, then g(t) = 0 a.e. on the set {y(t) = 0}. O

It is worth remarking that, in Theorem 2.1, a solution X, (-) can be associated to several
controls a(-). To set properly the control problem, without showing that (2.3) has a solution for
any a(-), we introduce the set T, of admissible controlled trajectories starting from the initial
datum xg:

Too = { (X4, a) € Lip(RT; RY) x A such that (2.2) is fulfilled and X, (0) = zo}
and we set
Eri={t : Xap(t) €}, Ee={t: Xp(t) €}, En={t : Xa(t) € H}.
We finally define the set of regular controlled trajectories:
Tact = {(Xzy(-),a) € Ty, such that for all z € H, by(z,a) is regular. }

Recall that, we call singular a dynamic by (z,a) on H with a = (a1, g, ) when bi(z,a1) -eny >0
and by (z, an) -en < 0, while the non-singular (or regular) ones are those for which the b;(z, «;) - en
have the opposite (may be non strict) signs.

The cost functional. Our aim is to minimize an infinite horizon cost functional such that we
respectively pay [; if the trajectory is in €2;, ¢ = 1,2 and [y if it is on H.



More precisely, the cost associated to (X, (+),a) € Ty, 18

xo; a)) = - x ,a e M
Tt (Kagu) = [ (X0, a)e et
where the Lagrangian is given by
E(Xxo (t)7 a) = ll(Xﬂﬁo (t)v ai (t))]151 (t) + lz(Xl’O (t)v Q2 (t))]152 (t) + Z'H(Xﬂﬁo (t)v a(t))]lfﬂ (t) :

The value functions. For each initial data zg, we define the following two value functions

U (20):= inf  J(zo; (Xup, 2.4
(@)= I (wo; (X)) (24)

Ut (xg) := inf J(xo; (Xzy, a 2.5
(@0) = T () (2:5)

The first key result is the Dynamic Programming Principle.

Theorem 2.2. Assume [HO], [H1] and [H2]. Let U~, U™ be the value functions defined in (2.4)
and (2.5). For each initial data xo, and each time 7 > 0, we have

U~ = inf Te X (), a)e Mdt + e MU (X, } 2.6
(@) = o nt [ U 0.0)e Mt + U0 () 26)
Ut(zg) =  inf { / 0(X gy (t),a) e Mdt + e MU (X, (7))} (2.7)

(Xapa)eTas® Lo (Ko ®): ) ’
Proof. The proof is standard, so we skip it. O

Because of our assumptions on by, b, it follows that B(0,6) C B(x) for any x € RV, Hence the
system is controllable, which means, roughly speaking, that the set of admissible controls is rich
enough to avoid ”forbidden directions” in any point of RY.

The most important consequence of this is that both value functions U~ and U™ are Lipschitz
continuous.

Theorem 2.3. Assume [HO], [H1] and [H2]. Then, the value functions U~ and U are bounded,
Lipschitz continuous functions from RY into R.

Proof. Since the proof is the same for U~ and U™, we denote by U a function which can be either
U~ or UT. We first notice that, if M is a large enough constant such that ||l1]]ec, [[l2]|ec < M
(recall that [y,lo are bounded), we have

U(z)| <

M
Y for any z € RY |

therefore U is bounded.



Next let 2,y € RV and set K := % We are going to prove that

U(z) <U(y) + K|z —y] .

Of course, if this inequality is true for any z,y € RY, it implies the Lipschitz continuity of U.

To prove it, we assume that = # y (otherwise the inequality is obvious) and we set e := IZ—JCI'

—X

By [H2], since B(0,5) C B(z) for any z € R, it follows that de € B(z) for any z € RY and the

trajectory
X (t) :=x+de-t,

is a solution of the differential inclusion with X, (0) = x and X,(7) =y with 7 = =

By the Dynamic Programming Principle
T
U(z) < / ((X5(t),a) e Mdt+eMU(y) ,
0

and estimating the cost K(Xw(t), a) by M, we obtain
U(z) = U(y) < M7+ (1= ¢ 7)[|U]|o -

Finally,

2M
Ul) = Uly) < M7+ Ml|Ul|oe = = o]

and the proof is complete.

lz—y|

O

The Hamilton-Jacobi-Bellman Equation. In order to describe what is happening on the
hyperplane H, we shall introduce two ”tangential Hamiltonians” defined on H, namely Hrp, H;?g :
H x R x RV=1 = R. We introduce some notations to be clear on how they are defined: the points
of H# will be identified indifferently by 2/ € RV~! or by = (2/,0) € RY. Now, for the gradient
variable we use the decomposition p = (py,pn) and when dealing with a function u we shall also

use the notation Dyu the (N — 1) first components of the gradient, i.e.,

Du = (DHu, %) .

Then, for any (z,u,py) € H x R, xRV~ we set

HT(x’u’pH) = :u(p) { - bH(xaa’) : (pH’O) + Au — l’}.[(CC,CL)}
o(x

where Ag(z) := {a = (o1, a2, 1) € A: by(x,a)-exy =0} and

H;eg(l",U,PH) = SI;I()) { —by(z,a) - (pu,0) + Au — ly(x,a)}
AL (z

where Ay®(z) == {a = (a1, 00, 1) € Ag(z) ; bi(z, 1) - ey <0 and ba(z, a2) - ey > 0}.

The definition of viscosity sub and super-solutions for Hp an H;*® have to be understood on

‘H, as follows:



Definition 2.4. A bounded usc function v : H — R is a viscosity subsolution of
Hp(z,u,Dyu) =0 onH

if, for any ¢ € CHRN™1) and any mazimum point x{y of 2’ +— u(z')—¢(2’), one has Hr (zo, ¢(z(), Dud(z))) <
0, with o = (z(,0).

A similar definition holds for H7®, for supersolutions and solutions. Of course, if u is defined
in a bigger set containing H (typically RY), we have to use u|s in this definition, a notation that
we shall sometimes omit when not necessary.

We first prove that both the value functions U~ and U™ are viscosity solutions of the Hamilton-
Jacobi-Bellman problem (1.1)-(1.3)-(1.4), while they fulfill different inequalities on the hyperplane
H.

Theorem 2.5. Assume [HO], [H1] and [H2]. The value functions U~ and UT are both viscosity
solutions of the Hamilton-Jacobi-Bellman problem

Hi(z,u,Du) =0 in
Hy(z,u,Du) =0 in Qy (2.10)
min { Hy (z,u, Du), Ha(z,u, Du)} <0 onH ’
max { H1 (2, u, Du), Ho(z,u, Du)} >0 on H.
Moreover, ' — U~ (a,0) verifies
Hp (2, u, Dyu) <0 onH, (2.11)
while ' — U™ (2',0) satisfies
Hy®(z,u,Dyu) <0 onH . (2.12)

Remark 2.6. Once it is proved that U™ is a viscosity solution of (1.1)-(1.3)-(1.4), then (2.12)
follows directly from Theorem 3.1, which concerns all subsolutions of (1.1)-(1.3)-(1.4). However
we give below a direct proof for UT.

Proof. We start by proving that U~ and UT are both viscosity supersolutions of (2.10). Let
U =U" or U~. We consider ¢ € C'(RY) and ¢ € R" such that U — ¢ has a local minimum at
xq, that is, for some r > 0 we have

U(zg) — ¢(xo) < U(x) — d(x) if |z —z0] < 1.

We assume that this min is zero for simplicity, i.e. U(xg) = ¢(z0).

If 29 € Q (or Q3), we can always find a time 7 small enough so that | X, (¢) — x| < r and
Xz (t) € Qp (or Q9), for 0 < t < 7. Therefore the proof in this case is classical and we do not detail
it. (See [4], [5].)

Now assume that z¢p € H and 7 is small enough so that |X,,(t) — z9| < r. By the Dynamic
Programming Principle we have

: ! -t —AT
Uta) > nt { [ 0a0)e a0} (213)

9



thus

: " —At —AT
o(xg) > (Xliga) {/0 E(Xmo(t),a(t))e dt+e gb(XxO(T))} , (2.14)

where the inf is taken over T, or T.® according to whether U =U" or UT.

We use the expansion

Xy (7)) = 0(a0) + [ {11 (X (5),001(3)) - DKo (5D, ()
+09( Xy (), @2(5)) - DP(Xag (5)) e, (5)
+ 03 (KXo (5); a(s)) - DP(Xag(5))Ley, (5)
~ AG(Xay(s)) e ds

(2.15)

Using that 1g, 4+ 1g, + 1g,, = 1 for the (—A¢p)-term, we rewrite (2.14) with three contributions
(for simplicity, we drop the ’s’-dependence in the integrands and use the inversion sup/inf)

Pty / T { (= (Xaps 1) = 01(Xig, ) - DY(Xay) + A$(Xi) L ()
(Xaqg,a) /O
+ ( — 1y( Xy, 2) — ba( Xy, a2) - Dd(Xag) + A¢(Xx0))1152(3)
+ < = Xy, @) = b (Xag, @) - DP(Xoo) + A@(X:vo)>]l&¢ (5)} e M ds.

Since the Hamiltonians are defined as supremum of the various quantities that appear in the
integrand, we deduce that necessarily

0 < sup /T {Hl <X:vo(8)’¢(Xx0(5))’D¢(Xxo(5))) Lg, (s)
(Xzg,a) /0
e (Xm(s),¢<Xmo<s>>,D¢<Xmo<s>>>152<s>
T (Xm(s),¢<Xm<s>>,D¢<Xm<s>>)ws>} e ds
(where H} = Hp if U = U~ and Hj = Hp® if U = UT). Next, we use that Hy, Ho, H} <

max(Hy, Hy) together with 1g, + 1g, + 1g,, = 1 so that we arrive at

0< sup E/T max(Hi, Hy)(Xao (), 9(Xao (), DO( Xz (s))) e M ds. (2.16)
(Xag,a) T J0

Because of the regularity of ¢ and the continuity of the Hamiltonians we have that

maX(Hla H2) (X:BO (S)’ gb(X:Bo (5))’ ng(X:Bo (5))) = maX(Hla H2) (an QS(xO)’ DQS(xO)) + 0(1)

10



where o(1) denotes a quantity which tends to 0 as s — 0, uniformly with respect to the control.
Therefore the sup in (2.16) can be wiped out and sending 7 — 0, we obtain

max(Hy, Hy)(zo, p(xo), Dp(x0)) >0
which means in the viscosity sense that the supersolution condition is verified on H.

Now we prove the subsolutions inequalities. We consider ¢ € C*(RY) and ¢ € R such that
U — ¢ has a local maximum at g, that is, for some r > 0 we have

U(zg) — ¢(xo) > U(x) — d(x) if |z —z0] < 7.

Again, we assume that this max is zero for simplicity.

Here also, if zg € Q0 (or Q2), we can always find a time 7 small enough so that | X, (t) —xzo| < r
and X, (t) € Q1 (or Q9) for 0 < ¢ < 7. In this case the proof is classical (See [4], [5]). So, assume
that zp € H, 7 is small enough so that | X, () — x¢| < r for ¢t < 7. By the Dynamic Programming
Principle we have this time

: ! -t —AT
U(zg) < (Xli(l)f,a) {/0 0(Xgo(t),a(t))e Mdt +e U(XxO(T))}. (2.17)
Thus .
d(xp) < (Xiiga) {/0 E(XmO (t),a(t))e_)‘tdt + e_AngS(XxO (7’))} (2.18)

We distinguish now 5 sub-cases. Notice that since the inf is taken on T3¢ for U™, the third
possibility below does not occur in this case.

CASE 1 — Let a1, ag € A be any constant control such that by (zg, a1)-eny > 0 and by(zg, ag)-en > 0.
Then there exists a time 7 such that the controlled trajectory (X,,a) lives in Qq, for all s €]0, 7].
Therefore, by the inequality (2.18), the expansion (2.15) and classical arguments (dividing by 7
and letting 7 — 0), we obtain

—bl(.%'o, 041) . D(ﬁ(.%’o) — ll(.%'o, 041) + )\(ﬁ(.%'o) <0. (2.19)

CASE 2 — Let a1, ay € A be any constant control such that by (zg, @1)-eny < 0 and by(zg, ag)-en < 0.
By the same argument as in case 1) we obtain

—bz(.%'o, 042) . D(ﬁ(.%’o) — 12(.%'0, 042) + )\(ﬁ(.%'o) <0. (2.20)

CASE 3 — Let a1, g € A be any constant control such that by (xg, a1)-eny > 0 and by (g, a2)-eny < 0
(we can allow here also the case of one of the two to be zero). There exists then a trajectory
(Xzy,a) € Ty such that X, (s) € H for a small time 7. Indeed, if y € H is close to z¢ and
= u(y) is defined as follows

—ba(y,a2) - en
(b1(y, 1) = b2y, a2)) - en’

wy) ==

we consider the solution of &(s) = p(z(s))bi(x(s),a1) + (1 — p(x(s)))ba(z(s), a2), x(0) = xo. By
the regularity of b; and by (and thus of u(y)) the Cauchy-Lipschitz Theorem applies and it is easy
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to check that, by the definition of pu, this trajectory lives in H in the interval [0, 7], for 7 small
enough. Moreover, by the signs of by (zg, 1) - eny and ba(xg, a2) - en, we have 0 < p(z(s)) <1 and
therefore, z(+) is a controlled trajectory associated to a = (av, g, u(z(+))) on [0, 7]. By Inequality
(2.18), the expansion (2.15) and classical arguments, we obtain

—b'H(.%'o, a) . D(ﬁ(.%’o) — l'H(.%'o, a) + )\(b(m'o) <0. (2.21)

CASE 4 — Let a1, g € A be any constant controls such that by (xg, a1)-exy < 0 and by(xg, ag)-en > 0
(here also we can allow the case of one of the two to be zero). By the same argument as in case 3)
we obtain that (2.21) holds.

CASE 5 — Let aj,as € A be any constant control such that by(xg, 1) - ey = 0 and ba(z, a2) -
ey = 0. By the controllability assumption [H2], there exist aj, a3 such that by (zg,a]) - ey =
—dey and by(wg, a5 ) - ey = dey (6 > 0 given by [H2]). For 0 < 1,1 < 1, by the convexity
assumption in [H2], we can find of and ag/ such that by (zo, o) = nbi(xo, a7 ) + (1 — )b (20, 1)
and by(zo, a;’/) = n'bay(x0, a5 )+ (1 —1')ba(xo, a2, respectively. Therefore by (xg, o) ey = —nd <0
and by (zo,ad) -eny = n'd > 0, and, by arguing as in case /), we obtain again that (2.21) holds with

/

a= (o, 0, i(n,n)) where

—bo(z0,0 ) - en n

(bl(.%'o,arll) — bz(%’o,ag,)) *EeN B n + 77, '

i(n,n') =

for all 0 < n,n" < 1. By construction, by(zg,a]) — bi(zo,a1) and bg(xo,ag/) — ba(xp,2) as
n,m" — 0 and, on the other hand, given some 0 < p < 1, we can let 7,7 tend to 0 in such a way
that fi(n,n') — p. Then, (2.21) holds for any 0 < u < 1! by letting 7,7’ — 0 in a suitable way,
recalling also the continuity of by and bs.

By remarking that cases 3, 4 and 5 imply that either —by (zg, a1)-Dé(z0)—11(x0, a1)+AP(x0) < 0
or —ba(xg, ) - Dp(xo) — la(xo, a2) + Ad(xg) < 0, and that we classified all the possible constant
controls we can conclude that

min(Hy, Ha)(zo, ¢(70), Dé(w0)) <0

and the proof of (2.10) is complete.

Let us now prove that U~ verifies (2.11). We consider then ¢ € C*(RY 1) and zg = (z,0) € H
such that 2/ — U~ (2/,0) — ¢(2) has a local maximum at z(;. We assume that this max is zero
for simplicity and we extend the test function as follows: ¢(z/,zx) = ¢(2’) which is a C*(RY)
function, independent of the N-th variable. Notice that D¢ (x) = (Dy¢(x'),0).

If (X,,,a) is a controlled trajectory such that X, (t) € H for t € [0, 7] for some 7 > 0, we have
for 0 < 7 < 7, by the dynamic programming principle

U~ () < /0 ' 0( X (), a(t)) e Mdt + e AU (Xy (7))

ndeed in this case, we have no constraint on j, which can be any real number in [0,1].
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which implies B}
(o) < / U(Xao (1), a(t)) e Mdt + e G(Xo (7)) -
0

The proof follows the same arguments as before in the proof of U™ being a subsolution of (2.10)
for the cases 3,4 and 5 (for which we have indeed X, (t) € H for ¢t € [0, 7] for some 7 > 0). In other
words, since we are considering only the controls in Ay (zg), we do not have controls fulfilling cases
1 and 2. Therefore, all the possible controls in Ag(zg) are considered for which we obtain (2.21).
Thus,

iul() | { = by(x0,a) - D(x0) — l(wo, a) + Ad(z0) } <0,
acAp(xo

that we interpret as follows:

Hr (0, ¢(x0), Dy o(x0)) = iul(o ){— by (20, ) - (Dyp(xh),0) — Ly (o, a) + Ap(ah)} <0,
acAg(xo

hence (2.11) holds. In order to prove that U™ verifies (2.12) we argue exactly as before remarking
that we do not have to consider cases 1, 2 and 3. ]

In what follows, we are going to consider control problems set in either €1 or €y (or their
closure). For the sake of clarity we use the following notation. If zg € Q;, (i = 1,2) and «4(+) €
L*(R™; A), we will denote by Y, () the solution of the following ode

Vi (s) = bi(Yi (s),culs)) . Y (0) = (2:22)

Our next result is a (little bit unusual) supersolution property which is satisfied by UT on H.

Theorem 2.7. Assume [HO], [H1] and [H2]. Let ¢ € CH(RN™1) and suppose that x is a minimum
point of ' — U™ (2/,0) — ¢(z’). Then we have either

A) There existn >0, i =1 or 2 and a control a;(-) such that, if x := (x(,0), Y (s) € Q; for all
s €]0,7n] and

Ut (z0) > / (VL (), (et + U (V2 ()™ (2.23)
0
]03r) it holds
Hp 8 (w9, UT (20), Dy g(ap)) > 0. (2.24)

Proof. By assumption [H2], there exists an optimal control a(-) = (a1(-), az(+), u(+)), i.e. a control
in 7;.® such that

[ee]
U+ (20) = / (X (1), alt)) e Mdt |
0
Moreover, by the Dynamic Programming Principle, we have, for any T > 0

U (z) = /TE(XM (t),a(t))e_Mdt + U (X, (T)e T .
0

We are going to argue depending on whether there exists a sequence (Tj)x converging to 0 such
that Ty > 0 and Xxo(Tk) e H.
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If it is NOT the case then this means that we are in the case A) since, for n small enough,
the trajectory X,,(-) stays necessarily either in ©; or £y on |0,7], and therefore only the control
problem in either Q; or Q plays a role. Therefore X, (-) = Y, (-) for some i = 1,2 and we can
take T' =7 in the above equality.

On the contrary, if IT IS the case, we can use the minimum point property: assuming without
loss of generality that ¢(zf) = Ut (), we extend ¢ to RY by setting ¢(2’, zx) := ¢(2’) which is
C' in RN and write, for k large enough,

- T Y - ZAT,
Hwo) > /0 0(X g (), a(t)) et + G( X (Ti) )T

Using the same computations as in the proof of Theorem 2.5 and dropping the dependence on s in
the integral, we are led to

Ty ] )
0 S/o {(_ 1 (Xag, 1) = b1(Xzg, 1) - DO(Xz,) + )‘¢(Xmo)>]151
+ < —Io( Xy, 2) — ba(Xuy, 2) - DH(X o) + )\(5()(960))]152
 ((— 1(Xsg. @) — br(Xsy. ) - DO(Xor,) + A&Xm))]lsﬂ} e ds.

In order to prove the H ®_inequality, we argue by contradiction, assuming that
Hy % (20, UT (20), Dyo(ag)) < —n < 0.
Using ¢(x0) = Ut () and Do = (Dy,0), (2.9) implies that
—by (w0, @) - D(x0) + Ad(w0) — by (w0, a) < —n <0,
for any a = (&1, a2, ft) € Ay®(xo).

Notice that, because of the regularity of ¢, we have
Ty, - -
o(T},) S/ {( — 1(Xag, 1) — b1(Xgp, 1) - Dd(z0) + Nﬁ(%))]l&(s)
0
+ ( - ZQ(Xmoa CMQ) - bQ(X:BOa CMQ) : ng(,l?(]) + )\QZB(QTo))]].gQ (S)
+ ( — 13(Xag, @) = by (X, a) - Dp(o) + A(g(xo))]lgﬁ(s)} e Mds.

Now we are considering separately the integral on &1, & and £y. We remark that £; is an open
subset and it can be written as U,]Sm, Smy1[. On an interval |s,,, Sm+1[, we have to examine

/sm+1 ( — 11 (Xag, 1) — b1 (Xag, 1) - D(wo) + >\<73(9€0)>dt :

We first note that, thanks to [H2] we have

1 - (/Ssm+1 by (zo, an (t))dt, /Ssm+1 ll(x07a1(t))dt) = <b1(xo,071),l1(m0,d1))

(Smt+1—s
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for some a; € A;. Therefore, also by [HO], we have
Sm+1 ~ ~
/ ( (X 1) — b1 (X, 1) - Do) + A(b(mo))dt -

= (Sm+1 — Sm)< — ll(.%'o, 541) — bl(.%'o, dl) . D&(mo) + )\(5(.%’0) + O(Tk))

We notice that, since X, (s,) and X, (Sm+1) are on H,

(s = s00) B (w0,31) + O(TL))) - e = (/:m“ b1 (X g, )t ) - ey = (/:m“ Kpgit) -en =0,

we deduce then
bi(zg, 1) -eny = O(T}) .

Now we claim that there exists o € Ay such that
bl(CC(), 0/1) -ey =0, with bl(xo, 5[1) - bl(CC(), 0/1) = O(Tk) and ll(xo,(il) — ll(xo,()/l) = O(Tk)

To prove it, we use again [H2]: there exists a® € A; such that by (zg, a®) = +den. If by(zo, a1)-en >
0, there exists 1 € [0, 1] such that

(i1 (20, 07) + (1 = @br (w0, 1) ) - en = 0,
with a 2 which is a O(T}). Using [H2], there exists o/} € A,

fi(ba(@o,a7), Lo, 07) ) + (1 = 1) (bi (o, 1), w0, @) ) = (ba(o,0d), b (w0, %))

and this equality implies our claim. Therefore, we can apply our contradiction assumption for the
control o, (take i = 1 and any &3 such that be(zg, d2) - ey < 0) and obtain

—bl(.%'o,@l) . D(%(.%’o) + )\(5(.%’0) — ll(.%'o,@l) < -—-n-+ O(Tk) <0.

Using this information on each interval, repeating the same argument for £ and noticing that, on
Ex, the same strict inequality holds in a simpler way, we end up with a contradiction since we have

o(T) s/OT'“ (=n+ov)dr.

and the proof is complete. O

3 Properties of viscosity sub and supersolutions

In this section we describe the properties fulfilled by the sub and supersolutions of system (1.1)-
(1.4). We are going to consider only bounded sub and supersolutions, a natural class according
to Section 2. Because of [H2], the subsolutions are automatically Lipschitz continuous since the
Hamiltonians are coercive but, a priori, the supersolutions may be only lower semicontinuous.

We first prove that any subsolution of (1.1)-(1.3)-(1.4) is a viscosity subsolution of Hy® = 0 on
the hyperplane H.
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Theorem 3.1. Assume [H0], [H1] and [H2]. If u : RN — R is a bounded, Lipschitz continuous
subsolution of (1.1)-(1.3)-(1.4), then w is a subsolution of (2.12).

Proof. Let ¢(+) be a C'-function on R¥~! and z, a maximum point of 2’ — u(a’,0) — ¢(2’), our
aim is then to prove that, for any a € Ay®(x) where o = (x(,0), we have

—by(z0,a) - Dp(x() — Iy (w0, a) — du(xg) < 0. (3.1)
We first remark that it is sufficient to prove this inequality for the elements a of Ay® (o) such that
bi(zg, 1) -en < 0, ba(xg,a2) - ey > 0 and (uby(xo, 1) + (1 — p)ba(zo, 2)) - en = 0. (3.2)

Indeed, the case of non-strict inequalities can be recovered thanks to assumptions [HO]-[H2], with
the same argument as in the proof of (2.12)-CASE 5.

~ We fix now any triple (a1, g, 1) such that (3.2) is fulfilled and, as usual, we define the function
3’ z) = $(a) for which Di(zo) = (Dy(a"), 0)

For 0 < ¢ <« 1, we consider the function

~ 1-2
x = u(x) — ¢(x) —nry — 6—]2\/ — |z — 2] := u(z) — e () (3.3)

where the constant 7 € R is chosen as follows: we consider the solution 7 € R of
—bl(xo,()él) . (Dgzg(xo) + ’F}BN) — ll(x(), Oél) + )\u(xo) =0.

Such a solution exists because of Property (3.2) on by (xp, 1) and we choose 1 > 7. Therefore

—bi(zo, 1) - (Do(x0) +nen) — l1(zo, 1) + Au(xo) > 0.

By standard arguments, the function u — 9. has a local maximum z. in RY and z. — zg as
e — 0. We want first to show that for £ > 0 small enough (the other parameters being fixed for the
moment), x. necessarily belongs to Q5 due to the penalization. So, assume on the contrary that
xe € Q1. Since u is a subsolution of (1.1)-(1.3)-(1.4), we have

Hy(ze,u(z:), DY (z:)) <0,

which implies
—b ($e,051) : D¢€($e) - ll(xa al) + Au(xs) <0. (3-4)

But Dyye(z:) = D(e) + nen + 2 (x;?N

en + 2(x: — zp) and therefore

—by (e, 1) - Dipe(we) = —by (22, 1) - (Do) + nen) — Q(x;)Nbl(xe,al) ceny +o0:(1),

where o.(1) is a quantity going to zero as ¢ — 0, the other parameters being fixed. But, because
again of Property (3.2) and the fact that z. € Q; which implies (z.)y > 0, we have

(xe)N
-9 62

bi(ze,a1) ey >0.
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Finally, recalling the continuity of by, {1, ¢ and u, we deduce that
—b1($5,041) : D¢€($€) - ll(xs,al) + Au(xs) >

—b1 (20, 01) - (D(x0) + nen) — 11 (o, a1) + Mu(xg) + 0:(1) .
Our choice of 7 implies that Inequality (3.4) cannot hold for ¢ small enough, and therefore x. € Q.

In the same way, if . € H, we have
min(Hy (ze, u(ze), DYe (), Ha (e, u(e), De(2c))) <0 (3.5)
but the above proof shows that, for € small enough,
Hy (e, u(ze), De(ae)) >0,

and therefore
H2($e7u($e)a Dwa(xe)) <0.

In particular, this implies
_b2($e,a2) : D¢€($€) - l2(x€a052) + >‘¢€($€) <0. (3'6)
Now z. € Q which implies (z.)x < 0 and invoking again Property (3.2), we have

(xe)N

-2
2

ba(ze, 1) ey >0,
since by(ze, 1) - ey > 0 for € small enough. This yields
—by(x0, ) - (D@(x0) + nen) — la(xo, ar) + Mu(xo) + 0-(1) <0 .

In this inequality, we first let € tend to 0 and then n tend to 7.

In order to conclude, we use the value of 7, namely

b1 (x(], Oél) . DQZE(CCQ) — ll(xo, Oél) + )\U(CEQ)
bl (.%'0, 041) . Dd(m'o) ’

77/:

and an easy computation on the inequality

—ba(z0, a2) - (Dé(x0) + nen) — la(xo, 1) + Au(zg) <0,

provides the desired inequality. O

Now we prove two properties verified by sub and supersolutions in the domains §2;, that will be
important to obtain the uniqueness results.
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Lemma 3.2. Assume [H0], [H1] and [H2]. Let v :RY — R be a Isc supersolution of (1.1)-(1.3)-
(1.4), and u : RN — R be a Lipschitz continuous subsolution of (1.1)-(1.3)-(1.4). Then, if x¢ € €,
we have for allt > 0

r rtAG; ) . ]
v(xg) > i(n)fe / 1Li(Yy, (s), ai(s))e ™ ds + V(Y (EA 0;))e A0 | (3.7)
a;(+),0: LJo ]

and

rrtnG; ) ) ]

u(zp) < i(n)fe / (Y, (s), a;i(s))e ™ ds + u(Yy, (tA 0;))e A0 | (3.8)
ai(+),0: [Jo ]

where Y;O is the solution of the ode (2.22) and the infima are taken on all stopping time 0; such

that Yxio(é?i) € H and 7; < 0; < T; where 7; is the exit time of the trajectory Ygg0 from §; and T; is

the one from ;.

Proof. For x = u or v, we consider the exit time-Dirichlet problems

wy + Hi(x,w, Dw) =0 in ; x (0,+00)
w(z,0) = x(z) on Q; (3.9)
w(z,t) = x(x) on 9Q; x (0,400) .

The proofs of (3.7) and (3.8) are slightly different. Property (3.7) directly follows from the results
of Blanc [8, 9] since v is a supersolution of (3.9) (with x = v) while the right hand-side is the
formula for the minimal supersolution (and solution) of this problem. It is worth pointing out that
(i) we do not need relaxed controls because of Assumption [H2| since, in our case, relaxed controls
coincide with usual L*° controls and (ii) the results in [8, 9] are obtained in bounded domains but
they can easily be extended to unbounded domains.

For (3.8), the right-hand side of the inequality is a supersolution of (3.9) (with y = u) while u
is a subsolution. The comparison in €2; of these sub and supersolution follows from the result in
Barles and Perthame [7] (see also [5]) because u is (Lipschitz) continuous. The continuity of u is a
key point in the comparison property. ]

We prove now a property fulfilled by a supersolution v of (1.1)-(1.3)-(1.4) which highlights the
alternative between, roughly speaking: (i) there exist an optimal strategy consisting in entering
one of the sets 4 /Qy; (i) the optimal strategies consist in staying on #H for a while.

Theorem 3.3. Assume [H0], [H1] and [H2]. Let v : RY — R be a lsc supersolution of (1.1)-(1.3)-
(1.4). Let ¢ € CYRN=Y) and zf) be a minimum point of ' + v(z’,0) — ¢p(2'). Then, either

A) there existn >0, i =1 or 2 and a sequence xy € Q; — xo = ((,0) such that v(z) — v(zo)
and, for each k, there exists a control af(-) such that the corresponding trajectory Yxik(s) € Q; for
all s € [0,n] and

o(ar) > /0 "LV (), b (8)e Nt + o(YE ()e (3.10)

B) it holds
HT(xo,v(mo),DH¢(x6)) > 0. (3.11)
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Proof. We are going to prove that, if A) does not hold, then we have B). To do so, we first remark
that, changing ¢(z') in ¢(z') — |2/ — x{|*, we can assume that zf, is a strict local minimum point
of v(z/,0) — ¢(2’). We then define the function ¢(z/,zy) := ¢(2’) in order to have Do(xg) =
For € > 0 which is devoted to tend to 0, we consider the function
~ xz
v, on) — d(2, zN) — SN + 6—]2\[

where 0 € R will be chosen below. By standard arguments, this function achieves its minimum
near o and, any sequence of such minimum points x. converges to zo = (z(,0).

1%t case. Let us first suppose that, for all § € R, the minimum is attained at a point x. of
the hyperplane H. Thus, because z( is a strict local minimum point of v(a’,0) — ¢(2'), then
x = (x5,0) = xp and, since v is a supersolution of (2.10), we have

©(6) = max{H(zo,v(z0), Dud(z() + den), Ha(zo, v(w0), Dug(xp) + den)} = 0 (3.12)
for any § € R (notice that Dy ¢(x()) + den is the sum of a (N — 1)-dimensional vector and a vector
in the N-th direction, hence it belongs to RY).

The function ¢(-) defined in such a way is convex and coercive (since Hj, Ho are convex and
coercive) and, if  is a minimum point of ¢, we have 0 € dp(9).

By a classical result (see the book of Rockafellar [21]), since ¢ is expressed in terms of supremum
of quantities like
—bi (w0, 1) - (Dud(xp) + den) — li(wo, 1),
—ba(x0, a2) - (Dy () + den) — la(wo, a2)

then any element of the subdifferential of ¢, is a convex combination of the gradients of such
functions (namely —bj(xo, 1) - ey and —by (g, ) - en) for the oy, ay such that

©(8) = —bi(xo, 1) - (Dyo(xp) + den) — li(zo, 1),

©(8) = —ba(zo, 2) - (Dyo(xp) + den) — la(zo, az)
i.e. for the aq, s for which the maximum is achieved.

Taking [H2] into account and looking at the meaning of these properties at the point &, we see
that it can be reduced to: there exists a p € [0,1] such that

0= pu(br(zo, 1) -en) + (1 — pu)(ba(xg, 0) - en), and
0 < ¢(8) = u{ — bi(zo, 1) - (Duo(ap) + den) — li(wo, 1) }
+ (1 — ,u,){ — bg(m'o, ch) . (DH¢(x6) + (56]\[) - lg(%’o,ag)}.
Inequality (3.11) easily follows.

274 case. As a consequence of Case 1, we see that, if @(52
minimum point of ¢, we are done. Hence we may assume ()

0 where, as above, 0 is a global

>
< 0.

We consider the function



and denote by x. a minimum point of v — ..

Since p(d) < 0, z. cannot be on H. Therefore we can apply Lemma 3.2 which gives, for any
t>0

tAO; ) )
viae) 2 inf U (Y (5), ai(s))e ™ ds + u(Y, (¢ A eme‘wi’} ! (3.13)
a;i(-),04 0

where we denote by Y, (+) the solution of the ode (2.22) starting from z. at time 0.

Because of [H2|, the infimum in (3.13), say for ¢ = 1, is attained for some o5(-) and 6 > 0,
namely

0 ) . .
o(a) > [ [ e ad(ee s+ o <ef>>e”z} | (3.14)

Moreover, recalling that we are assuming that A) does not hold, we have that §; — 0 as ¢ — 0.

But using that x. is a local minimum point of v(z) — 1-(x) we deduce that, for £ small enough

05 . . . .
0> [ L has(sNe s oL BN =)+ (V) o) (15)

Next we remark that, since by definition (y,_(05))n = 0, we can drop the term corresponding to
$2
. Indeed

VLEDY @
3 3

Therefore, inequality (3.15) becomes
05 A , .
02 [ (YL (s).ai(s))e ¥ ds + oYL (B (e - 1)+
0

/09? {ng(Y;g(s)) +5.6N] (Y7 (s),05(s))ds,  (3.16)

o< [ § { =00, afope ™ = [ Dotvs (9) + 8- en| - 0,002, (0, s
(VBN 1) <

o v ey, —As i 5 . b (Y €
<[ s {—zxY%(s),ane - [D¢<Ymg<s>>+6 eN] b@<YxE<s>,ai>}ds
— v(Yggs(HZ‘?))(e_)‘ef —1). (3.17)

If we divide now by 6 and let € tend to 0, we obtain by usual arguments

0< Sua{_li(%’ ;) — (Dyo(xp) + 6 - en) - bi(zo, ;) } + (o)
;€
= Hi(xo,v(x0), Dud(xp) + 9 - en),

which is a contradiction, so that the proof is complete. ]
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4 A uniqueness result.

Theorem 4.1. Assume [HO], [H1] and [H2]. Let u be a bounded, Lipschitz continuous subsolution
of (1.1)-(1.3)-(1.4)-(1.5) and v be a bounded, lsc supersolution of (1.1)-(1.3)-(1.4). Then u <wv in
RY.

Proof. In order to justify our strategy of proof, we point out that the usual “doubling of variables”
method, which is very classical in viscosity solutions’ theory, cannot work here since if we look at
a maximum of u(x) — v(y) — -+, then x and y can be in two different part of the domain (either
Q4 or ) and we would face two completely different and therefore useless inequalities. Therefore
we have to look at a maximum of u(z) — v(z) and to do so, we have to (i) regularize u to make
it C! at least in the z1,---,zy_1 variables and (ii) manage to turn around the difficulty of the
non-compact domain.

The regularization of u relies on (almost) standard arguments. We use a sequence of mollifiers

(pe)e defined on RV~ as follows
1 T

pe(r) = EN—_lp( )

€
where

pE COO(RNl),/ p(y)dy =1, and supp{p} = Brn-1(0,1).

RN-1

Next we consider the function u. defined in RV by
ue(x) = / u(z' — e, xn)p(e)de .
RN-1

A key result is the

Lemma 4.2. There exists a function m : (0,4+00) — (0,400) with m(0+) = 0 such that the
function u. —m(e) is a viscosity subsolution of (1.1)-(1.3)-(1.4)-(1.5).

We skip the proof of this result which relies on standard arguments: see the book of P.LL Lions
[20] or Barles & Jakobsen [6]. It is worth pointing out that it is completely standard for (1.5) which
is an equation set in RV~1, a little bit less classical for (1.1). We use in a crucial way the fact that
u is Lipschitz continuous, as a consequence of the controlability assumption [H2] (which implies
that Hy, Hy, Hy are coercive Hamiltonians). Of course, m(e) is a quantity which controls the error
terms through the Au-term.

Next we have the
Lemma 4.3. For M large enough, the function v(z) := —|z|> — M is a viscosity subsolution of

(1.1)-(1.3)-(1.4)-(1.5).

Again the proof is easy since the assumptions [HO]-[H2] implies that for H = Hy, Hy, Hp we
have
H(z,t,p) < Cilp| + Mt +Cy .

Therefore we just have to estimate C1|2z| + A(—|z|?> — M) + C and the conclusion follows easily
by using the Cauchy-Schwarz inequality for the first term.
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Using these lemmas, the proof of the result is easy: for 0 < p < 1, close to 1, we set u. , =
p(ue —m(e)) + (1 — p)tp. Notice that, by the convexity properties of Hy, Ho, Hr, u., is still a
subsolution of (1.1)-(1.5). Moreover u. ,(x) — —o0 as |z| = +00.

Therefore we may consider M, , := maxgn (ue,(x) — v(x)) which is achieved at some point
z € RY and we argue by contradiction assuming that M., > 0.

We first remark that, necessarily, z € H. Otherwise, we introduce the function wu. ,(x) —
v(z) — |z — Z|? which has a strict maximum at Z and we double the variables, i.e. we consider, for
0< Bk,
|z =P

32
Applying readily the classical arguments and remarking that the maximum points of this function

converge to (Z,Z), we would be led to the conclusion that w. ,(z) < v(z) and therefore M, , < 0.
A contradiction.

(z,y) = e pu(@) — v(y) — |z —z”.

Since T € H, we can turn to Theorem 3.3. We point out that w., is C' with respect to the
x1,--- ,wN—1 variables and therefore u. ,, is both a test-function for the v-inequality and it satisfies
the subsolution inequality in the classical sense. Either we are in the B) case, Hy(Z,v(Z), Du, ,(T)) >
0, and we conclude with a classical comparison result that u. ,(Z) < v(Z) since

Hp(Z,ue (), Due (7)) < 0.

Or we are in the case A). Therefore, for any k, we have at

Mm)ZA%A%Jmaﬂﬂk”%ﬁ+wﬁAmk”"

and ;
tenlon) < [ LV (0, ab(E)e Nt +u, (Y3, ()

0

where the last inequality is a consequence of Lemma 3.2. Subtracting these inequalities gives
e (1) = v(x) < (ueu(Yy, (1) = 0(Y3, (0))e ™ < Me e,
and letting k tends to 400 yields
MEHU, S M‘gv“ei}\n )

a contradiction which proves that M. , <0.

This means that u. , < v in RY and we conclude by letting first 4 tend to 1 and then e tend
to 0. ]

Corollary 4.4. Assume [HO], [H1] and [H2].
(i) U™ is the minimal supersolution and solution of (1.1)-(1.8)-(1.4).
(i1) U™ is the maximal subsolution and solution of (1.1)-(1.3)-(1.4).

(i1i) There ezists a unique solution of (1.1)-(1.8)-(1.4)-(1.5) and for this problem, any subsolution
is below any supersolution (Strong Comparison Result).
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This corollary can be read in the following way: unfortunately, we do not have a Strong Com-
parison Result for (1.1)-(1.3)-(1.4) but we can identify the minimal supersolution (and solution)
and the maximal subsolution (and solution). But if we add the subsolution condition (1.5), then we
recover the full Strong Comparison Result. In Section 5, explicit 1-D examples show that this result
is optimal and we give also sufficient conditions in 1-D which ensure that that (1.1)-(1.3)-(1.4) and
(1.1)-(1.3)-(1.4)-(1.5) are equivalent.

Proof. The proof is very short since we have just to apply Theorem 4.1 for most of the cases.

The result (i) is an immediate consequence of the fact that U™, is a subsolution of (1.1)-(1.3)-
(1.4)-(1.5) , while, for (iii), the result is exactly Theorem 4.1.

To prove (ii) we aim to use the same arguments as in the proof of Theorem 4.1 with Hamiltonian
Hrp being replaced by Hx®.
Let u be any bounded Lipschitz continuous subsolution of (1.1)-(1.3)-(1.4)(1.1). By the above
regularization, we can suppose that it is a C'' function on RN~!. Let Z be a maximum point of
uw— Ut on RY, and observe that, as above, we can assume that Z € H. We observe now that the
function U™ fulfills Theorem 2.7 at point Z, mimimum of the function ' — U™ (2/,0) — u(z’,0).
(Note that this is the analogue of Theorem 3.3). Therefore, we have case A) or case B).
If we are in case B), it holds

H;®(z,U"(z), Dyu(z)) > 0,

therefore, the conclusion easily follows observing that by Theorem 3.1, w fulfills in the classical
sense
H® (2, u(z), Dyu(z)) < 0.

If we are in case A), there exist 7 > 0, i = 1 or 2 and a control a;(+) such that, Y(s) € €; for all

s €]0,7n] and
U

UHz) > / LYi(E), a5 ())e=Mdt + U (Vi (n))e .
0

Therefore the conclusion follows by applying (3.8) in Lemma 3.2, noticing that, since u is Lipschitz
continuous, this property can be extended to points of €2; (and not only to points of €;).
O

Remark 4.5. The last part of the proof of Corollary 4.4 clearly emphasizes the uniqueness problem
with (1.1)-(1.8)-(1.4): either, on H, we allow the singular strategies

(ubi(z,0n) + (1 — p)be(z, a2)) -en = 0, bi(z,01) -en >0, ba(z,02) -en <0,

and, since they are not encoded in (1.1)-(1.3)-(1.4), we have to add (1.5) to get the uniqueness.
Or we do not allow them (or they are not optimal) and we obtain the uniqueness. In any case, the
choice of the inequality Hy (to be imposed) or Hyp® (consequence of (1.1)-(1.8)-(1.4)) makes the
difference.

5 The 1-D case

In this section we go a little bit further by providing a complete classification of the value functions
U~ and U*t. Moreover, we derive explicit examples highlighting the different strategie that we call
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“state constraints”, “push-push” and “pull-pull” strategies, and the non-uniqueness phenomenon.

5.1 Structure of solutions

In order to describe the structure of solutions, we introduce the state constraint solutions Ugcy in
Q1 and Ugco in 29 which are defined, for ¢ = 1,2 in the following way

Asci

Usci(zg) := inf [ /0 - zi(Y;O(s),ai(s))eASds} ,

where Agc; is the set of controls a;(-) for which Y} (s) € Q; for any s > 0. Note that by the
classical results in [23], Ugcy are solutions of H; =0 on Q; and H; > 0 on Q; (see also [4]).

We also denote by

min {,ull(O,oq) + (1 - ,U)l2(0,052)} 5

0=+
U = —
H A (p,a1,02)€A0(0)

which is the solution of Hp(z,u, Dyu) = 0 on H = {0} in this particular case. Similarly, u3;®(0) is
the same quantity when the min is taken over the regular controls, Ay™(0).

Theorem 5.1. Assume [H0], [H1] and [H2]. The following holds U~ (0) = min {u/(0), Usc1(0), Usc2(0)}-
Therefore we have

(i) if the min is given by uy(0), then U~ is the unique solution of the Dirichlet problems

Hi(z,w,Dw) =0 in p Hy(z,w, Dw) =0 in Qs
an
w(0) = up(0) w(0) = un(0)
(i) if the min is given by Ugc1(0), then U~ = Ugcy in Qy, and in Qy it is the unique solution
of the Dirichlet problem Hy = 0 with boundary value U~ (0) = Ugc1(0);
(ii) if the min is given by Ugca(0), then U™ = Ugce in Qo, and in Qy it is the unique solution
of the Dirichlet problem Hy = 0, with boundary value U~ (0) = Ugc2(0).

Similarly, UT(0) = min {uz;*(0), Usc1(0), Usc2(0)} and the value of the min identifies UT as
above, among the three possibilities.

Concerning uniqueness, a direct consequence is the following:

Corollary 5.2. Assume [HO], [H1] and [H2] and one of the following condition holds: (i) uy(0) =
uz,%(0); (i1) up(0) > min {Ugc1(0), Usc2(0)}. Then U™ = Ut there is a unique solution of the
problem.

Theorem 5.1 follows from the conjunction of several results. We begin with the following
proposition concerning subsolutions.
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Proposition 5.3. Assume [HO], [H1] and [H2]. Letv be a bounded, lsc supersolution of (1.1)-(1.4).
Then

v(0) > min {uy(0), Usc1(0), Usc2(0)} = U (0).

Before proving this proposition, we go back to the solution introduced in Lemma 3.2 which is
considered here for xg €

tAO1
v(@o) 2 w-(zo,1) ;= f Uo LY, (5),an()e ™ ds + (YL (¢ A 61)e 20D |

where we recall that leo is the solution of the ode (2.22) with i = 1 and the infimum is taken on all
stopping time 6; such that y(6;) = 0 and 7 < 6; < 71 where 77 is the exit time of the trajectory
chl0 from 21 and 77 is the one from ;.

We again point out that we do not need relaxed controls in the expression of w_ because of
Assumption [H2] since in our case, relaxed controls coincide with usual L controls. Using this
remark, we notice that, for any = # 0 and ¢ > 0, the above infimum for w_ is achieved for some
control a;(-) and some stopping time 0 < #; < +oc, namely

Zo

t/\971 - B
w-(zo,1) = / (Y, (s), @i (s))e o ds +o(Y,L (E A 6r))e MM
0

A priori, @;(-) and #; depend on z and ¢ but we drop most of the time this dependence for the sake
of simplicity of notations.

The following Lemma holds

Lemma 5.4. Fither the trajectory Y:vlo(') is decreasing, or limy_,oo w_(x0,t) = Usci(zo).

Proof. We fix xy € Q; and consider first case when #; — 400 then ¢t — 400, at least up to some
subsequence. In this (simple) case, then w_(xg,t) — Ugci(xg) as t — +0oo because we get the
integral over (0, 0).

Otherwise we may assume that 6] remains bounded, thus w_ (g, t) is independent of ¢ for large
t and we have

i )
w_ (50, ) = /O LY.L (), an(s))eds + v(Y: (01))e 2 .

Moreover, pick any 0 < 5 < 6, by the Dynamic Programming Principle for w

w_(zo,t) = ozli(I-l)fel {/0 11 (Y, (s), a1(s))e  ds + w_(Y, (8),t — 5)e

< /S ll(leo(s), ay(s))e ds + w,(Y:gO(E), t—3)e .
0

We deduce from this property that

0, -
w_ (Y, (5),t — 5le M = / 11 (Y (s), a(s))e ds + v(Y,, (61))e M,
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Therefore w,(Yxlo (8),t — 5) is independent of ¢ as well and we drop this dependence by just writing
w_ (Y, (5)) for 0 < 5 < 6;.

If s — Yxlo(s) is not monotone on [0,6;[, there exists 0 < s; < sy < 6 such that Ygglo(sl) =
YQ}O(SQ). By the above property, we have

2

W (V) = [ (V) an(s)e Vs 4w (Vi (sa))e
S1

Using the fact that Y, (s1) = Y} (s2) and the Dynamic Programming Principle which can be

written as

w_(z0,1) = /0 "L (5), @ (s))e o ds + w_ (Y (s1))e

this means that, iterating the loop, from s; to ss, we have an optimal control defined for all s > 0.
More precisely we introduce the control

ai(s) f0<s<sy,

a1(s — (sg—s1)) if sg <s<s9+(s2—s1),
ap(s) = )

a1(s —k(sg —s1)) if so+k(sa—s1) <s<sy+ (k+1)(s2—s1).

Arguing by induction, it is easy to show that the associated trajectory Y;lo remains in ; for all
5> 0, that Y} (so + (k4 1)(s2 — s1)) = Y} (s51) = Y1 (s2) and

82+(k+1)(82781) B
oot = | (Y (5), 1 ()™ ds + w_ (V] (sg))e o (i Dmsn)
0
Letting k — +o0 gives w_(xg,t) > Ugci(xo) but the definition of w_ implies that it is in fact an
equality.

Now if the trajectory is monotone, there are two possibilities: increasing or decreasing. We
remark that if s — Y} (s) is increasing in €y, then 6; is necessarily +oo and lim;_,oc w—(zo,t) =
Usci(zg). The only remaining possibility is that the trajectory is decreasing, which ends the
proof. O

Now we can proceed with the proof of Proposition 5.3.

Proof of Proposition 5.3. Let us first notice that if v(0) < liminf, ,ov(z), then we may apply
Theorem 3.3 case B): we know that for any test function, the minimum is attained at = = 0, which
implies directly

Hrp(0,0(0), Dyv(0)) = v(0) — uz(0) > 0.
Hence v(0) > uy(0) which implies the result.

Since v is lsc, we may now assume in the rest of the proof that v(0) = liminf, ,ov(z) =
lim,, 0 v(xy). The alternative of Theorem 3.3 can also be applied. In case B), we have exactly as
above: v(0) > u/(0) > min {uy(0), Usc1(0), Usc2(0)}.

It remains to treat case A). For simplicity we assume that for any k, x > 0, that is we always
have ¢ = 1 and we use the fact that

v(xg) > w_(zk,t) YE>0.

26



Then up to extraction, the following holds

(7) either for any zj we have w_(z,t) = Usci(zy) and we conclude by letting = — 0, which gives
directly v(0) > Ugc1(0), since Ugcy is a continuous function thanks to assumptions [H1] and [H2];
(i) or for any wy, the associated trajectory Y| (see Lemma 5.4) is decreasing. In this case we
notice that 0 < YgﬁllC (61) < zx and pass to the limit in the expression

01 _
v(ar) > w_(ap, 1) = /0 (YL (s), @ (s)e ™ ds + (YL, (B1)e ™ |

which yields

61 -
v(0) > /0 11(0,a1(s))e™ds + v(0)e 1 .

Iterating the estimate as above we obtain that v(0) > Ugc;(0).

Of course, if the sequence xj, lies in 3, we obtain in each case that v(0) > Ugc2(0). Combining
all the cases above, we get indeed

U(O) > min {UH(O)a Usa (0)’ Usce (0)} :

It remains to proove that this min is actually U~ (0). First, by comparison in €; we get
U~ (z) < Ugci(x), i = 1,2. Moreover, (2.11) gives U™ (0) < uy(0) so that we obtain U~ (0) <
min {u(0), Usc1(0), Uscz(0)}. Then, since U™ is a supersolution, we can use the reverse inequal-
ity for v = U™ and conclude that equality holds. O

Concerning subsolutions, we have

Proposition 5.5. Assume [H0], [H1] and [H2]. Let u be a bounded, usc subsolution of (1.1)-(1.3)-
(1.4). Then
u(0) < min {uy#(0), Usc1(0), Usca(0)} = UT(0).

Proof. We first show the inequality on the left. Notice first that by (2.12), u(0) < UT(0) < u3/%(0).
Also, by classical comparison arguments, it is clear that in £, u(z) < Ugci(z), and the same in 9
with Ugcg. Hence the inequality indeed holds. Notice that U™ (0) itself also satisfies the inequality
on the left.

Now, for the equality on the right the argument is similar to the one we used for the su-
persolutions. Alternative B) of Theorem 2.7 translates directly into UT(0) > w3®(0). In the
other case, we use Lemma 5.4 and conclude as above that UT(0) > Ugc1(0). Hence UT(0) >
min {ugjg(()), Usc1(0), Usee (0)}, and combining with the first part of this proof we get equality. [

We then turn to the proof of Theorem 5.1.

Proof. We consider the case of U™, the argument being the same for UT. The first part of the
Theorem has been proved in Proposition 5.3. Then, we solve separately the Dirichlet problems in
2y and o, putting the value of the min as boundary condition at z = 0. We get a solution uy in
1 U Q9 which satisfies u4(0) = U™ (0). Hence, by uniqueness for the Dirichlet problem in each €2,
we end up with uy = U™, U
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5.2 State constraint strategies

We consider dynamics which are given by
X$O (t) = al(t) in Ql y Xaro (t) = ag(t) in QQ,

where a1 (+), az(-) € L>(0,400;[—1,1]) are the controls. We are thus in the case where the dynamic
reduces to b;(z, ;) = «;: the control is actually the velocity of the trajectory. Then we consider
the following costs

L(z,on)=1—a1 + e 1l in O, lo(z,a0) =14 ag + e 17lin Q.

In this case, it is rather obvious that the best strategy for x¢ > 0 consists in choosing a; = 1, which
yields a state constraint solution. To be more precise, let us first consider

Aup(0) = min {,u(Q —a)+ (1 —p)(2+a9) : pog + (1 — p)ag = 0} .

M0 ,002

Using the compatibility condition, we can compute the minimum which is atteind for (u, a1, as) =
(1/2,1,—1) and gives uy (0) = 1/

Now, we can compute the state constraint solution Uygci: for zg > 0 we have

Uusci(zo) = inf)/ (1 — o1+ e_Xwo(t)> e M dt
0

ot (-

:/ e Xeo() g~ gt
0

o0
= / e Tt =AM gy
0

e~ To

14X

Indeed, the inf is clearly obtained for the choice ay = 1 which implies that X, (t) = zo + ¢. Hence
Uysc1(0) =1/(1+ A) < 1/A = uy(0) for any A > 0, and Corollary 5.2 implies uniqueness, so that
we conclude that for any = € R,

ef|1'|

TI1

U (z) =Ut(x)
For x > 0 we can also compute the Hamiltonian associated:

Hi(z,u,p) = sup {—ap+du—(1—a;+e 7}
a1 €[-1;1]

= sup {—ailp—D}+Iu—-1- e*m)}
0116[71;1}

=lp—1+Iu—ell -1,

and a direct computation shows that U™ is indeed a solution of the HJB equation H; = 0 in ;.
Of course a similar calculus can be done in Q5.
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5.3 “Push-push” strategies

We now provide an example where the state constraint solutions are not necessarily the best ones.
Consider
Xmo (t) = Oél(t) in Ql s Xmo (t) = 012(75) in QQ,

where o (+), aa(-) € L (0, +00; [—1,1]) are the controls and the following costs
ll(CC,Oél)Zl—FOél in Qq, l2($,0[2)=1—0¢2 in Qo

Considering the quantity min {us/(0), Usc1(0), Uscz(0)}, it is clear that

Nup(0) = min {u(1+ ) + (1= p)(1 = az) s por + (1= phag = 0} =0,
which is attained for the choice (u, a1, a0) = (1/2,—1,41). This corresponds to a “push-push”
strategy, while the state constraint solutions cannot reach the min. Indeed,

Usc(ea) = inf / (14 an(t)) e dt
0

ot (-

= inf) / (14 Xy (t)) e Mt
0

ot (-
_ 1 ] - —Xt
_Jﬁf)<x+ [Xxo(t)e }O +>\/O X, () e dt)
< 1
——x
= 0
which implies Ugc1(0) > 1/A > 0, which is attained for a; = 0 for £y = 0 (the computation is
similar for Ugca).

Actually, we can compute explicitly U~. We first remark that since I; > 0, we have UT > 0
and U~ > 0. For = € 4, we choose the control (u,a1,as) = (1/2,—1,41) for t > 0. Of course, u
and aw are not relevant before the first hitting time 7(z) = |z|. This strategy consists in reaching
H = {x = 0} as fast as possible, then to stay in H using a “push-push” strategy. With this
particular choice,

U (z) < /036(1 +ay(t) e Mdt + /OO I (2(t),a(t)) e Mdt =0,

so that U™ (x) < 0. Hence we deduce that U~ = 0, since the computation for z < 0 is similar.
Of course this is an obvious solution of the associated HJB equation which reads in this case (for
x> 0)

|uz + 1|+ Au=1.

Since the regular strategies give us U™ (z) = 0 and U™ (z) > 0 the non singular strategies cannot
not better here, therefore ug (0) = u3;*(0), which implies that uniqueness holds — see Corollary 5.2:
Ut = U~ =0 is actually the unique solution of (1.1).
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5.4 Non-uniqueness and “pull-pull strategies”

Next we consider the “converse situation”, with the same dynamics but now with the costs
Lhz,a1) =1—a1+ |z|in Q, l(z,a) =1+ ag+ |z| in Qq,

where o (+), az(-) € L>(0,+00; [—1,1]). Of course, in this example the running cost is not bounded
because of the |z|-term but a slight modification would give a similar result. We keep it as it is to
make simple computations. We have first

Xugg(0) = min (1= g +10]) + (1= p)(1+ 0z + [0]) : gy + (1 = paz =0} =0,

M0 02

which is attained this time for the “pull-pull” strategy (u, a1, a2) = (1/2,1, —1).
Notice that if now we consider only the regular trajectories, the ”pull-pull” strategies are for-
bidden. In this case, the restrictions a; <0, as > 0 imply

p(l—a1)+ (1 =p)(l+a2) =1—po+ (1 —plag > 1.
Hence we obtain u}*(0) = 1/, which is attained for a1 = ay = 0.
We compute now the state constraint solutions

Uscr (z) = inf) /OOO <1 — ay(t) + Xup (t)) e M dt

Oél(t

. /Oo—al(t)e_Mdt—i-[X (t)e—MroJrl/ooX (t)e M dt
A ) 0 o —-Alo A 0 o

al(t
= f ——1 t dt p .
e {G) [

For instance, if A = 1 we get the simple solution Ugcj(xz) = = + 1. More generally, if A > 1, the
best strategy consists in choosing a; = 1 and the computation gives

x 1
USCl(ﬂT) = X + F .
If 0 < A < 1 then we compute as follows, using the hitting time 7(z() and the “pull-pull” strategy
for t > 7(x0)

Usci(z9) = inf) / (1 — X (8) + Xy (t)) e Mt
0

al (t

7(z0)

_1. . —At77(wo0)
_X—{— inf {—[Xxo(t)e A]O —{—(1—)\)/

a1 (t) 0

Xy (t) e dt}

1 . Tiwo) Y
—X+x0+;ﬁ£){(1—)\)/o Xuo(t)e dt}.
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So, the best strategy here consists in choosing a; = —1 to reach {x = 0} as fast as possible, then
to stay there for later times. This gives 7(zg) = z¢ and

1 %o
Usci(xo) = N +ax0+(1— )\)/ (g —t) e M dt
0

To+ 1 1-—A
== e

Hence Ugc1(0) = 1/A% > 0 for A > 1, and Ugc1(0) = 1/A > 0 for A < 1. In any case, the
“pull-pull” strategy is the best

— e_)‘xo) .

min {uy(0), Usc1(0), Usc2(0) } = uy(0) = 0.
Then if we set

ug(z) 1= {Usm(x) if >0,

Ugca(z) ifzx <0,

by Theorem 5.1 we have a subsolution (and actually a solution) in R. But of course this solution
does not satisfy the condition

u3(0) < min {u(0), Usc1(0), Usca(0) } -
Notice however that for any A > 0 we always have ug(0) < u3/%(0), so that
uy(0) = min {u;%(0), Usc1(0), Usea(0)} = UH(0).

Hence by uniqueness in €y and Qy, we conclude that uy = U™,

In order to prove non-uniqueness let us compute explicitly the minimal solution U~. For z > 0
we have, denoting by 7(x) the exit time for the trajectory starting from xg

aq

T ) 1— e*)\T(lBO) 1 7(xo) .
:7+131f{f+(x_1)/0 o (t)e Mdt g,

where we are using here the “pull-pull” strategy on H = {z = 0} which keeps the trajectory at
x = 0 for a null cost after 7(zp).

U~ (20) = inf /O ) <1 — () + X, (t)> M gt

If A <1, the optimal control is obtained for &« = —1 which minimizes at the same time 7(z0)
and the integral multiplied by (1/X — 1). For instance, for A =1 we get

Zo
U_(Sﬂo):xo—{—/ e_tdt:1—|—£80—€_x0<Uﬁ(£60):£80—|—1.
0

Of course the solution is symmetric for zg < 0. In the case A < 1, the explicit solution can be
computed the same way with @ = —1 which gives

_ x| 22 -1 e
U (ac):%—i— 32 <1—e Al ‘).
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The related Hamiltonian is computed as follows: for x > 0 we have

(631

Hy(x,u,uy) = sup{ — a1y + A\u — (1 — o —|—:c)}

zsup{—al(ux—l)}+Au—x—1

aq

=|ug — 1|+ lu—2—1.

It can be checked that for all A <1, U~ is indeed the solution of H; = 0 with U~ (0) = 0. Finally,
since U~ < U™, uniqueness fails in this situation.

6 Approximations, convergence

6.1 Fillippov’s approximation

A natural approximation of the above problem consists in introducing a continuous, increasing
function ¢ : R — R such that
lim ¢(s)=0 and lim ¢(s)=1,

t——o0 t—+o00
and to study the behavior of the solution u. : RY — R of
o (xn)Hi (2, ue, Dug) + (1 — e (xy))Ho (2, ue, Dus) =0 in RY | (6.1)

where p.(zn) = p(zn/¢).

Contrary to the vanishing viscosity approach (see below), this method keeps record on what is
happening on the hyperplane by ”spreading” it and tracks the controls that fulfill the compatibility
condition between the two vector fields by (z,aq) and be(x, as). Hence, even the singular strategies
are taken into account in the limit so that we obtain U™.

Theorem 6.1. Assume [HO], [H1] and [H2]. There exists a unique Lipschitz continuous solution
ue of (6.1). Moreover, as € — 0, u. — U™ locally uniformly in RN .

Proof. The first part of the theorem is clear since the Hamiltonian of Equation (6.1) is coercive:
by standard arguments, it is straightforward to obtain the existence and uniqueness of the u.’s and
to prove that they are equibounded and equi-Lipschitz continuous.

Applying Ascoli’s Theorem, we may assume that the sequence (u). converges locally uniformly
to a bounded, Lipschitz continuous function u and it is also easy to show that w satisfies (1.1)-

(1.3)-(1.4).

In order to conclude, we just have to show that u is also a subsolution of (1.5). Indeed, if this
is true, the result follows from Corollary 4.4 (iii).

Let ¢ = ¢(y') be a smooth function and let 2’ be a strict local maximum point of u(y’, 0) — ¢(y').
We have to prove
Hr(z,u(z), Do(a)) <0,
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where z = (2/,0), i.e.

—bu(x,a) - Do(a’) + Mu(z) — Iy(x,a) <0,
for any a = (a1, e, p) € Ao(x) for which (ubi(x, 1) + (1 — p)ba(z, a2)) - exy = 0.

Since ¢ is a continuous, increasing function, there exists s € R such that ¢(s) = p. We introduce
the function

uely) = o0") — 2|22 — 5P

By standard arguments, this function achieves a local maximum at a point z. close to x and when

e — 0, we have

L@y

—s*=0.
e €

Moreover, using that u. is Lipschitz continuous, the derivative of this term dy :=

bounded.
Now we write the viscosity subsolution inequality
e((ze)N) Hi(we, ue (20), DP(al) + dnen) + (1 — pe((ze) ) Ha (e, ue (22), Dp(al) + dyen) <0,
and we notice that, on one hand,
pe((ze)n) = ¢(s) +o(1)
and, on the other hand, the H; terms are bounded since the gradients are bounded.
This yields
p(s)Hi(ze, uc(xe), Do(al) + dven) + (1 — ¢(s)) Ha(zz, ue(xe), Dp(al) + dyen) < o(1)
and, using the form of the H;’s
o(s) (—b1(ze, a1) - (Dp(al) + dnen) + Mue(ze) — I (32, 1)) +
(1= @(5)) (=ba(ze, ag) - (DP(xL) + dnen) + Auc(ze) — la(2e, a2)) < o(1) .
Because of the choice of s and since a = (a, ag, 1) € Ap(x), this inequality is nothing but
(b (e, 1) + (1 — )b (2, 12)) - D) + Mte(w) — (b (32, a1) + (1 = a2, 12)) < o(1) .

And the conclusion follows by letting ¢ tends to 0. O

6.2 Vanishing viscosity approximation

In this section, we show that the vanishing viscosity approximation may converge to U™ by coming
back to the example of Subsection 5.4 where non-uniqueness happens because of some singular
(“pull-pull”) strategies which give a lower cost. Such strategies are rather instable and it is natural
to think that, if we add a brownian perturbation, the trajectories will naturally tend to go away
from x = 0. From the pde viewpoint, this instability is reflected in the fact that the vanishing
viscosity method does not give U~ in the limit, but Ut. More precisely we have
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Proposition 6.2. Let us assume that we are in the framework of Subsection 5.4 and, for anye > 0,
consider the solution u. of the following problem

—eul + H(z,uz,ul) =0 in R, (6.2)
where H = Hy in Qy and Hs in Q. Then, as e — 0, the sequence (u.). converges locally uniformly

to UT in R.

Before proceeding with the proof, let us precise that by a solution u., we mean a distributional
solution u. € VV&’COO(R) In particular, the possible discontinuity of H when crossing H is not a
problem in the integrated version of the equation: for any ¢ € C3(R),

6/u’5g0/+/H(x€,u€,u’5)g0:0.
R R

This explains why we will recover in the limit only the strategies already encoded in the equations
in Q1 and €9, and not the singular ones.

Lemma 6.3. For any ¢ > 0, there ezist a unique solution of (6.2) u. in VVE)’Z(R) N L>®(R) for any
r>1.

Proof. The proof follows classical methods and we are just going to sketch it. For more details,
we refer the reader to the book of P.L. Lions [20] where similar results are obtained. The easiest
way to prove the existence of u. is by using first a Fillippov-type approximation: in this way, the
nonlinearity becomes continuous w.r.t. all variables and, since Hy, Ho are Lipschitz continuous, and
therefore sublinear in p, one easily builds a bounded solution which is in VVEO’CT (R) forallr > 1. O

Proof of Proposition 6.2. We notice first that the solution U™ which is computed in Subsection
5.4 is always convex. Indeed, this is clear if A > 1 since in this case Ut (x) = |z|/\ + 1/A\? and a
straightfoward calculus shows that for A < 1, (U)”(z) = 26y 4+ (1 — \)e 2l > 0 in the sense of
distributions so that

—e(UN)"(2) + H(z, U (2), (U (2)) = —=(U")"(z) < 0.

Now we consider w := UT — u,. Substracting the inequations, and using the Lipschitz continuity
of H(z,u,p) in p (for all v and a.e. in z), there exists a constant C' > 0 such that

—ew” + Aw —Clw'| <0 in R.

We first notice that both Ut and w. are bounded, hence w is also bounded. If we set w, :=
(w—mn(|z[*+1))+ for some small n > 0, then w,, is compactly supported and therefore in W1 (R).
Moreover, by similar arguments as in the proof of Lemma 4.3, w;, still satisfies

—ewy + Mw, — Clwy| <0 in R,

at least if € is small enough.
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We consider now a large integer n to be chosen later. By using an approximation of w%"“ by
test functions ¢y € C}(R) (k € N), we can pass to the limit in the weak formulation and get

e(2n + 1)/ |w;]|2w72]"—|—)\/ w?]m'lw,7 —C/ |w;]|w$]"+1 <0.
R R R

Using that
1
\w%]w%nﬂ = (]w;\w,?) : (w,’;“) < n(\w%ﬁw%n) + - (w??””) ,

we choose k = 2C'/\ and obtain

2C A
<€(2n +1)— T) /R ]w%]zw,%" + 3 /Rw,%"ﬂwn <0.

Hence if choose n large enough, we get w, = 0. Passing to the limit as n — 0 we find that w < 0,
which means UT < u, in R.

Finally we pass to the limit as € — 0 by using the half-relaxed limit method: if

u(z) ;= limsup*u.(z) = limsupuc(y) and wu(z):=liminf*u.(z) = iminf u.(y),
T — T
g:O gﬁo

then @ is a subsolution of (1.1)-(1.3)-(1.4) and therefore, by Corollary 4.4, w < U™ in R. But, on
the other hand, U" < u, in R and this gives UT < u <% in R. Therefore U" = u = % in R which
implies the uniform convergence of u. to UT. O

We notice that the same result holds under the assumptions of Subsection 5.3, but of course in
this case, U~ = UT.
6.3 A conjecture

Another approximation can be used through a combination between the “vanishing viscosity
method” and the Filipov method to obtain the approximate problem

—0.Aue + o (xn)Hy (2, ue, Dug) + (1 — pe(xn))Ha (2, ue, Dug) = 0 in RY | (6.3)

where . is a parameter devoted to tend to zero. Of course, if §. < ¢, the expected behavior of u.
is as in the Fillippov case, i.e. a convergence to U™ and we think that if §. > e, then u. converges
to U™ as in the viscous approximation.

Acknowledgments. We are grateful to P. Cardaliaguet for very fruitful discussions on the
definition of trajectories for the optimal control problem.
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