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A GENERAL COMPARISON PRINCIPLE FOR HAMILTON JACOBI
BELLMAN EQUATIONS ON STRATIFIED DOMAINS

OTHMANE JERHAOUI' AND HASNAA ZIDANI?>*

Abstract. This manuscript aims to study finite horizon, first order Hamilton Jacobi Bellman equa-
tions on stratified domains. This problem is related to optimal control problems with discontinuous
dynamics. We use nonsmooth analysis techniques to derive a strong comparison principle as in the
classical theory and deduce that the value function is the unique viscosity solution. Furthermore, we
prove some stability results of the Hamilton Jacobi Bellman equation. Finally, we establish a general
convergence result for monotone numerical schemes in the stratified case.
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1. INTRODUCTION

In this paper, we study the well-posedness of a system of Hamilton Jacobi Bellman (HJB) equations defined
on a stratification of RV. A stratification of RV is a finite collection of disjoint open sets of RY denoted
(Mi)izl,...,n such that

RN — U ﬂi, and M;N Mj = @7 whenever i ?é ].
i=1

The union of the open sets U ; M, is called the regular part of the stratification. The singular part of the
stratification is the union of all the interfaces between the open sets (M);=1,... ,. It is the set

n
A:=RN\ U M,.
i=1
We consider a system of finite horizon HJB equations

{ —Owu(t, ) + Hp, (z,0,u(t,x)) =0 for (t,z) € (0,T) x M; L)
w(T,z) =(x) forz e RN, .
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2 O. JERHAOUI AND H. ZIDANI

where T > 0 is the final time, ¢ : R — R is the final cost, assumed to be Lipschitz continuous, and Hp, :
M; x RY — R are Bellman Hamiltonians defined the following way:

Hp,(z,p) = sup {—(p,q)},
qEFg(w)

with Fj : M; ~ RY are set-valued maps, called the dynamics, that satisfy some standing hypotheses (see Sect.
2). In the case when there exists a Lipschitz continuous set-valued map F' such that the restriction F|a, = Fi,
equation (1.1) admits a unique solution, in the viscosity sense, called the value function defined as follows (see
3, 18])

uw(t, z) == inf{Yy(T)) | y(s) € F(y(s)) a. e. s € (t,T) and y(t) = z}. (1.2)

In viscosity theory, the uniqueness of the solution comes from the so-called comparison principle. This principle
asserts that if an upper semicontinuous sub-solution u is inferior to a lower semicontinuous super-solution v at
time 7', then u < v at all time ¢ € (0,7].

The viscosity notion has been extended by Ishii to the case of discontinuous Hamiltonians, see [27]. In the
particular case of the stratified system (1.1), Ishii’s extension provides a condition on the singular set A in the
following form

{—@u(t,x) +max;—1, o {Hp, (z,0,u(t,x))} >0, (t,z) € (0,T) x A (1.3)

—Ou(t,x) + min;—y o {Hp, (z,0,u(t,z))} <0, (t,z)€ (0,T) x A.

However, using Ishii’s extension to the singular set does not guarantee uniqueness of the viscosity solution in
general.

Bressan and Hong [11] were the first to study a stratified system similar to (1.1). In particular, they introduced
a regularized upper semicontinuous convex valued dynamics F on RY such that the restriction of F' on M;
coincides with F;. They showed that when the value function of the control problem (1.2) is continuous, then it
is the unique solution that satisfies some HJB inequalities on the interface. They also showed that a comparison
result holds under the assumption that every subsolution is continuous.

Later, Barles et al. [5, 6] considered the case where the stratification is constituted by two disjoint open sets,
the interface being a hypersurface. In this setting, the authors provided a very thorough analysis of the viscosity
solution in Ishii sense. In particular, they proved that the value function of (1.2) with the regularized upper
semicontinuous convex valued dynamics F' is a viscosity solution of (1.1) in Ishii sense. They also described the
minimal supersolution and maximal subsolution in Ishii sense. A sufficient condition for uniqueness is proved
by Barles-Chasseigne in Corollary 10.32.2 of [8].

In [7, 8], Barles and Chasseigne considered a more general stratified setting than the one considered in the
present paper, and introduced a different condition on the interface. Furthermore, different conditions under
which the comparison principle is satisfied have been investigated in [8] (a comparison between our results and
those derived in [7] will be given in Section 2.6).

We also mention some works on Hamilton Jacobi equations on stratified networks that share the same kind
of difficulties as our layout: Imbert and Monneau [25], Imbert et al. [26], Achdou, Camilli, Cutrl and Tchou
[1], Camilli and Marchi [12]. Besides, Lions and Souganidis [29] investigated Hamilton Jacobi equations on
networks and considered a different class of Hamiltonians that are not necessarily convex, but only continuous
and coercive.

HJB equations are also related to a geometric notion known as flow invariance in the theory of differential
inclusions ([13], chap. 12). More precisely, nonsmooth analysis tools provide an interpretation of the sub-solution
property of the value function as the strong invariance of the hypograph of the value function and the super-
solution property as the weak invariance of its epigraph. The classical case without stratification (i.e., when there
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exists F': RY — RY Lipschitz continuous such that F; = F|,4,), has been treated thoroughly in the literature
[3, 13]. In the case of stratified domains and discontinuous dynamics at the interfaces, Barnard and Wolenski
[10] investigated the characterization of the weak and strong invariance principles with a new Hamiltonian that
they called the essential Hamiltonian. However their statement of strong invariance was inaccurate. Despite
their valid intuition regarding the choice of the Hamiltonian, the choice of the “test functions” (in analogy with
the viscosity theory) did not take into account the singular geometry of the problem which turns out to be
crucial for comparison type results. Let us also mention that a different control problem with a stratified set of
state-constraints has been studied in [23, 24]. In these papers the dynamics is Lipschitz continuous everywhere.
Since the problem is with state constraints, the value function might not be continuous. Then, the stratified
structure of the set of constraints is exploited in [23, 24] to establish some HJB equations on the boundary and
to analyze a characterization of the value function with a generalized notion of solution, called bilateral viscosity
solution.

In this present work, we aim to prove the well-posedness of the HJB equation (1.1) on stratified domains.
We will first define a Hamiltonian H, at the interface A and consider the HJB equation:

—Owu(t,x) + Hp, (z,0,u(t,x)) =0 for (¢,z) € (0,T) x M,
—Owu(t, z) + Ha(z, Opu(t,z)) =0 for (t,z) € (0,T) x A, (1.4)
w(T,z) =(x) for x € RN,

The Hamiltonian Hp is defined on the interface A by using the notion of essential Hamiltonian obtained along
the same lines of [10]. The essential Hamiltonian comes from the optimal control interpretation of the system
(1.1). Tt is defined from the set-valued map that represents the “essential velocities” of the system, meaning the
velocities that are actually taken by the trajectories of the control problem (1.2) with the classical regularized
(upper semicontinuous convex valued map F).

A similar definition for the Hamiltonian Ha has been considered in [20, 31, 32]. However, these papers
analyzed a comparison result only under the assumption that the sub-solution is continuous at the interface A.

In the present work, we will revisit the definition of viscosity solutions and give a new one that encodes the
nature of the singular geometry of the problem. This new definition will allow us to extend the strong comparison
type results known when the Hamiltonian is Lipschitz continuous to the present setting. More precisely, we prove
the following result: Let u and v be respectively upper semicontinuous and lower semicontinuous functions on
(0,7) x RN If u is a sub-solution of (1.4), and if v is a super-solution of (1.4) and u(T,.) < v(T,.), then u < v.
The proof of this result relies on new results in nonsmooth analysis. In particular, we will establish new weak
and strong invariance principles in the stratified setting. We would like to emphasize that the extension of the
invariance principles is also a contribution of this paper.

The strong comparison principle that we prove in the present paper will have two major consequences.
First, it will allow to obtain some stability results in the stratified setting and in the presence of perturbations
on the dynamics. We prove that if there exist sequences (FZJ )j of set-valued maps such that F/ — F; with

respect to the Hausdorff distance, and a sequence (v/ : R¥ — R); of lower semicontinuous (respectively upper
semicontinuous) functions such that v/ — v locally uniformly in RV and suppose for all j, v/ is a super-solution
(respectively sub-solution) of

—Owu(t,z) + Hpj(x,0pu(t,x)) =0 for (t,z) € (0,T) x M,
—dyu(t,x) + H) (x,d,u(t,x)) =0 for (t,x) € (0,T) x A,
uw(T,z) =(x) forx € RV,

then v is a super-solution (respectively sub-solution) of (1.4).

Finally, we will extend the classical result due to Barles and Souganidis [9] for the convergence of monotone
numerical schemes to the stratified setting. In the context of one dimensional networks, convergence results of
finite differences numerical schemes have been established by Guerand and Koumaiha [21] and by Morfe [30].
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However, to the best of our knowledge, the case of stratified systems has not been yet studied in the literature.
Here, we consider a numerical scheme in the following form

P (tn, st (ty 2n), [0 (1 0)) = O for (th,mn) € (I x GA7)N((0,T) x My),
Sty 2y u (b @), [0 (1 ) = 0 for (b, ) € (T x GAZ)N((0,T) x A),
WM(T,x) = ¥(xr), for (th,ar) € (II° x GA%) N {t, =T},

where TI"" is a time grid, GA7 is a spatial grid, h = (At, Az) is the step of the grid and [uh](tmrh) are all the
values of of u” on G2 at other points than (t,,z) on the grid. We show that under the usual hypotheses
of monotonicity, stability and consistency, the numerical scheme converges locally uniformly to the viscosity
solution of (1.4).

The paper is organized as follows: in Section 2, we define the notations and conventions used throughout the
paper. We also define the geometry of the problem, the dynamics of the HJB equation and we state the main
results. Furthermore, in the same section, we provide a comparison between our results and the results of [7]
through several examples. Section 3 is devoted to the invariance principles, a nonsmooth analysis point of view
of the HJB equation. In Section 4, we first define the optimal control problem associated to the HJB equation,
we introduce the value function and we prove that the super-optimality and sub-optimality properties of the
value function are equivalent to it being a viscosity super-solution and sub-solution respectively. Then we prove
the strong comparison result. Section 5 is devoted to the proofs of the stability results. Finally, we prove in
Section 6 a general convergence result for monotone numerical schemes.

2. MAIN RESULTS
2.1. Notations

Throughout the manuscript, we denote by RY the Euclidean space where the stratification is defined, B
the unit ball of center 0 of RY and B(x,r) = 2 + rB. For any set S C RY, we denote S, 85 its closure and
topological boundary. We denote by co(S) the convex hull of S and by £, the Lebesgue measure on R.

The distance function associated to S is dg(z) = inf{|z —y| : y € S} and the set of solutions where the
infimum is attained is called the projection of  on S and denoted by projs(z) (note that it might be empty).

The Bouligand tangent cone of S at =, denoted Tg(z) is defined the following way:

E(x):{veRN : liminfds(x:tm:0}.

t—0t

If A and B are two sets of R, we define a distance between them by d(A, B) = inf {|a —b| : (a,b) € Ax B},
with the convention d(0,0) = 0 and d(0, B) = +oo if B # (). For K; and K> two compact sets of RY, the
Hausdorff distance is given by

du (K1, Ka) = maﬂﬂ{ sup dr, (z) , sup dk, () },
2K, €K1

with the convention dy (0, 0) = 0 and dy (0, S) = +oo if S # 0.
For a given function f : RY — R, epi(f) and hyp(f) denote respectively its epigraph and hypograph:

epi(f):{(;v,r)eRNxR : f(:c)gr}7 hyp(f):{(m,r)ERN xR : f(x)zr}.

If T is a set-valued map, then dom(T') is the set of points = such that T'(z) # 0.
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Let M be a C? embedded submanifold in RY and let I' : M ~» RY be a set-valued map. For T > 0, we
define the differential inclusion associated to I', with the initial condition (¢,z) € (0,7) x R, by

(DI)r(t, ) :{ (0 ST ae <]

Finally the abbreviations ‘u.s.c.’, ‘l.s.c’, ‘HJB’ and ‘w.r.t” respectively stand for: ‘upper semicontinuous’, ‘lower
semicontinuous’, ‘Hamilton Jacobi Bellman’ and ‘with respect to’.

2.2. Stratification

Let N,n > 1 be two integers. Let M;, 7 = 1,...,n be pairwise disjoint, connected open sets of RY . We suppose
that RY = U, M; and we denote by A := RY \ U M, the interfaces or the singular set. Furthermore, we
suppose that A is equal to a union of [, pairwise disjoint, C? embedded submanifolds M, 41, ..., M,4; of lower

dimension than N, so that we have

n n+l

RNQM1<UM1>UAHMZ-.

i=1

Finally, we suppose that each M;, i = 1,...,n + [, is proximally smooth and relatively wedged. All these
assumptions on the stratification are summarized as following:

(1) Each M; is a C? embedded submanifold,
(17)  dim(My) =..=dim(M,) =N, and dim(My,y1),...,dim(M,4;) <N,
_ n+l
(i) RN = U, M, = U M,
i=1
(iv) Vi,jzl,ﬁ...,n—i—l, Miﬁ./\/li:@, le;éL
(v if M; N M; # (), then M; C Mjor M; C My,
(

vi) each M; is proximally smooth and relatively wedged.

We call |J!'_, M, the regular part of the stratification and A := Uli:1 M, +; the singular part or the interfaces.

Comments on the Hypothesis (H1)

Hypotheses (H;)(i) to (H;)(v) are standard for a stratification of RYV. As for (H;)(vi), a closed set X C RY
is said to be proximally smooth if there exists r > 0 such that the projection map projx(.) is a singleton on
the tube {z € X,dx(z) < r} [16]. The class of proximally smooth sets includes convex subsets of RV and C?
compact submanifolds of RY. Relative wedgeness hypothesis was introduced in [10] for C? submanifolds of RY
such that their closure is proximally smooth. Roughly speaking, relative wedgeness of M;, withi € {1,...,n+1},
means that the dimension of the Bouligand tangent cone at every point of M; is equal to the dimension of the
manifold M; [10]. The precise definition of this property is presented in Appendix A.

Example 2.1. Figure 1 shows an example of the stratified setting, where N =1, n=2,1=1.

My = (0,-1—()0)617 My = (0,-1—00)627 Mz = {0}
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Mo M M,y

€9 €1

FIGURE 1. Example of a stratification of R.

V'S
My M My
< M. Mo M- N
Mg -/\’18 MQ
v

FIGURE 2. Example of a stratification of R2.

Example 2.2. Figure 2 shows an example of a stratified setting in R? with n = 4 where the open sets are given
by:

M; =R, xR}, My=R} xR, Mz=R" xR, My=R" xR}.
The interface in Figure 2 is constituted by the following submonifolds of dimension 1 or 0:

Ms =R% x {0}, Mg=R" x {0}, My;={0} xR, Mzs={0} xR*, Mg=/{0}.

We set for any 2 € RY, the index set-valued map

I(z):={ic{l,...,n+1} : 2 € M;}.

Remark 2.3. It is clear from the definition of the stratification that for 2 € RY fixed, and y € RY close enough
to x, we have I(y) C I(x).

2.3. Setting of the problem

We begin by defining the dynamics for the Hamiltonians presented in the introduction. On each M; with
i=1,...,n, we are given a set-valued map F; : M; ~ RY that satisfies the standard hypotheses

(i)  x ~> F;(z) has non empty convex and compact images,
(#¢) I > 0such that max{|p|, p € F;(x)} < A(1+]z|),
(SH) < (iit) F;is Lipschitz continuous on bounded sets of M; w.r.t the Hausdorff metric,
i.e. for each R > 0, there are constants Ky g, ..., Ky g > 0 such that
dy(Fi(x), Fi(y)) < K glr —y| ifz,yeBO,R)NM,;, ic{l,...,n}.
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We are interested in studying the well-posedness of the following HJB equation.

—0pu(t, @) +sup,ep, (o) { —(v, Ozu(t,2)) } =0 for (t,2) € (0,T) x My, i=1,...,n,

i (2.1)
u(Tv 33) = ¢($)’

where T > 0 is the final time and 1 : RN — R is the final cost required to satisfy the following assumption.
(Hv) : 4 islocally Lipschitz continuous.

The study of HJB equations is done using a weak notion of solutions, called viscosity solutions. This setting
requires the HJB equation to be defined at every point. Hence, we need to find suitable interfaces conditions
in order to guarantee the well-posedness of the system. To do so, we aim to define the appropriate dynamics to
consider at the interfaces.

Notice first that since the dynamics F;, ¢ = 1,...,n verify hypothesis (SH), then they can be extended
to M; while verifying the same hypothesis (SH). We denote this extension by F; as well. In order to define
the dynamics on the whole space, a classical idea is to consider the upper semicontinuous and convex valued
regularization of (F;);=1, .. n, denoted F : RY ~s RN and defined by

F(z):= m co U{Uie{l...n}Fi(y) e —yl< e}

e>0 Yy

It is straightforward to check that F' has a linear growth. However, it might not be Lipschitz in general. By the
nature of our problem, the regularization is equal to

F(z)=co{F;(z) : ie{l...n}}.
For (z,p) € RY x RN, we define the Hamiltonian associated to F' by

Hp(z,p) = sup {—(p,q)}-
qEF(x)

Since F is only upper semicontinuous, the Hamiltonian Hg(.,p) is also only upper semicontinuous. If Hg (., p)
were to be Lipschitz continuous, we would have defined our HJB equation using the Hamiltonian associated to
F and the well-posedness of the HJB system would have followed from the classical theory, see [13, 19]. This is
generally not the case in a stratified domain.

Nevertheless, the next step is to use F' to define suitable dynamics at the interfaces. We define the dynamics
Foyi: My~ RN fori=1,...,1 on each interface M,,; by

FnJrz(x) = F((E) N TMn+i (x)a

where Ty, ., () is the Bouligand tangent cone which coincides with the classical tangent space of M,,;; at x
since it is a C? manifold. Furthermore, we suppose that all the interface dynamics are Lipschitz continuous on
bounded sets as well:

(Hp) fori=1,...,1, F,1;(.)is Lipschitz continuous on bounded sets of M,, ;.

We point out that since we have the conventions dy (0, S) = +oo if S # 0 and dy(0,0) = 0, it follows that
(Hp) implies that F,; is either identically the empty set or nonempty on the whole domain M, ;. Under
assumption (Hp), each Fy,1;: My ~ RN (i =1,...,1) satisfies (SH). Thus each F},; can be extended to
M., +; while verifying the same hypothesis (SH). We denote this extension by F,,1; as well.
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A sufficient condition for (Hp) to be satisfied is full controllability near A. We mean by full controllability
the following assumption:

(CH) 3r>0: forall i=1,...,n, andz € ANM; : B(0,7) C Fi(x).

Proposition 2.4. [32], Lemma 2.2. Assume (Hy) and (CH). Then, (Hp) holds.

Forz € M;,i=1,...,n+1,and p € RV, we define the Hamiltonian

Hp,(z,p):= sup {—(p,q)}.
qEF;(x)

At this point, we are tempted to define the HJB equation on the stratified domain using the dynamics F;(.)
(defined above), the following way:

—Owu(t,x) + Hp, (z, 0,u(t,x)) =0 for (t,x) € (0,T) x M;, i =1,...,n,
—Opu(t, ) + max;er(z) { Hr, (z,0pu(t,z)) } =0 for (t,x) € (0,T) x A, (2.2)
u(T,z) = ().

However, it turns out that the set of dynamics in equation (2.2) is too large. These dynamics may contain
velocities that are not useful for the evolution of the solution at the interface. This claim is analyzed in the next
subsection.

2.4. The essential dynamics

We define the notion of essential dynamics on each domain, introduced in [10] for stratified Euclidean spaces.
For i =1,...n + [, we define the essential dynamics on each M; by

Fi(z) := Fy(z) NTxg, (), forallwe M;,

?

where Tz (2) is the Bouligand tangent cone of M; at x. Notice that if 2 € M;, we have F!(z) = Fi(z). The
associated Hamiltonian is defined as

Hpi(x,p) = sup {—(p,q)}.
’ gEF! (2)

The essential dynamics Filj on each domain represent the inward pointing velocities of F; on M;. We suppose
that each Fijj is Ls.c.

(Hggs) foralli=1,...,n+1, Fiﬁ is l.s.c.

Hypothesis (Hggss) holds for many cases. In particular, if we assume the controllability assumption (CH) to
hold for the dynamics, then (Hggss) holds for all stratifications presented in Examples 2.1 and 2.2. A discussion
about sufficient conditions to ensure (Hggsg) is given in Appendix B.

The essential dynamics on RY is defined as the union of the essential dynamics on each domain.

n+l
Vo e RN, Fiz) = J{F(2) N T (@) : 2 € M; }.
i=1
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Its associated Hamiltonian is also defined as usual. For (z,p) € RN x RY, we have

Hp:(xz,p) = sup {—(p,q)}-
qEF? (z)

Example 2.5. We consider the stratification of R defined in Example 2.1. Let ¢; > 0 with ¢ = 1,2 be real
positive constants. We define the following dynamics on each branch

Fz(l‘) = [—ci,ci] ,i = 1,2.

The resulting HJB system is the Fikonal equation on the stratification 2.1. The dynamics at the interface M
and the essential dynamics are respectively equal to

F()={0} , F”(a:)z{ i, ci) iif)w i=1,2,

[*02, 01]

Note that this simple example, in dimension 1, can be seen as a network problem. Here the essential Hamil-
tonian defined at the junction is the same one that is used in [26]. Let T' > 0 be a given time horizon, and
consider the following HJB associated to the dynamics Fiti

{8tu(t, @) + maxje (o) {Hps (2, 0pu(t,x)) } = 0 for (t,z) € (0,T) x RV, 23)

u(T,z) = (),
where 9 : RV — R is the final cost and satisfies (Hv).

Notice that in the HJB equation (2.3), if = belongs to the regular part of the stratification (i.e. x € U?Zl M,;),
then the HJB equation (2.3) is the same as the HIJB equation (2.1). So equation (2.3) has the following form

—owu(t, ) + Hp, (v, 0gu(t,z)) =0 for (t,z) € (0,T) x M;, i=1,--- ,n,
—0wu(t, r) + max;ey(z) {Hpe (z,0pu(t,x)) } =0 for (t,2) € (0,T) x A, i=n+1,--- ,n+l, (2.4)
w(T,z) = ().
Given the singular nature of the stratification, one cannot use the classical notion of viscosity solutions. We
are going to define a new one that will turn out to be appropriate for obtaining a strong comparison result.

Definition 2.6. (Viscosity super-solution). Let u : (0,7] x RN — R be a l.s.c function. We say that u is a super-
solution of (2.3) at (¢,2) € (0,T) x RY if and only if there exists i € I(x) such that for all ¢ € C*((0,T) x RY),
u — ¢ attains a local minimum in (0,7) x M, at (¢, ), we have

—0i¢ + Hps (2,0:0) > 0.

Definition 2.7. (Viscosity sub-solution). Let u : (0,7] x RY — R be a u.s.c function. We say that u is a
sub-solution of (2.3) at (t,z) € (0,T) x RV if and only if for all i € I(x), for all ¢ € C'((0,T) x RY), u — ¢
attains a local maximum in (0,7) x M; at (¢, z), we have

—016 + Hpa(2,0,8) < 0.
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Definition 2.8. (Viscosity solution) u is a viscosity solution of (2.3) if and only if it is both a super-solution
and a sub-solution and satisfies the final condition u(T,.) = (.).

The above definitions of viscosity super- and sub-solutions can be rewritten using the viscosity sub-gradient
and super-gradient (also known as the semijets ([17], P. 10) or Dini sub/super gradient [13], Def. 11.18).

Definition 2.9. (Viscosity sub/super gradient)

e Let u:RY — RU{+0c0} be a Ls.c function. The viscosity sub-gradient (or subjet) at a point = € dom(u)
is defined the following way,

D™ u(x) := {p € RY : liminf uly) = ul@) = (p,y — ) > O}.

yoe ly — x|

e Similarly, for an u.s.c function u : RN — R U {—o0}, the viscosity super-gradient (or superjet) at a point
x € dom(u) is defined the following way,

Dt u(z) := =D~ (—u)(z) = {p eRY : limsup uly) —ulz) = (p.y — @) < O}.

y—=x ly — x|

Remark 2.10.

e Let u: (0,7] x RN — R be a ls.c function. We say that u is a super-solution of (2.3) at (¢,z) €
(0,7) x RY if and only if there exists i € I(x), such that

—0 + HFin(‘T7£i) > 0 V(07£Z) € Diui(t?x)v

with u; = u on (0,7] x M; and u; = +oo elsewhere.
e Let u: (0,7] x RV — R be an u.s.c function. u is a sub-solution of (2.3) at (t,x) € (0,T) x RY if and
only if for all ¢ € I(z), we have

0+ Hy(,6) <0 V(0,6) € D ui(t, ),

with u; = u on (0,7] x M; and u; = —oo elsewhere.
Indeed, if for example u : (0,7] x RY — R is a Ls.c function, we set: u; = u on (0,7] x M; and u; = +oo

elsewhere, for some i = 1,...,n + [. Then, for (t,z) € (0,T) x M;, we have

(0,&) € D7u,(t,z) <= 3¢ e C1((0,T) x RY), such that u; — ¢V attains a

local minimum at (¢, z).

Since u; — ¢(*) = 400 whenever x ¢ M;, we get that ¢() satisfies the requirements of Definition 2.6. Conversely,
if there exists such a function ¢ in the sense of Definition 2.6, then u; — ¢ attains a local maximum in RV at
(t,z). The exact same reasoning holds for sub-solutions.

Next, we state the main results. In particular, we will show that equation (2.3) has a unique viscosity solution
(following Def. 2.8).
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2.5. Statement of the main results

Theorem 2.11. Assume (Hy), (SH), (HvY), (Hgss) and (CH). Then the HJB equation (2.3) has a unique
continuous solution in the sense of Definition 2.8.

Theorem 2.12. (Strong comparison principle). Assume (Hi), (SH), (Hp) and (Hgss). Let uy,ug : (0,T] x
RN — R be respectively a l.s.c super-solution and an u.s.c sub-solution in the sense of Definition 2.8 with
UQ<T, ) < ’U,l(T, ) Then

ug(t,z) < wui(t,z) V(t,z) € (0,T] x RY.

It is worth-noticing that, unlike the previous literature on the subject [20, 31, 32] or [5-7], the strong compar-
ison principle stated in the above theorem does not require the sub-solution to be continuous nor to have any
particular behavior on the interface. The proof of this result will clearly show the importance of the use of essen-
tial dynamics with the notion of viscosity as it is defined in Definitions 2.6-2.7 (and more precisely the choice of
the test functions in those definitions). Furthermore, the unique viscosity solution in Theorem 2.11 is the value
function associated to the Mayer optimal control problem with the dynamics F(.). A study of the value function
and the associated optimal control problem is presented in Section 4. Hypothesis (CH) in Theorem 2.11 is only
used to give sufficient conditions for the value function to be continuous. Therefore, Theorem 2.11 holds if one
assumes that the value function is continuous instead of assuming (CH).

The proofs of Theorems 2.11, 2.12 are given in Section 4. The proofs will rely on invariance theorems stated
in Section 3 and proven in Appendix C. Furthermore, we will establish stability results of the super-solution and
sub-solution in presence of perturbations of the Hamiltonian in Section 5. Section 6 is devoted to stating and
proving a general convergence result of monotone numerical schemes. The numerical scheme has the following
form in each M;,i=1,...,n+1,

Slh(tml'h,uh(tml'h), [uh](t}“zh) } =0 for (th,xh) € (HAt X QZA””),

where I is time grid, GA® is a spatial grid of M; and h = (At, Az) is the step of the grid. We show that
under the usual hypotheses of monotonicity, stability and consistency, the numerical scheme converges. This
result generalizes the classical convergence theorem of monotone numerical schemes in the classical case, due to
Barles and Souganidis [9)].

2.6. Comparison with existing literature

Recently, control problems and Hamilton Jacobi equations on stratified structures have been investigated
in several works. A similar setting to the one considered in this article can be found in [5, 6, 20, 31, 32].
The techniques used in [20, 31, 32] are also all based on invariance principles and on the use of the essential
Hamiltonian to describe the behavior of the value function. Here, we investigate further the essential dynamics
and its corresponding Hamiltonian. In particular, we show that the invariance principles (weak and strong) can
be fully characterized by using the essential Hamiltonian (for both principles). This result is new, it generalizes to
the stratified case the invariance principles known in the literature for a Lipschitz dynamics. As consequence of
the invariance principles, particularly the strong invariance principle, we obtain a strong comparison principle for
equation (2.3) by assuming further that the essential dynamics Ff() are 1.s.c in their domains. The comparison
principle states that for any w; u.s.c sub-solution of (2.3) and for any wus l.s.c super-solution of (2.3), we have
uy < ug in RY x (0,7]. Unlike the results established in [5, 6, 20, 31, 32], the comparison principle does not
require any additional controllability assumption nor the continuity of the sub-solution around the interface.

The setting of control problems considered in [7, 11] is very close to ours. However, in those papers, the
HJB equation considered on the singular set A is different from the one we use in (2.3). Indeed, in [7, 11], the
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Hamiltonian on each stratum is built by using only local information with the dynamics defined on the stratum
without taking into account the behavior of the dynamics at the relative boundary of each stratum. Therefore,
the Hamiltonian on the interface does not take into account the information coming from neighboring strata. As
consequence, the comparison principle in [11] requires an additional controllability condition and the continuity
of sub-solutions. The work of [7] is more general, it requires a weaker controllability assumption and gives a
comparison between u.s.c solutions and l.s.c solutions if the sub-solution satisfies Ishii’s condition or a weak
continuity requirement.
To compare our results with those presented in [7], we will analyze different examples.

Example 2.13. Notice that the setting in [7] concerns optimal control problems, with final and running costs,
on a general stratifications of RY. For a simple comparison, we will restrict ourselves to a framework without
a distributed cost. We also suppose that N = 2 and the stratification is composed simply of two half-spaces of
R? separated by a line (n =2 and [ = 1)
R? = M7 UM UMs,
with
My = {(z1,22) € R* 21 <0}, My :={(21,22) € R? x1 >0}, Mz :={(z1,22) € R?, 21 =0}

This stratification satisfies (Hy) and it is a regular stratification in the sense of [7] as well. Let F(.) be an u.s.c
dynamics defined on RY, with

Fi(z) = F(x) N Tpm,(x) for z € M;, and for i =1,2,3. (2.5)
We define the value function the following way
W, t) == inf{Y(y(T)), y(s) € F(y(t)) for a.e. s € [t,T], y(t) = z}.

We will discuss the properties of the value function in Section 4. In [7], the cost function ¢ and the dynamics
F;(.) satisfy

(i) The dynamics F is uniformly bounded on R¥.
(Hp,7) § (ii) Fori=1,2,3, Fjis Lipschitz continuous on M;.

(i7i) The cost function v is bounded and uniformly continuous on R¥.

Besides, a normal controllability assumption is introduced in [7]. In the simple setting of this example, this
normal controllability is the following

(Hy,7) Forie {1,2} and every x € M;, and r > 0, there exists C'> 0 and ¢ > 0 such that

Hp, (y,p) > 8lp2| — C(L+ |p1]) Vy € B(x,r) N Ms, p= (p1,p2) € Tats(x) X Tig, ().
The set TAJ;I:S(;U) is the orthogonal complement of the tangent space Ty, (z) in RY. According to [7], under

assumptions (Hp 7)) and (Hy 7)), the value function + is bounded and continuous. Moreover, ¥ is a super-
solution of the equation

—0w(x,t) + Hp(z, 0yv(x,t)) > 0, (2.6a)
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and 1 is a sub-solution to the system of equations
—ow(x,t) + Hp, (x,0,v(x,t)) <0 Ve e M,;, and for i =1,2,3. (2.6b)

Furthermore, let vy be ls.c super-solution of (2.6a), and let v; be a u.s.c sub-solution of (2.6b) satisfying one
of the following conditions:

(1) vy is continuous on Mg,

[ ]
e (ii) vy satisfies Ishii’s condition, i.e., u is sub-solution to

—0w(x,t) + Hi(x, Opv(x,t)) <0, for x € M,

where H, is the l.s.c envelope of H:

H.(x,p):= liminf Hp(y,q).
(¥,9)—(x,p)

Then, under assumptions (Hp 7)) and (Hy [7]), by Theorem 4.1 of [7] we have v1 < vy on RN x [0,T]. The
result is even more precise and provides a local strong comparison result.

Now, let us see how our work differs from [7]. Our assumptions (SH), (Hp) and (Hgss) require the dynamics
F;(.) to be Lipschitz continuous on bounded sets of M; with a linear growth. No boundedness is required.
Furthermore, the essential dynamics Ff(.) are Ls.c. on M; under assumption (Hgss), the result of Theorem 2.12
provides a comparison between sub-solutions and super-solutions of the following HJB system

—Owu(t,z) + Hp, (x,0zu(t,z)) =0 for (t,z) € (0,T) x M;, i =1,2,
Ot ) + max {Hps(e,Opu(t.a)} =0 for (t,2) € (0.7) x Ma, 27)

u(T, ) = (x).

This result does not require a controllability assumption and it states that for every u.s.c sub-solution u; of
(2.7) and for every l.s.c super-solution of (2.7), we have u; < uy on (0,7] x R, Note that in the system (2.7),
we use the same Hamiltonian max; Hy on M3 to describe the sub and super optimality. This Hamiltonian

includes all the dynamics of trajectoriesz starting from a position in M3. Therefore, the Hamiltonian max; H .

contains more information than Hamiltonian Hp,. Theorem 2.12 gives a comparison principle for (2.7) without
requiring additional information on sub-solutions.

The controllability assumption (C'H), which is stronger than (Hy [7) is used only to prove that the value
function is continuous (see Sect. 4). The assumption (CH) is not necessary and the continuity of the value
function can be obtained in some cases without assumption (Hy, 7)) or (CH).

Example 2.14. Consider the same stratification as in Example 2.13. The dynamics F(.) and F3(.) defined on
My and Ms respectively, with

Fi(z) :=B(0,1) on My, Fy(x):=DB(0,2) on M.
We define F'(.) as the regularization of the dynamics Fy(.) and Fy(.). It is given by

F(z) =< Fy(x) = B(0,2) if v € Mo,
B(0,2) if x € Ms.
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The essential dynamics are given by

Fi()=F() on My and F!()=[-1,0] x [-1,1] on M3 = M; \ My,
Fi()=F() on My and F!=10,2] x [-2,2] on M3 = My \ My,

Fi() ={0} x [-2,2] on M3 = Ms.

The dynamics of this example satisfy assumptions (SH), (Hp), (Hgss) and (CH). Furthermore, it satisfies
hypotheses (Hp,[7)) and (Hy,[77) from [7]. Hence, our results give a comparison principle for any u.s.c sub-solution
uy and any l.s.c.super-solution us, in the sense of Theorem 2.12, of the following equation

—Ow(t, x)+]0;v(t,z)| =0 on (0,T) x My,
—0w(t,x) +2|0,v(t,x)] =0 on (0,T) x Ma,
cos(f cos(f
—0w(t, x) —|—max(maxee[,%’%]@xv(t,x), (sin59;>>’ 2maxee[%,s%]<8$v(t,x), (sin((9;>>> =0

on (0,T) x Ms,

v(T,z) =¢Y(z), z€R%L

Moreover, by Theorem 2.11, the above equation admits a unique continuous viscosity solution. The viscosity
solution is the value function ¥ associated to the optimal control problem defined using the dynamics F(.) and
the final cost v (see Sect. 4). By Theorem 4.1 of [7], 9 is also the unique continuous function that satisfies
v(T,z) = ¢¥(x) and is both a viscosity super-solution of

—Ow(t,x)+|0zv(t,z)| >0  on (0,T) x My, (2.8)
—Ow(t,x) + 2|0,v(t,x) >0 on (0,T) x MaU Ms. ’
and a viscosity sub-solution of
—0p(t, x)+|0zv(t, )| <0 on (0,T) x My,
—Ow(t,x) + 2|0,v(t,x)| <0 on (0,7) x Ma, (2.9)

—0p(t, x) + max <8mv(t,x) : <(2)> , Ozu(t, ) - ( 02>> <0 on (0,T) x Mg,

The comparison theorem in [7] allows also to compare any l.s.c super-solution of (2.8) and any u.s.c sub-solution
of (2.9).

Example 2.15. This example is inspired from Section 10.4 of [8]. Consider the same stratification as in the
previous example and introduce a new dynamics defined by

Fl(x)z{@),ae[_u]} for z € My, Fg(a:):{(a>,a€[—1,1]} for z € Ms.

—a
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For = € Mg, the convexified dynamics is F(z) = { (Z) Jal <1, 18 < 1}, and the tangent dynamics on M3 is

given by Fy(z) = {(2) acl-1, 1]}.

For this setting, the essential dynamics is given by

Fi(z) = Fi(2) on My, Ff(x):{
Fi(z) = Fy(z) on My, Fi(x) {
and Fj(z) = F3(z) on Mj.

Figure 3 shows the essential dynamics where F f is represented in red, F2ﬁ in blue and Fg in green. Theorem 2.12
states a comparison principle for the following HJB equation

—Owu(t, ) + |0p, u(t, x) + Og,u(t,z)| =0 for (¢t,z) € (0,T) x My,

—0wu(t, z) + |0, u(t, x) — Oz, u(t,z| =0 for (t,z) € (0,T) x Ma,

—owu(t, ) + max(|0g, u(t, )| + Op,u(t, x), |0x,ult, x)|) = for (¢t,x) € (0,T) x Ms,
w(T,x) = |z1| + @2,

(2.10)

where ¢(x) =|z1| + 22 is the final cost. We can also prove that this equation has a unique continuous viscosity
solution that happens to be the value function associated with the following optimal control problem:

u(t,z) = inf {|ly(T)|+y2(T) : y(s) € F(y(t)) for a.e. s € [t,T], y(t) ==x}.

Let us notice that in this setting, the viscosity solution in Ishii’s sense is not unique, as shown in Section 10.4
of [8].

Example 2.16. In this example, we consider a different stratification of R? given by

My = {x = (r1,20) €R?, 21 <0}, My := {2 = (x1,22) € R? 21 >0},
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FIGURE 4. The dynamics of Example 2.16: In red the dynamics F(.) and in blue the dynamics

F(.).
Ms = {0}x] — 00,0[, My := {0}x]0,+oo, and M := {0}.

The stratification satisfies (H1). Consider the dynamics Fj(.) and Fy(.) on M; and My respectively defined as

( 2 ) on Mg.
—x

follows:
Fi(z):=¢ ( > )on My, Fa(z) :=co
1
The convexified dynamics F(.) is given by
F1 ({ZZ), S Ml,
F(z) = { Fy(x), x € May,
[min(eq, ¢2), max(cq, c2)|r2es, elsewhere.

Assume that c1,co > 0. Then we have
F5() = {0} on .A_/lf,.

F3(.)=0on M3z, Fy(.)=0on My,
Figure 4 shows the essential dynamics (F; is represented in blue while F5 is represented in red). Notice that in
this example the normal controllability is not satisfied and the results of [7] do not apply (see some remarks on

problems without controllability in Section 12.2 of [8].
The essential dynamics are defined by

on MZa

Fi(x), on My, Fy(x)
Fl (.’17), on M37 f ®7 on M?ﬂ
Fi(z) = Fi(z) =
1(@) 0, on My, 2(@) Fy(x), on My,
{0}, on Ms. {0}, on Ms.

iy )0, on Ms, iy )0, on My, foon
F3<x>—{{0} e F(x)—{{o} o O = (o)

4
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We consider the following HJB system

—0pu(t, ) +Sup, e p, ()1 —(Ozu(t, x),v)} =0 for (t,z) € (0,T) x M;, i =1,2,
—0pu(t, ®) + 8up, e p, (o)1 —(Ocu(t, x),v)} =0 for (t,x) € (0,T) x M3,
—0wu(t, o) + sup,ep, {1 —(Ozult,),v)} =0 for (t,z) € (0,T) x My,
—0wu(t,0) =0 forte (0,7),

u(T,z) = (x) for x € RV.

The dynamics of this example satisfy the assumptions (SH), (Hp) and (Hgss) but not the controllability
assumptions (Hy (7). However, whenever we choose 1 Lipschitz continuous and bounded, we can prove that
there exists a unique continuous solution to the above HJB system and it is the value function associated to the
optimal control problem defined with F(.) (see Sect. 4). Moreover, Theorem 2.12 provides a strong comparison
principle for the above HJB system.

3. INVARIANCE PRINCIPLES

In this section, we present weak and strong invariance principles. These principles are known in the classical
case, when the dynamics F(.) is Lipschitz continuous, see Chapter 11 of [13]. Here, we give an extension of the
weak and strong principles in the stratifies case.

First, we recall some tools from nonsmooth analysis.

Definition 3.1. (Proximal sub-gradient and super-gradient).
o Let u: RY — RU {+00} be a Ls.c function. We say that ¢ is proximal sub-gradient at a point z € dom(u)
for some o = o(z, () and some neighborhood V' =V (z, () of z if we have

The collection of such ¢ form the proximal sub-gradient. It is denoted J,u(z).
e Similarly, Let u : RY — R U {—o0} be an u.s.c function. We say that ¢ is proximal super-gradient at a
point z € dom(u) for some o = o(x,() and some neighborhood V' =V (z, () of x if we have

u(y) — u(z) +oly — 2P < (Cy — ), VyeV.

The collection of such ¢ forms the proximal super-gradient. It is denoted dPu(x). We also have the property

0Pu(z) = —0p(—u)(z).

Definition 3.2. (Proximal normal cone).

Let S C RY be a closed set and x € S. A vector ( is a proximal normal to the closed set S at the point z if there
exists o > 0 such that ({,y — ) < %|y —x|? Vy € S. The set of all proximal normal vectors at z is denoted
by N&(x).

Definition 3.3. (Weak invariance).
Let T': RN ~ RY be a set-valued map. Let S C RY be a closed set. We say that (S,I') is weakly invariant
provided that for € S, ¢ € [0, T] there exists y(.) a solution of (DI)r(¢, x) such that y(r) € S for all 7 in [¢, T

Definition 3.4. (Strong invariance).
Let I' : RNV ~» RY be a set-valued map. Let S C RY be a closed set. We say that (S,T) is strongly invariant
provided that for x € S, ¢t € [0,T] and every y(.) a solution of (DI)r(¢t,z) we have y(7) € S for all 7 in [¢,T].

Theorem 3.5. Assume (Hy), (SH) and (Hp). Let S be a closed set of RN. We denote by S; := M; N S. The
following assertions are equivalent:
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e (i) (S, F) is weakly invariant,
o (i) Ve e S, Jiel(x) : Vg, € Ng (x), Hp,(x,m;) >
[ ]

i

(i5i) Yz € S, Ji € I(z) : Vi € Nb (x), Hps (ac m) >
Theorem 3.6. Assume (H;), (SH) and (Hp). Let S be a closed set of RN. We denote by S; := M; N S. The

following assertions are equivalent:

(i) (S, F) is strongly invariant,
(i4) Ve € S, Viel(x), Vn € Ng (v), Hp (x,—n;) < 0.

[ ]
[ ]
The complete proof of Theorems 3.5 and 3.6 are given in Appendix C.

For stratified systems, the first attempt to prove the invariance results was in [10], using the essential Hamil-

tonian strategy. In particular, for the strong invariance principle, under assumptions (H;), (SH) and (Hp),
([10], Thm. 5.1) states that (S, F') is strongly invariant for some closed set S C R¥ if and only if

Vo € S, V€ e Ni(z), Hpi(z,—§) <0. (3.1)
Although the intuition of using the essential Hamiltonian was very interesting, the proximal normal cone N%(x)
used in (3.1) is the same as the one in the classical case, which does not take into account the geometry of the
problem. More precisely, the sufficient implication in (3.1) fails to be true in general. Here is a counterexample.

Consider a stratification as follows

M1:{(x1,x2)€R2 s a1 < 0& 2y >0} MQZ{(Z'l,ZL’Q)GRz a1 <0& zg <0}
Mz ={(z1,29) €ER? : 27 >0& 29 <0} My ={(z1,22) €R? : z1 >0& 3 >0},

Ms = (0,400)ey, Mg = (—00,0)e;, M7=(0,40)e;, Ms=(—00,0)ez, Mg={0}.
This stratification satisfies assumptions (H;), (SH) and (Hp). Take S to be the closed set defined by
S = {(x1,29) €R? : 23 < a3},
represented in red in Figure 5, and consider the following dynamics

Fi(21,22) = Fa(z1,72) = Fy(w1,22) = F5(21,72) = {(0,0)},

Fﬁ(l‘l,ilig) = F7(1‘1,1‘2) = Fg(l‘l,l‘g) = {(0,0)}, F3(1‘1,ZZ?2) = Fg(l‘l,l‘g) = {—exz}.

Since the proximal normal cone to S at Z = (0, 0) is equal to N5(z) = {(0,0)}, the Hamiltonian inequality (3.1)
is therefore verified at & = (0, 0). Moreover, the inequality (3.1) is also verified, for any other point in S\ {0} since
the dynamics F is reduced to {(0,0)}. However, (S, F) is not strongly invariant since F'(0,z2) = co{0, —e,, } if
z9 < 0, and the trajectory

Z(s)=(0,t—s) € S(t7T) (0,0)
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R

S = (o
(21, 22) = {(0,0)} 1,22) = {(0,0)}

= (0,00 N&(@) =1{(0,0}

o (@1, T2 F3(xz1,22) = {—€xn}

FIGURE 5. Counterexample with a stratification in R, with N =2, n =4 and [ = 5.

is a trajectory of F' that starts at £ = (0,0) € S, but Z() ¢ S. In conclusion, in this counterexample the
Hamiltonian inequality

Vo € S, V€& e Ni(s), Hpi(z,—£) <0,

is verified. Nonetheless, (S, F') is not strongly invariant (so, the sufficient condition of strong invariance (3.1) is
not correct).

In Theorem 3.6, we give a correct characterization of the strong invariance, in the stratified case, using the
essential Hamiltonian and by involving, for every i € I(z), the normal cone N§ (). Notice that (S, F), defined
in the above counterexample, does not satisfy the characterization of strong invariance given in Theorem 3.6.
Indeed, we have

Ss =9 ﬁﬂg =5N (*OO, 0]€m2 = {(0, O)}

Therefore, the proximal normal to Sg at z := (0,0) is equal to R%. Moreover, we have Fg () = co{0,—ey, } =
[0, —eg,]. Thus

HFg(j7_N§g(j)) > (—egy, —€gy) = 1> 0.

4. PROOF OF THEOREMS 2.11 AND 2.12

4.1. Optimal control problem and the value function

In this section, we consider the differential inclusion associated with the set-valued map F":

y(s) € F(y(s)), s € [t,T] a.e.,
y(t) = .

Since F' is u.s.c with nonempty, convex and compact images, then the above differential inclusion admits
Lipschitz solutions for any (¢,z) € [0,T] x RY. Furthermore, the set of solutions is compact in the topology of
uniform convergence ([2], Thm. 1, pp. 60). We denote by S () the set of solutions of the differential inclusion
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associated to F'(.):

St (@) = {ym(.)er’l([t,T];RN) : { Vo) (®) € Flyem(s)h o € [6T), 2, }

We consider the following Mayer optimal control problem defined for (¢,z) € [0,T] x RY by

inf V(Y(t,2)(T))
such that  ¢;,.)(s) € F(ye,2)(s)), s € [t,T] (4.1)
y(t,;c)(t) =z,

where the infimum is taken over all trajectories ¥ ,)(.) € Sq., 7y (%) and it is reached.
Next, we consider the value function associated to the optimal control problem defined on (¢, ) € [0, 7] x RY
by

I(t,z) = inf{ Y(ye,) (1)), Y2)() € Sery(@) }

We now proceed to define some properties of the value function.
Definition 4.1. Let u : (0,7] x RY — R be a function. u is said to enjoy

e the super-optimality property if for all (¢,x) € (0,7] € RY, there exists y .)(.) € Sq,1)(z) such that

u(ta Y(t,x) (t)) > U(S, Y(t,x) (5))a Vs € [th]§

e the sub-optimality property if for all (¢,z) € [0,T] € RY, for all y ,)(.) € Si,1)(x) we have

u<t7 Y(t,x) (t)) < U(Sa Y(t,x) (S))a Vs € [t’T]'

As in the classical case, the value function 1 satisfies the Dynamic programming principle, which corresponds
to the super-optimality and the sub-optimality properties.

Lemma 4.2 ([22]). Let u: (0,T] x RN — R be a function.

o Ifu(T,z) > ¢¥(x) and u has the super-optimality property, then: ¥(t,x) < u(t,x) for all (t,z) € (0,T] €
RN

o Ifu(T,z) <(z) and u has the sub-optimality property, then: 9(t, ) > u(t,z) for all (t,x) € (0,T] x RN

The next proposition states that the controllability hypothesis (CH) is a sufficient condition to ensure that
the value function is locally Lipschitz continuous.

Proposition 4.3. Suppose (Hi), (CH) and (H%) hold. Then, ¥ : [0,T] x RN — R is locally Lipschitz
continuous.

Proof. From the controllability assumption (CH), there exists a neighborhood of A (the interfaces), denoted
V := A + B, and there exists > 0, such that for all z € V| we have rB C F(x).

First, we prove that ¥(t,.) is locally Lipschitz. Let z,z € RY. We suppose first that =,z € V. Let M be the
local supremum bound of F' and Ly, be the Lipschitz constant of ¢ in some open ball with radius large enough.
Without loss of generality, we suppose ¥(t, x) > 9(t, z).
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Let y.(.) € S, 1)(2) such that ¥(t, z) = 9 (ys,-(T)). Set

:|$_Z| and f(S)zgc-l-Ti(s_t) for s € [t,t + .

T |z — 2z |

h

We define:

) £(s) for s € [t,t + h]
y(s) = { Yt,-(s —h) fors € [t+h,T]

It is easy to see that 7(.) € S ry(x). If t +h < T, we get

It ) =0t 2) <P@(T) = (e, (T)) < Lplg(T) = y1,(T)] = Ly|ye,.(T — h) = y1,-(T)]
< LyMh = L¢¥|x _ 2

If t + h > T, then we get

Ot x) =0t 2) SPG(T)) = P(ye.(T)) < Ly (IK(T) = 2| + |2 = y2,(T)])

<Ly (|xz+r|z_x|(Tt)|+M|Tt|>
xr—Zz

r—+ M
)z — z|.

r

< L¢(1 +
Thus in all cases we get
M
I(t,x) —I(t,2) < Ly(2+ — )|z — 2|
r

Suppose now for example z ¢ V (we can do the same reasoning on z instead). Then by taking them close
enough to each other, there exists ¢ € {1,...,n} such that z,z € M;. Let y; .(.) € S, 7)(2) such that J(t, z) =
Y(yi,-(T)). Suppose ¥ .(.) crosses the boundary of M;. Let to € [¢,T] be such that

Y2 ([t to]) C M, and e . (to) € V.
Let y;,2(.) € S, 1) () such that y, .([t, t0]) C M;. We have
e, (t0) — Yo, (to) | < €0 — 2|< M|z — 4]
Since they are both Fj-trajectories on [t,to], see Theorem 4.3.11 of [15]. Furthermore, we can also suppose that
yr.z(to) € VNM,.

We can always find such a trajectory if z and z are close enough and y; .(to) € V N M,.

Set h = M and &(s) = ys..(to) + r%(s —to) for s € [to, to + h]. We define

Yt.(8) for s € [t, to]
y(s) =4 &(s) for s € [to, to + h]
Yrz(s —h) fors e [to+h,T]
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Tt is easy to see that ¢(.) is an F-trajectory. So, arguing in the same way as the previous case, we get

It x) = I(t,2) S VG(T)) = (e, (T)) < Ly |§(T) — ye,-(T)]

M
< Ly(2+ —)eMT |z — 2.
r

If the trajectory y; ,(.) does not cross the boundary of M,, then, it is an F; -trajectory. Furthermore, we can
always find a F-trajectory y ,(.) that stays in M; by the controllability assumption. Indeed one can always
choose a trajectory with zero velocity once it reaches the neighborhood V. So y; . (.) is also an Fj-trajectory.
Hence the result follows again from the classical case, see Theorem 4.3.11 of [15]. This finishes the proof of 9(¢, .)
is locally Lipschitz.

Now we prove that o is locally Lipschitz w.r.t the time variable. Let z € RY. Let ¢, s € [0, T] such that t < s.
By the super-optimality property, there exists y(.) € S¢ 7y(7) such that J(t,x) = 9(s,y(s)). Then

[0(t,2) = I(s, )| = [9(s,y(s)) = I(s,2)| < [9(s,y(s)) — (s, y(?))].

Since both (s, .) and y(.) are locally Lipschitz, then from the expression above, 9(., z) is locally Lipschitz.
This ends the proof. O

The next proposition shows that F-trajectories are the same as F*-trajectories. This implies that the essential
dynamics completely characterize the optimal control problem 4.1.

Proposition 4.4. ([10], Prop. 2.1).

Let (t,z) € [0,T] x RY and y(.) € Su,r)(x). The following statements are equivalent:
(i) y(.) is a solution of (DI)p(t,x),

(i) y(.) is a solution of (DI)ps(t,x),

(111) y(.) is a solution of (DI)F,(t,x) whenever y(.) € M,.

Proof. (iii) = (ii) = (i) is obvious since F;(.) C F*(.) C F(.). Now, suppose (i) and let y(.) € Si;1)().
For k e {1,...,n+ 1}, let Jp :={s € [t,T] : y(s) € My}. Without loss of generality, we suppose Z(J;) > 0
(otherwise there is nothing to prove). We set

Ji:={s e J, : y(s) exists in F(y(s)) and s is a Lebesgue point of .J; }.

Clearly .Z(Jy,) = Z(Ji) (£ stands for the Lebesgue measure). Let s € Jj. So, there exists a sequence (s,,)n C Ji
such that s, — s and s,, # s for all n. Since y(s,) € My, we have

g(s) = tim Y TV om0,

sn—s S, — S

which is the required result. O

The above proposition shows in particular that the optimal control problem could be defined using F' or F*
i
or F/,i=1,....,n+1L

4.2. The super-optimality and super-solution property

In this section, we characterize functions that are super-solutions of equation (2.3) with super-optimality
property. The characterization using the Hamiltonian Hr is standard in the literature since the set-valued map
F satisfies the usual hypotheses (upper semicontinuity with nonempty, convex and compact images). Here, we

will prove a more general result. We show that super-solutions are characterized using the Hamiltonians H .,

i
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i=1,...,n+1, In the viscosity sense given in Definition 2.6. We recall that for a l.s.c function u : (0, 7] x RV —
Randi=1,...,n+1[, we define the function u; : (0,T] x RY — RU {+0c0} by

u; = u on (0,T] x M; and u; = +o0 elsewhere.

Theorem 4.5. Suppose (Hy), (SH) and (Hp). Let u: (0,T] x RN — R be l.s.c. The following assertions are
equivalent:

(i) u is a super-solution of (2.3) in the sense of Definition 2.6,

(it) u satisfies the super-optimality principle.

Proof. The fact that (i) is equivalent to
-0+ Hp(z,§) >0  V(0,§) € D™ u(t,x), (4.2)

is well known since F'(.) is u.s.c with nonempty, convex and compact images. For more on this, see Proposition 3.5
of [32] or Chapter 19 of [13]. Moreover, it is obvious from this that (i) = (i) since Hp4 (.,.) < Hp,(.,.) < Hr(.,.)
and D~ u(.,.) C D™ u,(.,.), for all ¢ € [1,n +1].

It remains to prove (ii) = (). Let y(.) : [t,T] — RY be a trajectory solution of (DI)(t,) such that the
super-optimality property holds in y(.). We claim the following:

Claim: 3 € I(z) such that there exists a sequence (tn)n, tn | t and z, 1= y(tn) € M;, so that 2=F — v
and v € Fjﬁ(x).

Deferring the proof of the claim, let ¢ € C*((0,T) x RY) such that u; — ¢ attains a local minimum at (¢, z)
in (0,7) x ﬂj. For n big enough the super-optimality property gives

u;(t, x) — u;(tn, z,) > 0.

This inequality combined with the fact that w;(t,,z,) — @¢(tn, zn) > u;(t, ) — ¢(t, z) lead to

tn . t(¢(t’x) - ¢(tn7xn)) Z 0.

By letting n tend to 400, we obtain —0;¢(t,x) — (v, 0z4(t,x)) > 0 and then

78t¢(t,x) + I—IF]ﬁ (QC, am¢’(ta (E)) > *at(rb(tvl‘) - <V7 8ﬂc¢(ta (E)) = 0.

This concludes the proof.

Now we turn our attention to the proof of the claim. We distinguish two cases: either there exists r > 0 such
that y([t,t 4 r]) stays in one domain M for some j € {1,...,n} N I(x), almost everywhere, or it touches or
crosses the singular set A infinitely many times no matter how we are close to x. We begin with the first case:
suppose there exists > 0 such that y([t,t+ r]) C M; for some j € {1,...,n} N I(z) almost everywhere. So,
there exists a sequence (t,,)5, tn | t and z,, 1= y(t,) € M;, so that 2=F — v.

Notice that v = limy, 00 T2=¢ € Ty, (x), since x, € M. It remains to prove that v belongs to Fj(x).

Denote by s and M respectively the Lipschitz constant of F};(.) and the Lipschitz constant of y(.). We have

1
v= lim / y(s)ds
n—-+oo t,n —t [t,tn]
K

[ wroinae)ds+ " [ ly(s) - alBds)
[ttn] n U tt]

€ lim (
n—+oo “t, —t
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. kM
c lim (Fj(z) + Loil), tn](s — t)ds|B)
C tim_(Fyla) +xd = E) _ (o),

n——+oo 2

In conclusion, we get v € Fj(z) N Txy, (2) = Fjﬁ(x)

Now we get to the second case. Since y(.) touches or crosses A infinitely many times no matter how we are
close to z, then there exists j € {n+1,...,n+1} NI(x), asequence (t,)n, t, | t and z,, := y(t,) € M,, so that
giz_f — V.

Notice that v = lim, 4
k=1,...,n+1, we set

=t € Ty, (x), since x, € M. It remains to prove that v belongs to Fj(z). For

JPi={sec[t,t+t,] : ys) € My}, pk = 2(J%), K(z) :={k : u* >0, ¥n € N},

where we recall that £ is the Lebesgue measure on R. We obviously have K(x) C I(x). Furthermore, up to a
subsequence, there exist 0 < A\, < 1 and py € R such that

Z Ak = —/ y(s)ds — pr, asn — 0.
t [Ln k

keK(z) In

Denote by x and M respectively the Lipschitz constant of Fy(.) and the Lipschitz constant of y(.), we get

1
pr = lim —/ y(s)ds
n JJk

C lm_ (Rl >+%[/ (s — 1) ds]B)
c Jim (Fi(z) + kM|t, — t|B) = Fj(x).

Therefore, we have

. 1 ) pk 1
=1 )(s)ds = E 1 n i(s) d
v ng)H}’lOO tn —t /[t,t"] y(S) s n"H“II}OO t —t [,U/ []k y(S) S]

keK(x)
Cco{Fg(x) : ke K(x)}.

Finally, we get

Ve co {Fk(x) ke K(a:)} N Tz, (@) C co {Fk(x) ke I(a:)} N Tar, () = Fi(a).

This ends the proof of the claim. O

Remark 4.6. By the arguments presented at the beginning of the above proof, it is easy to see that under the
same assumptions of Theorem 4.5, the following statements are equivalent:

(i) u satisfies the super-optimality principle,

(ii) w is a super-solution of (2.3) in the sense of Definition 2.6,
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(iii) w is a super-solution of (2.2) in the sense of Definition 2.6,
(iv) u verifies inequality (4.2).

Remark 4.7. It was already known from [32], that the inequality (4.2) is equivalent to the super-optimality
property if we only use the classical definition of viscosity. The importance of this result lies in the fact that
the equivalence is valid even if we take the notion of viscosity stated in Definition 2.6.

4.3. The sub-optimality and sub-solution property

This section aims at establishing the link between the sub-optimality principle and the the sub-solution
property of (2.3).

Theorem 4.8. Suppose (Hi), (SH), (Hp) and (Hgss) hold. Let u : (0,T] x RN — R be an u.s.c function.
The following assertions are equivalent:

(i) u satisfies the sub-optimality principle,

(#9) u is a sub-solution of (2.3).

Proof. We prove (i) = (ii) first. Let i € {1,...,n+1} and (t,2) € [0,T] x M;. By Lemma 3.9 of [32], for every
pE Fiti (x), there exists a C! trajectory y(.) defined on some interval [t,t + €], with € > 0, such that y(¢) = z,
y(t) =pand y(.) C M;.

Let u; = uw on (0,7] x M; and u; = —oo otherwise. Let (0, ) be in Dt u;(t,z). For any sequence ((tn, Tn))n
such that (¢, x,) € dom(u;) and (tn,z,) — (¢, x), we have

Jimn sup W(tn, Tn) —u(t,x) — O(t, —t) — (&, 2y — T) <o.
n—00 |xn - {E| + |tn - t|
Setting x,, = y(t + ) and ¢, :=t + £, we get by sub-optimality of u

—0(t, —t) — (&, zp — ) < W(tn, zn) —u(t,z) — 0(t, —t) — (&, — )
|xn — 2| + |tn —t] |z — x| + |tn — 1]

)

By letting n — oo we get

—0 — <§7p>

< —0 — <0.

Since p is arbitrary, we get the result by taking the supremum over Ff(x)
It remains to prove (i) = (¢). We define the augmented stratification by

M; - =R x M; xR.

Furthermore, for all i = 1,...,n + [, we define v := —u (so v is l.s.c) and we denote by v; = v on (0,7] x M;
and v; = +oo otherwise. Next, we divide the proof into 2 steps.

Step 1. We show that
Vie {l,...,n+1}, epi(v;) = epi(v) N M.

Let (t,z,7) € epi(v;). So v;(t,x) < r. Hence € M; and v(t,x) < r. Thus we get (¢,z,7) € epi(v) N M;.
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Conversely, if (t,z,7) € epi(v) N M;, then v(t,z) <r and z € M;. So v;(t,z) = v(t,z), whence v;(t,z) < r,
which finishes the proof of step 1.

Step 2. (Augmented dynamics). Let us first point out the fact that assertion (i) is equivalent to
-0+ Hp (x,v) <0 forall (t,x) € (0,T) x M;, (0,v) € =D v;(t, ),
since DV u;(t,z) = =D~ (—uw;)(t,x) = —D~v;(t, z). We establish the following claim
Claim. Let Gf be the augmented dynamics defined by
Git,x,z) := {1} x F}(z) x {0}, for any (,z,2) € M,.
If we have
-0+ HFiu (z,v) <0 forall (t,x) € (0,T) x M;, (0,v) € =D~ v;(t, ),
Then it holds

sup {{n,v)} <0 Y(t,x,2) € epi(v;), g € pri(vi)(t,x, z). (4.3)
yEGf(t,x,z)
Let (t,z,z) € epi(v;). If Fzﬁ(x) = () then the result holds by vacuity. Otherwise, let (£, —X) € pri(vi)(t,x,z).
So we have A > 0 because (£, —\) belongs to the proximal normal cone of the epigraph of v;. If A > 0. Then
we have z = v;(t,z) and there exists (0,() € —0,v;(t,x) C —D~v;(t,x) such that £ = (—A\0, —A(). Hence, by
Theorem 11.32 of [13], for any v € G¥(t, z, z) we have, for some p € F!(z):

(6 =X), ) = =0+ (C,p)) < N0+ Hps(2,0)) <0

We take the supremum over v and we get the result. Now, if A = 0, then by Theorem 11.31 of [13], there exist
sequences ((tn, Tn))n C [0, T] x M, (£4)n € RV and (A,), C (0,00) such that

1
(tnax’ru )\n) — (t,l‘, 0), U(tna xn) — Z fn — ga )\7571 S _8pvi(tn; xn)

Thus the argument above shows that
((Eny=An)svn) O Yo, € Gty 2, ui(tn, 2,)), V0 € N

Furthermore, by Hypothesis (Hgss) we have that Gf() is lower semicontinuous. So for any v € Gg(t,x,z),
there exists a sequence (v, ), — v such that v,, € Gg (tn, T, Vi(tn, Tn)). By evaluating the last inequality at this
sequence and letting n — +o00, then taking the supremum over v, we get the result. w

Consequently, since equation (4.3) holds from (i), then we can apply Theorem 3.6 to the augmented dynamics
G(.) == {1} x F(.) x {0}, the stratification RN*? = U] M; and the set S = epi(v). Thus we get that (epi(v), G)
is strongly invariant. Let (¢,z) € (0,7) x RY and y(.) be a solution of (DI)r(t,z). So we have that

Y(s) = (s,y(s),0(t,y(t) s €[t,T],
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is a solution of the differential inclusion with the augmented dynamics G(.) and initial condition
(t,y(t),v(t,y(t))) = (t,x,v(t,x)) € epi(v). Thus, by Theorem 3.6, we get

(t+ h,y(t+ h),v(t,y(t)) € epi(v)
for all h € [0,T — t]. Hence
v(t+h,yt+h)) <v(ty) <= ult,yt) <ult+h,yt+h)) (sinceu= —v).
This ends the proof of (i1) = (i) and Theorem 4.8. O

4.4. Proof of Theorems 2.11 and 2.12

Proof. (Thm. 2.11). Proposition 4.3 shows that the value function ¥ is locally Lipschitz continuous. Furthermore,
we have ¥(T,z) = ¢(x). Theorem 4.5 shows that 1} is a viscosity super-solution since it enjoys the super-
optimality property. In addition, Theorem 4.8 shows that ¥ is a viscosity sub-solution since it enjoys the
sub-optimality property. Finally, uniqueness comes from the global comparison result in Theorem 2.12. O

Proof. (Thm. 2.12). Let u; and us respectively be a l.s.c super-solution and an u.s.c sub-solution of equation
(2.3). By Theorem 4.5, we conclude that wu; satisfies the super-optimality principle which means that for all
(t,z) € (0,T] x RN, there exists a trajectory y(.) € S, () such that

up (t, ) > ui (T, y(T)).

Likewise, by Theorem 4.8, we conclude that us satisfies the sub-optimality principle. Then for the same trajectory
y(.) we have

V(t, CU) € (OaT] X RN; u2(t,l') < u2(T7y(T))

Henceforth, using the fact that ua(7T,-) < uy (T, ), we get the desired result us(t, z) < uy (¢, z) for any (t,z) €
(0, 7] x RV. 0

5. STABILITY
Theorem 5.1. Fori=1,...,n+I, let (FZ] t M~ RN)j be a sequence of set-valued maps satisfying (SH) and

such that FZJ — Fi w.r.t the Hausdorff metric (i.e. uniform convergence). Let (v : RN — R); be a sequence of
L.s.c functions such that vi — v locally uniformly in RN . Suppose in addition that for all j, v7 is a super-solution

of

—0 (t, ) + _mla(x) {H ¢ (2,0,07 (t,2)) } >0 for all (t,x) € (0,T) x RY,
el(x i

in the sense of Definition 2.6. Then v is a super-solution of (2.3).

Proof. Let (t,z) € (0,T) x RY. Using Remark 4.6, it suffices to prove that v is a super-solution of (4.2). Let
¢ € C((0,T) x RN) such that u — ¢ attains a local minimum at (¢, z). Then, there exists (t/,27) € (0,T) x RV
such that v/ — ¢ attains local minimum and such that (#/,27) — (¢,z). Since the stratification is finite and v7
is a super-solution of (2.3), then up to a subsequence (not relabeled), there exists i € [1,n 4 {] such that for
all j, we have

7at¢(tj7xj) + HF?”(Ijvard)(tja I])) Z 0
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Since Ffoﬁ() C F7 (.), we get

0

—6t¢(tj,xj) + HF? (-Tja 8m¢(tj7xj)) > 0.
io

So by letting j tend to infinity, we get

~0i¢(t,x) + Hp, (,0,0(t, ) > 0.
Finally, since F;,(.) C F(.), then we get

—0ed(t, ) + Hp(x,0:9(t, 7)) = 0,
which is the required result by Remark 4.6. O

Theorem 5.2. Fori=1,...,n+1, let (sz c M~ RN)j be a sequence of set-valued maps satisfying (SH).
We denote By

FF*() = F/() N T, .

Suppose that Fijti — Fiti w.r.t the Hausdorff metric. Let (v7 : RN — R); be a sequence of u.s.c functions such
that vI — v locally uniformly in RN . Suppose in addition that for all j € N, v7 is a sub-solution of

—0p! (t,2) + Hpis (2, 0,07 (t,2)) <0 for all (t,z) € (0,T) x RN, i € I(x),

in the sense of Definition 2.7. Then v is a sub-solution of (2.3).

Proof. Let (t,z) € (0,T) xRN and i € I(z). Let ¢ € C((0,T) x RY), such that u — ¢ attains a local maximum
in (0,7) x M;, at (t,x). Without loss of generality, we can always suppose that the maximum is strict. Then
by Lemma 2.2 of [4] there exists (t/,27) € (0,T) x M, such that v/ — ¢ attains local maximum in (0,7) x M;
at (t/,27), and such that (#/,27) — (¢,x). Since v? is a sub-solution, we get

—0pp(t?,27) + H e (27, 0,0(t,27)) < 0

Now let v € Ff(x) Then by the Hausdorff convergence of the sequence (Ffﬁ)j there exists a sequence
vl € F/*(27) such that 17 — v. Finally, we arrive at

_8t¢(tj7 xj) + <_Vj7 8@:¢(tja xj)> S _6t¢(tj7 xj) + ]_IF?'ﬁ (xja aw¢(tj7 mJ)) S 0.
By letting j tend to infinity, we get

_atd)(tax) + <_V» ax¢(t7x)> S 0.

Lastly, since v is arbitrary, we take the supremum over v and we get the required result. O
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6. GENERAL CONVERGENCE RESULT FOR MONOTONE SCHEMES

In this section, we aim at studying the convergence of monotone numerical schemes approximating the HJB
equation (2.3).

Let GA* = U::ll GA® be a spatial grid of RY of step Az, such that each GA? is a discretization of M; and
GA® is compatible with the stratification (M;);=1. ,4; in the following sense:

o (i) For all4,j = 1,...,n +1, such that M; C M;, GA” and ngI coincide on ngl‘,
(CON G VR >0, Wi= 1. n+ 1, limas dH(M NB(0,R) , GA* mE(o,R)) —0.

Comments on the hypothesis (CC)

Hypothesis (CC)(i) implies that the grid GA% is divided into n + 1 subgrids (GA%); with a partial order relation
that ensures compatibility with the stratification. Hypothesis (CC)(ii) asserts that for each ¢ = 1,...,n+1, the
subgrid GA® approaches M; in the the sense of Hausdorff convergence for locally compact sets. Notice that
this implies in particular that the points of a subgrid GA* don’t have to belong to M; meaning that we do not
require that

What is important here is that the grid G247 is divided into n + [ subgrids compatible with the stratification,
and each subgrid converges in the Hausdorff sense to its corresponding domain.
We define for any = € GA%, the index set-valued map of the grid

Igae(z):={i€{l,....,n+1} : z€G "}

Let At be a constant time step of a regular grid ™ of [0,T]. We denote h = (At, Az). We consider the
following numerical scheme:

At

ma‘XiGIgAm (zn) {Szh(thvxh?uh(thvxh)? [uh](th7$h) } =0 for (th’ Ih) € (HAt X gAz) \ {th = T}7
uM(T,zp) = (xp), for (th,zn) € (T x GA%) N {t), =T}

with v : TI"" x GA% — R is the approximate solution and [W"] ()2 are all the values of of u" on GA” at other
points than (¢, 7). Each SP, i =1,...,n+1, is supposed to verify the following hypotheses:

e Monotonicity : S'(s, z,u, [wl]?s7z)) < Sh(s, z,u, [’LUQ]?S)Z)), if wy > ws.
e Stability :
o each u" is bounded on bounded sets of RY independently from h, for h small enough, i.e. for all p > 0,
there exists a C, > 0, independent of h, such that

[t (el 2l < €, if (¢, al) €([0.7] x B0, p)) (T x g2

o u? verifies the following inequality on a neighborhood of the interfaces: there exists r > 0 and C, > 0,

independent of h, such that

" (th,n) — u" (s, yn)| < Collth — sul + |lzn — ynl),
for all (tn, 2n), (Sh, ) e([O,T] X (A+B(O,r)))m<ﬂm x gm).
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e Consistency : for all ¢ € C1((0,T) x RY) and (¢,7) € (0,T) x RY, we have

lim Sih(sv Z, ¢(87 Z) + C, [¢ + C]?s z)) = _at¢(tv ZL’) + ‘H-Fn (1[,’, am¢(ta (E)),
T2 xGAT3(s,2) = (t,x) ’ i

h—0

¢—0

where [¢ + C]?S ) is a function representing the values of ¢ + ¢ on the grid at other points than (s, 2).

The following theorem is an extension of the result by Barles and Souganidis [9], to the case of HJB equations
defined on stratified domains.

Theorem 6.1. Suppose that the HJB equation (2.3) admits a continuous viscosity solution u and the comparison
principle in Theorem 2.12 holds. Assume that for every h > 0 small enough, the numerical scheme admits
a solution u". Assume further that the spatial grid verifies hypothesis (CC) and that each S! werifies the
monotonicity, stability and consistency hypotheses.

Then, u" converges locally uniformly to u on [0, T] x RV,

Proof. First, we begin by defining the following functions

u(t,x) := lim sup ul(s,2), u(t,z):= lim inf ul(s, z).
M2 XGA%3(s,2)— (t,a) T2 X GAT S (s,2) = (t,x)
h—0 h—0

We aim to prove that w = u = u. We already have u < w. Therefore to prove the result it suffices to prove that
u is a l.s.c super-solution and @ is an u.s.c sub-solution of the HJB equation (2.3). We first prove that @ is a
sub-solution.

Let (t,x) € (0,T) x RY. Without loss of generality, we suppose that = € B(0, p) for some p > 0 big enough
and we restrict our analysis on this bounded open set. Let i € I(x) and let ¢ € C((0,7) x RY) such that w; — ¢
attains its local maximum at (¢, z) € (0,7) x M;. We recall that %; = u in (0,T) x M; and u; = —oo otherwise.

Without loss of generality, we can suppose that

ﬁi(tax) = ¢(t,$), Ui(S,Z) < ¢(872) if (872) # (t,l’),

¢ > C, + 1 outside of a neighborhood Q of (¢,z), € C (0,T) x B(0, p),

where C), is defined from the first part of the stability assumption. Furthermore, from the second part of the
stability assumption, @ is Lipschitz continuous in a neighborhood of the interfaces. So we get

0=1u,(t,z) — ¢(t,x) = lim sup ul(s,2) — ¢(s,2) = lim sup ul(s,2) — ¢(s, 2).
At xGA%3(s,2) = (t,x) N2 XGRS (s,2) = (t,z)
h—0 h—0

The second part of the stability assumption is essential here to get the last equality since the limit sup might
not be reached from every subsgrid giM. Moreover, outside of €2, we have w; — ¢ < —1. So, there exists r > 0,
such that

0> ul(s,2) — ¢(s,2) > —1for all (s,2) € ([t —r,t + 7] NI x (B(0,r) NG ") C Q.
So, the maximum of u” — ¢ is attained in the compact set

([t — .t + 7] N I8 x (B(0,7) N GA®) € Q.
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Let (t&, z!) be the maximum and (¢;,z;) the limit when h — 0 of a subsequence not relabeled. we have

lim uh(tfvx?) —(b(t??I?) = limsup uh(57z) _¢(57Z) :ﬂi(taz) —(b(t,l‘) =0.
h—0 At X GATS(5,2) > (t,2)
h—0

On the other hand, since u; — ¢ is u.s.c, we get
0 > a;(ts, ;) — d(ts, xi) > }{ii%uh(t?am?) - o(t],x}).
Thus, we conclude
(ti, ) = (t,z), ul(th zP) — w(t, ).

Let ¢, := uh(th, al) — ¢(th, 21). We get

W, 2h) = G(ER, ) + Cu uh(s,2) S B(5,2) + Cuy (K, 2) # (s, 2) € I x GAT,
From the monotonicity of the scheme and u” being a solution, we get
St 2l uh (@), [0+ Culli ony) <SP @ u (8, 27), [ gn o) <0,
and by the consistency hypothesis and passing to the limit, we get

L lm o SEE et ot ) + G (& Gl uny) = —0b(t,2) + Hps (2, 006(t, ) < 0.
(ti » L )= (t,x) o °
h—0
Ch—0

This is true for any 7 € I(z), which ends the proof.

Now we prove that u is a super-solution. Following Remark 4.6, it suffices to prove that u is a super-solution
of (4.2).

Let (t,z) € (0,T) x RY. Let ¢ € C1((0,T) x RY) such that u — ¢ attains its local minimum in (0,7) x RY
at (t,x) and ¢(t,x) = u(t,z). Using the same arguments as in the first part of the proof, we get a sequence
(hn)n such that

hy L0, u" — ¢ attains a local maximum at (t,,z,) € I*t x G2%, and

(tn,2n) = (),  u(tn, z,) — ult, z).
Furthermore, since the stratification is finite and u/» is a solution to the numerical scheme, there exists a

subsequence (not relabeled) of (hy,), such that there exists ig € Igas(xy), for all n € N and (z,,), C giAoz such
that we have

Zelma}((I ) Sihn (tn7 x’n& uh” (t'ru x’n)’ uhn) = S’Z]n (t’n) xn? /u/h”"« (t’rb7 xn)? uh") 2 O'
gAz(Tn

Let ¢, == u" (tp, 2,) — ¢(tn, ). SO
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uln (tn,xn) = @(tn, Zn) + Cn, uh"(s,z) > (s, z) + Cp, (t?,x?) #(s,2) € At x g2,

hn

From the monotonicity assumption and u” being a solution, we get

hn hn hn n n
Sio (tnaxn7¢(tnaxn) +Ch7 [¢+Ch](tf;,xf;)) Z Sio (tn;znauh (tnaxn)a [uh ]
and by the consistency hypothesis and passing to the limit, we get

(t " )H(t z) SZ)” (tnvxfh ¢(tn7xn) + C}lv [¢ + Ch}?ts;,rﬁ)) = _at(yb(tv:c) + HF? (xa ax¢(t7x)) Z 0
“hn—0
Cn—0

By Remark 4.6 and the fact that Fzﬁ() C F(.), we get the required result.
Finally, with similar arguments as above, we prove that at time t = T, @ (resp. u) is sub-solution (resp.
super-solution) of

min (—(’)tu(t,x) + irenleg{) {HFf (z, Opu(t,z)) },u(T,x) — z/J(:U)> <0,

resp.
max( — Owu(t,x) + Hp(z, Opu(t, z)),u(T, x) — z/J(:L‘)) >0,

for (t,x) € (0,T] x RY. Finally, by the same reasoning as in Theorem 4.7 of [4], we obtain that

In conclusion, (.,.) = u(.,.) = u(.,.) and u" converges locally uniformly to u, which ends the proof. O

APPENDIX A. RELATIVE WEDGENESS

This appendix presents the concept of relative wedgeness first introduced in [10]. Let S C RY be a closed
set. S is said to be proximally smooth if there exists R > 0 such that the projection map projs(.) is a singleton
on the set {z € RY : dg(z) < R}. If S is proximally smooth, then its Clarke tangent cone is equal to its
Bouligand tangent cone Tg(.). Clarke tangent cone is always closed and convex.

Now, let M be a C? embedded manifold in R such that M is proximally smooth and let d = dim (M) be
its dimension. Then, for every 2 € M, the tangent cone Txi() is closed and convex, hence it has a relative
interior (in the sense of convex analysis), denoted by r-int(7T5(x)).

The set M is said to be relatively wedged if for every 2 € M, the dimension of r-int(Txz(z)) (in the sense
of convex analysis) is equal to the dimension of M:

dim(r-int(T(z)) = dim(M) = d.



A GENERAL COMPARISON PRINCIPLE FOR HAMILTON JACOBI BELLMAN EQUATIONS ON STRATIFIED DOMAINS 33

APPENDIX B. LOWER SEMICONTINUITY OF THE ESSENTIAL DYNAMICS

In this section, we give sufficient conditions for Hypothesis (Hgggs) to hold. For i = 1,...,n + [, we recall
from Section 2 that the essential dynamics Fzﬁ() defined on M; is of the form

(3

Fi(z) = Fi(x) N Txz,(z), Vo € M;.

We suppose that the dynamics F;(.) verify Hypotheses (SH), (CH) and (Hp). Let (M;);=1,... n+1 be a stratifi-
cation of RV such that any M; is either vector subspace of RY or a half space of a vector subspace of RY. All
Examples 2.1 and 2.2 of a stratification of RY verify this condition. Furthermore, it immediately follows that
the stratification verifies (H;). If M is a vector subspace of RY, then we have M; = M;. Consequently we get

Fi()=F}), VzeM,

3
Therefore, Flﬁ() is locally Lipschitz continuous. Hence it is l.s.c.

Suppose now that . M is a half space of a vector subspace of RV, For simplicity we denote the vector subspace
by E C R¥. Since M; is a convex subset of E, then by Corollary 3.6.13 of [15], the set-valued map

is 1.s.c as a set-valued map from M; to E. Furthermore, since M; is a half space of E, then we have
Tﬂi (93) = Mi, Vz € mz

Hence, T3z, (z) is convex with nonempty interior in E for all z € M. On the other hand, by Hypotheses (CH)

and (Hp) the set-valued map z ~ F;(z) is Ls.c as a set-valued map from M; with images in E that are convex
and have nonempty interior. Therefore, following Theorem B of [28], the set-valued map

Fi(z) = Fi(z) N Tz, (2)
is Ls.c as a set-valued map from M; to E. Whence, 2 ~ Fiu(:c) is 1.s.c as a set-valued map from M, to RV,
The condition (CH) is merely a sufficient condition for (Hgsg) to hold. Example 2.16 gives a setting where

the dynamics do not verify (CH) and (Hgsg) still holds.

APPENDIX C. PROOF OF INVARIANCE THEOREMS

Proof. (Thm. 3.5). Since F' is an u.s.c set-valued map with convex, compact non-empty images, and since S
is a closed set of RV it is known that assertion (i) is equivalent to (see for instance [13], Thm. 12.11)

Hp(z,n) >0 Vne Ni(z), Yo e RN,
Let z € RN, We have F'(.) C F;(.) C F(.). We have
Hp,(2,n:) 2 Hpz (x,m:), Vi € N§, (). (C.1)

From this inequality, we deduce easily the implication (iii) = (ii). Moreover, since N¢(z) € N§ (x) for all
i € I(z), then

H > Hp, > H Vn € N§(x).
r(z,m) = max Hr,(v,n) = max Hp(z,n), ¥n € Ng(x)
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Hence, the implication (i¢) = (i) holds. It remains to prove the implication (i) = (iii). Suppose (S, F) is
weakly invariant. Let € R and ¢ € [0,7]. So there exists a trajectory y(.) solution of (DI)g(t,x) such that
y(.) C S. We claim the following:

Claim: 3j € I(z) such that there exists a sequence (tn)n, tn | t and z, 1= y(t,) € M;, so that 2=F — v
and v € Fjﬁ(x)

The proof of the claim is the same as the proof of the same claim in Proposition 4.5. With this claim, we are
almost done. Indeed let n; € N, gj (z) be such that the proximal normal inequality is satisfied with o > 0. we get

Ty —

1
) < lm ————— |z, — 2°=0.

<V777j>: hm < ’ﬂ*>+0020'(tn—t)

n—+oo ‘ t, — 1t

Thus, we have
HF;(LWJ‘) > —(v,n;) >0,

Which is the required result. O

Proof. (Thm. 3.6). The implication (i) = (i) is proven first. We separate the proof into 3 parts. First we
prove the result for every trajectory that lies entirely in one of the domains M;, ¢ =1,...,n+1[. Then, we prove
the result for every trajectory that does not present any chattering phenomenon, also known as Zeno effect,
using an induction argument. Finally we prove the result for every trajectory using Filippov’s theorem ([14],
Thm. 3.1.6).

Step 1. (Inspired from Theorem 12.15 of [13]). Let y(.) be a trajectory of F such that y((¢t,T)) C M, and such
that y(t) = a € S N M,. We show that for some ¢ € (0,7 —t), we have y([t,t + €]) C S which is sufficient to
conclude.

Let r > 0 small enough such that B(«a,r) N M, is a relative neighborhood in M;. Let x > 0 be The Lipschitz
constant of F; on B(«,r) and ||F;||> 0 be an upper bound for any velocities that my appear in B(«, ). So y(.)
is Lipschitz continuous on [t,t + €]. There exists € € (0,7 — t) such that

V1 elt,t+e], s€projs,(y(t)) = y(7) € Bla,r) N M;, s € B(a,r) N M,.

We define f(7) := ds, (y(7)). f is Lipschitz continuous on [t,¢ + €]. We prove the following Lemma:
Lemma C.1. f'(r) < kf(7) for almost all T € (t,t + ¢).

Proof. Let 7. € (t,t + ¢€) such that f/(7.) exists, y'(7.) exists and y'(7.) € F;(y(7«)) (almost all points satisfy
those conditions). If f(7.) = 0 then f attains a minimum at 7. and therefore f/(7.) = 0 and the inequality
holds. Suppose now f(7.) > 0 and let s € projg, (y(7)). Then by Proposition 11.29 of [13] we have

o oy(re) —s
T y(r) = ¢l

€ Ng (s).
Since Fi(= F! on M,) is Lipschitz continuous on B(a, ) with constant «, there exists v € Fj(s) such that
' (1) = vI< Kly(r.) — 5.

Therefore we get

.y (1)) = (. v) + (0,9 (1) = v) < Hpe (s, —n) + 6ly(7) — s|< kly(7) — s,
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where the last inequality is obtained since H (s, —n) < 0 by assumption (7). Hence, we get

vy s (YT +9) —ds, (y(1) _ .yl +0) = sl=ly(ri) — 5]
i) = lim 5 < Jm s

= (¢ (1)) < Kly(r) — sl= kf (7).

O

Since f is Lipschitz, positive and f(¢) = 0 (y(t) = o € S;), then by using the Lemma above and Gronwall
Lemma ([13], Thm. 6.41), we get that f =0 on [¢,t + €], which finishes the proof of step 1.
Notice that, every trajectory that lies entirely in U} ;. M, also verifies Step 1 since it is a disjoint union.

Step 2. Let M be a union of subdomains such that U_; M; C M and denote by d( the minimum dimension
of the subdomains of M. Let My, be a subdomain such that My, C M \ M and its dimension is inferior or
equal to 6. We show the following proposition:

Proposition C.2. If we have (ii) = (i) for every trajectory that lies entirely in M or lies entirely in My,,
then (ii) = (i) holds true for every trajectory that lies in MU My, .

Proof. Let y(.) € MU My, be a trajectory of F on [t,T] such that y(t) € S. We define
J={r€e[t,T] : y(1) ¢ Mg, }.

The set J is open since My, is of inferior dimension than M, then it is a closed set relative to M U M,
(equipped with the inherited topology from R™V). Thus J can be written as a countable union of open intervals
in the following way:

J = [j(ai, bl),
=1

such that the open sets (a;, b;) are pairwise disjoint and a; < b; < a;41, Vi > 1. Notice that we necessarily have
y(ai),y(bi) € My,. Set by = t. First, we prove that

VieN, y(b;),y(ait1) € Sand  y((aiz1,bir1)) CS.

We have y(by) € S by assumption. If by = a1 then we have y(ay) € S. If by < ay then y(by) € S N My, and
y((bo,a1)) C My, almost everywhere. Hence, by assumption of the proposition, we have y((bg,a1)) C S and
therefore y(a;) C S since S is a closed set. Moreover, since y(a;) € S N M and y((a1,b;)) C M, then by
assumption of the proposition, we have that y((a1,b1)) C S and therefore y(b1) € S since S is closed. By
induction, following the same argument, we get that

Vie N, y(bi),y(aiﬂ) € S and y((ai+1,bi+1)) CS.

It remains to prove y([t,T]\ J) C S. If the set J was equal to a finite union of open intervals then the above
argument would have been sufficient to prove that y([t,7]\ J) C S. However, this is not the case for all trajec-
tories y(.). The trajectories y(.) can move in and out of My, infinitely many times exhibiting the phenomenon
known as the Zeno effect, or can reside in My, for sets of time that have a strictly positive Lebesgue measure
but are nowhere dense in [t, T] (think of a Cantor set for example). To deal with this case, we will approximate
such trajectories y(.) by ones such that that behave well on the partition J.
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We fix m > 1 and set

I = U(akabk),

el
Il
—

Which we can assume to satisfy
t="by < ay <b1§a2<b2§...§am<bm§am+1 =T.

We choose m large enough such that

r

'Z(J\Jm)<26"T7HFH’

with x being the Lipschitz constant of Fj, and r is equal to

ri= inf y(s) - ul,
weEMp, \Mko
sE€t,T]

(notice that r is strictly positive and can be infinite). The choice of m is made in such a way to be able to apply
Filippov’s approximation theorem ([14], Thm. 3.1.6) on manifolds (see [10], Rem. 3.1). 9 We will approximate the
arc y([b;, a;11]), for some i = 0,...,m, by trajectories that remain entirely in My, . By Filippov’s approximation
theorem ([14], Thm. 3.1.6) and [10], Prop. 3.2), there exists z;(.) a trajectory of Fj, on [b;, a;+1] such that
zi(bi) = y(b;) € My, NS, zi(.) C My, and

[ly(.) — Zi(')||L°°[bi7ai+1]§ el‘&(ai-f—l*bi)pi <2eT I|F e,

where we denote ¢; = Z(J N (b;,a;4+1)) and

Ai41
piim [ i), P ails)ds < 2 e
Since &; < Z(J\Jm), we get

Hy() - Zi(')||LO°[bi7ai+1]§ 26HT HFHg(‘]\Jm)
Furthermore, from the assumption of the proposition we have z;(.) C S. Thus we get

ds(y(1) <lly() = 2Ol L= < 2T NFIIL(\Tm),  Ym > 1.

By letting m — oo, we have £ (J\J,,) — 0. Therefore y(.) C S, which is the required result. O

Step 3. From the above Proposition, we deduce that (i1) = (¢) by a simple finite induction argument starting
from M = U ; M, and adding an interface My, C A, with kg € {n+1,...,n+1}, in such a way that decreases
the dimension of My, at each iteration.

Now we prove the direct implication (¢) = (4¢). For that, we use Lemma 3.9 of [32]. See also Proposition 5.1
and Lemma 5.2 of [10]. Suppose (S, F) is strongly invariant. Let € SN M;, v € Flu(x) and 7 € N§ (z) such
that |n]=1 a proximal normal realised at ¢ > 0 (from the definition of the proximal normal).
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Since v € Fiﬁ(x), then by Lemma 3.9 of [32], there exists a C" trajectory y(.) of Fiﬁ, defined on some interval
[t,t + €] with € > 0 such that y(¢) = = and y(t) = v and y(.) C M;. By the strong invariance hypothesis, we
have y(.) C S;. So we get

_y(r) — = . 2
(v, m) iftl< ) < it 20(74)|y(7) x|
By taking the supremum over Ff(x), we obtain the desired result. O
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