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Characterization of the value function of
final state constrained control problems
with BV trajectories”
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Abstract

This paper aims to investigate a control problem governed by differen-
tial equations with Radon measure as data and with final state constraints.
By using a known reparametrization method (by Dal Maso and Rampazzo
[18]), we obtain that the value function can be characterized by means of
an auxiliary control problem of absolutely continuous trajectories, involving
time-measurable Hamiltonian. We study the characterization of the value
function of this auxiliary problem and discuss its numerical approximations.
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1 Introduction

In this paper we investigate, via a Hamilton-Jacobi-Bellman approach, a final state
constrained optimal control problem with a Radon measure term in the dynamics.

Several real applications can be described by optimal control problems involving
discontinuous trajectories. For instance, in space navigation area, when steering a
multi-stage launcher, the separation of the boosters (once they are empty) lead
to discontinuities in the mass variable [9]. In resource management, discontinuous
trajectories are also used to modelize the problem of sequential batch reactors (see
[23]). Many other applications can be found in the Refs. [8, 16, 17, 19].

Consider the controlled system:
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M
dY (£) = 3 gi(t.Y (6)dpi + go(t. Y (1), a(0)dt  for t € (r.T]  (la)

Y(r7)=X. (1b)
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where z € R, the measurable control a : (0, +00) — R™ takes values in a compact
set ACR™, and p = (u1,...,pnr) is a given Radon measure. Let ¢ : RV — R be
a given lower semicontinuous (lsc) function and consider the control problem:

v(X,7) == inf{p(Yy (T)) : a(-) € L=(0,T;A) and Yy . satisfies (1)}. (2)

Due to the presence of the measure p, the definition of solution for the state
equation (1) is not classical. We will refer to the definition introduced by Dal Maso
and Rampazzo in [18] using the technique of graph completion (Definition 2.1 in
Section 2 below). Roughly speaking, by a suitable change of variable in both time
and the primitive of u, we can reduce (1) to usual controlled ordinary differential
equation with a measurable time-dependent dynamics (see Theorem 2.2 below).

Since the 80’s impulsive control problems, i.e. when the measures appear as
controls, have been extensively studied by many authors. Let us mention the pio-
neering works [26], [31] and [10], [11] and [32]. We refer to [30] for the study of the
existence results of optimal trajectories, and to [1] for first and second necessary
optimality conditions.

In problem (2), the measure is fixed and the state equation is controlled by
means of a measurable function a. Our main goal is to use the HJB approach in
order to characterize the value function v and then to study a numerical method
for the approximation of this function.

It is easy to check that the the value function v fulfills a Dynamic Programming
Principle (DPP). Formally, we can derive then, the following HJB equation:

—ve(X,t) 4 sup {—DU(X, t) - <go(t, X,a)+ Zgi(t,X)uZ) } =0; (3)

o(X,T) = p(X). -

However, the sense of solutions for this equations is not clear. The main difficulty
is to give a meaning to the term “Dwv - ” knowing that one can not expect to have
a differentiable value function. In order to overcome this difficulty, following the
ideas in [14], we define a new value function @ such that:

v(X,7) =0(X,W(1)),

where W is the known change of variable coming form the graph completion tech-
nique (See Theorem 2.3). The advantage of this cange of variable comes from the
fact that the HJB equation for © has a t-measurable Hamiltonian and not a measure
term. More precisely, we can prove that o is a solution, in a suitable sense, of the
following equation:

—vs(X,s) + H(s, X,Dv(X, s)) = 0; 4
v(X,1) = p(X); W

where H(t,x,p) = sup,c4 {—p - F(t,z,a)} and F(t, z, a) is a t-measurable dynamics
(see Section 2.2 for the definition of F). The main contribution of this paper is to
study a precise sense of solution for (4) with t-measurable Hamiltonian and a lsc
final function ¢.

We recall that, in the case when ¢ is continuous the definition of viscosity
solution for t-measurable Hamiltonians has been introduced by Ishii in 1985 (see
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[24]) and extended to second order by Nunziante in [28]-[29](see also the work of
Lions-Perthame [25] and Briani-Rampazzo [15]). Moreover, a very general stability
result has been proved more recently by Barles in [4]. On the other hand, to deal
with the case when the Hamiltonian H is continuous with respect to the time
variable and the final data ¢ is Isc, the definition of bilateral viscosity solution has
been introduced by Barron and Jensen in 1990 ([7]) and by Frankowska [20] in 1993.

In this paper, since we are interested in a target problem, the function ¢ is
Isc. Moreover, the Hamiltonian in (4) is only ¢-measurable. Similar problems has
been studied, via non smooth analysis, by H. Frankowska and co-authors in [21, 22].
Here we introduce a new definition of viscosity solution of (4), namely the definition
of L'-bilateral wviscosity solution (Definition 3.1 below). This definition allows to
characterize ¥ as the unique L!-bilateral viscosity solution of equation (4) (Theorem
3.2). It gives also a suitable framework to deal with the numerical approximation of
¥ (and then of v by the change of variable W). More precisely, we prove in Theorem
3.3 a convergence result for monotone, stable and consistent numerical schemes, and
give an example of a scheme satisfying these properties. Some numerical tests are
presented in Subsection 3.2.

On the other hand, we study the properties of L!- bilateral viscosity solution
for a general HJB equation. In particular, in Section 4, we derive the consistency
of the definition (Theorem 4.4), a general stability result w.r. to the Hamiltonian
(Theorem 4.6) and uniqueness result (Theorem 4.8).

This paper is organized as follows. In Section 2 we set the optimal control prob-
lem we are considering. Subsection 2.1 is devoted to the definition of solution for
the state equation and we construct the reparametrized optimal control problem in
Subsection 2.2. In Section 3 we state the definition of L!-bilateral viscosity solution
and we study numerical approximation results for -measurable HJB equations. Fi-
nally, in Section 4 we will prove the consistency (Theorem 4.4), stability (Theorem
4.6 and 4.7) and uniqueness (Theorem 4.8) result for L!-bilateral viscosity solution.

Notations. For cach r > 0, 2 € RY we will denote by B, (z) the closed ball
of radius r centered in z. Given a Radon measure y we will denote by L}L(R) the
space of integrable functions with respect to the measure pu.

For a function f : [a,b] — RY we will denote by V.°(f) the classical variation
on [a,b] and by BV ([0, T];RY) the set of functions f : [0,7] — RY with bounded
variation on [0,7T]. Moreover, we will denote by BV ~([0,T]; RY) the set of left
continuous functions of BV ([0, T]; RY) which are continuous at 0.

In all the sequel, we will use the classical notations: f(t*) := lilr?+ f(s) and

f(t7):= lim f(s). And finally, we will denote by AC([0,1];R") the set of abso-
s—t—

lutely continuous functions from [0, 1] to RV .

2 The optimal control problem with BV trajecto-
ries
In this section we will first recall the definition of solution for the state equation as

introduced by Dal Maso and Rampazzo in [18] and we recall the graph completion
construction. Then, we define the reparametrized optimal control problem.
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2.1 The state equation

Let us fix 0 < 7 < T, an initial datum X € RY, a given Radon measure j =
(1, ..., ), & control variable o € A, and consider the controlled trajectory Ye,
Rt — RY solution of:

dy (t) = Z gi(t, Y (t))dpi + go(t, Y (t), a(t))dt for t € (7,7 5)
V() =X,

We assume the following:

(Hco) The set of admissible controls is A := {« : (0,7) — A measurable}, where
A is a compact subset of R™, m > 1.

(Hg1l) The functions go(t,Y,a) : R* xR x A — RN [ g;(t,V) : Rt xRN - RV (i =

1,..., M), are measurable functions in ¢ and continuous in Y,a. Moreover,
for each)Y € RN we have go(-,Y,a) € L'(RY) and g;(-,Y) € L, (RY), (i =
1,...,M).

(Hg2) There exists a function kg € L= (R*;R™) such that

lgi(t,Y) —gi(t, Z)| < k()Y — Z| VY, ZeRYN, ae teRY, i=1,...,M.

lgo(t,Y,a) — go(t, Z,a)| < ko(t)|Y — Z| VY,Z €RY Vac A, ae. tcRT.
(Hg3) There exists K > 0 such that

lgi(t,Y)| <K VY eRY, ae teR" i=1,..., M.

) )

lgo(t,Y,a)| < K VY €RY Vac A, ae. tcRT.

Following [18], we introduce the left continuous primitive B of the Radon measure
u, i.e. B € BV~([0,T];RM) and its distributional derivative B coincides with z on
[0,T]. In all the sequel, we will denote by 7 := {¢;, i € N} the countable subset of
[0,T) which contains 0 and all the discontinuity points of B, and by E. the set of
all continuity points of B. Furthermore, let (v;)ie7 = (¥}, ...,¥M) be a family of
Lipschitz continuous maps from [0, 1] into R such that

> V() <o, 4hi(0) = B(t7) and (1) = B(tT) VteT; (6)
teT

(if t = 0 we require only (1) = B(0T)). We will denote by £ the solution of:

M ;
dg§ dipy
S =Y nebeNTE roe]  &0)=E
i=1
and we set £(€, ) = £(1) — £
The definition of solution introduced by Dal Maso and Rampazzo in [18, Defi-
nition 5.1] is then the following:
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Definition 2.1. Given an initial datum and time (X,7), a control oo € A and
a family of Lipschitz continuous maps (¢1)ie7 fulfilling (6), the function Y§¢ €

BV ~([r,T);RY) is a solution of (5) if for each Borel subset B of |7, T[ we have

Jave = [ sy dt+2 / LY O) s+ S €V (), )

BNE. teTNB

and Y (77 ) = X. Moreover, if 7 € 7 we have Y (77) = £(X, ¢r).

In order to prove the uniqueness of this solution we set

—+oo
t+ V{(B)
Qi = Vl(wti)a a = Qs ’LU(f) = 70;
0 ; T+ V{(B)

and we define W : [0,T] — [0, 1] as follows:

WIt) = ( +Zal>. (8)

The graph completion of B corresponding to the family (¢):c7 is then defined by:

D(s) = (¢%0',....0M)(s) (9a)
(t; B(t)) if s =W(t) tel0, T\ T
= { (1, (o)) it se W) W) et )

We are now ready to construct the reparametrization of system (5). Let o :=
W(r), for each control @ € A and initial datum X we denote by Z§  : [0, 1] — RN
the solution of

0 i
P = zgz (060, 209) (6 01+ o)) +
0(6°(5), 2(5),(@°(5)) 22 (o for s € (031
Z(o) = X
(10)

where p® is the absolutely continuous part of the measure p with respect to the
Lebesgue measure, i.e. u(t) = p®(t)dt + p°. Note that the derivatives of ¢°, ¢ are
measurable functions, therefore assumptions (Hgl)-(Hg2) ensure the applicability
of Caratheodory’s Theorem to obtain the existence of a unique solution of (10) in
AC([o,1]; RY).

Theorem 2.2. Assume (Hco) and (Hgl)-(Hg3). Let 1 be a Radon measure and
(Vi)teT be a family fulfilling (6). Then Yg € BV~ (]r, T);RYN) is a solution of (5)
if and only if there exists a solution Z% , € AC([o, 1J;RN) of (10) corresponding
to the graph completion ® defined in (9) such that

Z%, W) =y(t) VtelrT] (11)
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where W is given by (8).
Moreover, for each Radon measure p and each family (V1)ier equation (5) has a
unique solution (up to a set of zero Lebesque measure).

Proof. The equivalence (11) can be obtained by adapting the proof given for
M = N =1in [14, Theorem 2.8]. On the other hand, the uniqueness of the solution
is a consequence of Caratheodory’s Theorem applied to equation (10). O

Remark 1. We point out that this definition depends on the family (¢;)ier we
choose. It is now a classical result that under commutativity conditions on the vector
fields g; (i = 1,..., M) the solution does not depend on this choice as studied in
the pioneering works of Bressan and Rampazzo [12, 13]. However, in this paper,
the dependence on the choice of ¥; does not imply any specific difficulty in the
sequel. Of course, from an application point of view, one have to be aware of this
dependence and made an accurate choice of the reparametrization.

2.2 The control problem

Let us now describe our optimal control problem. Given a lower semicontinuous
function ¢ : RV — R and a final time T, our aim is to calculate the following value
function

o(X,7) = inf (Vg (T)) (12)

where Y¢ _ is the solution of equation (5).
It is easy to prove that the following Dynamic Programming Principle (DPP)
holds: for each 7 < h < T we have

o(X,7) = inf (Y, (), h).

Therefore we can formally derive a HJB equation:

{vt(X,t)+H(t,X,Dv(X,t)) = 0 for (X,t) € RN x (0,T),
(X, T) = p(X) for X cRY

where the Hamiltonian is
M
H(taXa P) = sup {P ! (go(t,X, a‘) + Zgz(th)M'L) } .
acA =1

As we pointed out in the Introduction, the problem is to give a meaning to the term
Duv - u knowing that one can not expect to have a differentiable value function.

In view of Theorem 2.2, it is then natural to consider the trajectories Z§ ,
solution of the the reparametrized system (10). We define then the corresponding
value function as follows:

v(X,0) = inf p(2%,(1)). (13)

The link between the two problems is given by the following result.

Theorem 2.3. Let v and © be respectively defined in (12) and (13).
For each X € RN and 7 € [0, T] we have

v(X,T) =9(X,W(1)) (14)
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where W is given by (8). Moreover
vs(X,7) =0(X,W(7)) VX eRY, vre[0,T]\T (15)

and
w(X,7) > 5(X,W(1)) VX eRY, VreT, (16)

where we respectively denote by vy and vy the lower semicontinuous envelope of v
and U w.r. to both variable (X, ) and (X, s).

Proof. By Theorem 2.2 above we have Y§ (T) = Z% ,,,,W(T)) = Z% ,(1)
then (14) follows by the definitions of v and @.

Since, by construction, W(7) is monotone increasing in [0, 7] and continuous in
any 7 € T, (15) and (16) easily follow. O

Remark 2. In (15), (16) we stressed the link between the Isc envelopes of v and ©
because is indeed the function (X, s) that will be characterized as solution of an
HJB equation.

Thanks to Theorem 2.3, it is clear that we turn now our attention to the HJB
equation for the function v. The advantage is that we do not have any more measure
in the dynamics.

The new value function v satisfies also a DPP:

(X, 0) = iggﬁ(z;ﬁ(h),h) Vo <h<1,VX cRY. (17)

From this DPP, one could expect to characterize v through the following HJB
equation:

(18)

{ —0s(X,s) + H(s, X, Dv(X, s)) 0 for (X,s) € RN x (0,1),
9(X,1) = o(X) for X ¢RY

where the Hamiltonian is

d¢®

75 () F

H(s,X,P) = sup {P : <go(¢0(s),X, a)

#2060, (w00 % 00+ 50 } - (19)

Note that, by definition (9), the graph completion (¢°, ¢*) is a Lipschitz function,
therefore we can not expect to have a time continuous Hamiltonian. Moreover, our
final condition ¢ is only lower semicontinuous. Thus, we should first give a precise
meaning to the definition of the viscosity solution of the equation (18). This will
be the aim of the following Section.

3 Optimal control problems with measurable time-
dependent dynamics

In this section we characterize the value function ¥ as the unique L'-bilateral vis-
cosity solution of (18). Moreover, we investigate convergence results for numerical
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schemes of equation (18). We will prove our results in the following more general
framework.

Fix a final time T, given z € RY, 7 > 0 and a control o € A, we consider the
trajectory yg -, solution of the following system:

{ zgi))ii(t, y(t), a(t)), fort € (r,7T) (20)

For each initial point and time (x,7) € RY x R we set:

I(x, ) = O{ggw(yz +(T)). (21)

We assume the following :

(HF1) F(t,z,a) : RT xRN x A — R" is measurable in ¢ and continuous in z and a.
Moreover, for each (z,a) € RY x A we have F(-,x,a) € L*(R™).

(HF2) There exists ko € L>°(R*; R") such that
|F(t,x,a) — F(t,z,a)| < ko(t)|x — 2| Va,z € RN, ac A, t e RT.
(HF3) There exists a K > 0 such that
|F(t,z,a)| < K VzeRY ac A, tcRY.

(Hid) The function ¢ : RV — R is lower semi continuous and bounded.

Remark 3. Let us point out that if we assume (Hgl)-(Hg3), then the function

0 i 0
Zgl 90) (66D % (6) + G 6)) + an(a(9).) )

fulfills (HF1)-(HF3). Therefore, all the results in this section will apply, in par-
ticular, to the value function o defined in (13).

In all the sequel, we denote V the lower semicontinuous envelope of 1 defined
by:

V(z,t) := liminf ﬂ(y, s). (22)
y—x,5—t
Our first aim is then to prove that we can characterize the function V in (22) as
the unique L!-bilateral viscosity solution (see the definition below) of the following
HJB equation:

—Vi(z,t) + H(t,z, DV(z,t)) = 0 for (z,t) € RY x (0,7), (23)
V(z,T) = o(x) xRN
where the Hamiltonian is
H(t,z,p):sup{—p~f(t,z,a)}. (24)

acA
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Definition 3.1. L!-bilateral viscosity solution (L1Bvs)

Let u: RY x (0,7) — R be a bounded lsc function. We say that u is a L!-bilateral
viscosity solution (L1Bvs) of (23) if:

for any b € L(0,T), ¢ € CYRY) and (z0,t9) local minimum point for u(x,t) —
fot b(s)ds — ¢(z) we have

lim  esssup sup {H(t,z,p) —b(t)} >0
§=0%  |t—t9|<8  wEBs(wo), pEBs(Dd(w0))

and
lim ess inf inf H(t,z,p) —b(t)} <0.
S0+ |t—to|<6 mEBg(zo),pEBg(D¢(mo)){ (t,2,p) = b(1)}

Moreover, the final condition is satisfied in the following sense:

o(x) = inf {Hminfu(xn, tn) @ Tn — T, ty T T} .
Remark 4. For the sake of clarity, we will state and prove below (Section 4), the

consistency, stability and uniqueness result for the viscosity sense (L1Bvs) defined
in Definition 3.1.

Let us now prove the characterization of the value function.

Theorem 3.2. Assume (HF1)-(HF3) and (Hid). The function V, defined in
(22), is the unique L'-bilateral viscosity solution of (23), when the Hamiltonian is
given in (24).

Proof. The proof of V being a L!-bilateral viscosity solution of (23) can be
obtained with the same kind of argument given in [2, Proposition 5.3, Chapter V].
The uniqueness follows by Theorem 4.8.

O

3.1 Numerical approximations of (23).

In the case when the Hamiltonian is continuous (both in time and in space), numer-
ical discretization of Hamilton-Jacobi equations has been studied by many authors.
The general framework of Barles-Souganidis [5] ensures that the numerical scheme
is convergent (to the viscosity solution) whenever this scheme is consistent, mono-
tone and stable and the HJB equation satisfies a strong comparison principle. The
class of schemes satisfying these properties is very large and includes upwind finite
differences, Semi-Lagrangian methods, Markov-Chain approximations.

In this section, we extend the result of [5] to the case of equation (23), where
the Hamiltonian is only t-measurable, and show that the t-measurable viscosity
notion is still a good framework to analyze the convergence of numerical approx-
imations. We give also an example of a monotone, stable and consistent scheme
of (23) based on finite differences approximations. Finally, a numerical example is
given in Subsection 3.2.

Let G be a space grid on RY with a uniform mesh size Az > 0 (of course a
nonuniform grid could also be considered), and let At > 0 be a time step (we assume
that T/ At belongs to N). In the sequel, we will use the following notations:

A= (Az,At), t,:=nAt, z;isanodein G, Np:= Azt (25)
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Consider an approximation scheme of the following form:

sA (tn,zj, 0", 0" ) =0 Vo; €G,n=0,---,Np—1; vjVT = p(x;) Vr; €q.

(26)
Thus, if v is a continuous function defined on [0, T] x RY | the approximation scheme
reads

VR

S2(t,z,v(x,t),v(-,t + At)) = 0in (0,T) x RV, (27)
On S2: (0,T) x RN x R x L>®(R™) we assume the following:

(M) Monotonicity. For each u > v we have

SA(t,x,ru) < S2(t,x,rv) Yte (0,T),zcRY,reR.

(S) Stability. There exists K > 0 such that, if v2 is solution of (27) then
v [[1~< K,
K being independent of Ax, At.

(C) Consistency. For every point (zg, tg), for any b € Ll(O T) and any function
#(x) such that: ¢ € CH(RY), by setting v (x,t) fo s)ds + ¢(x), we have:

ess sup sup {=b(t) + H(t,x,p)} >
[t—to|<At  2€Bax(%0), PEBac(Dé(z0))

> SA(thwOaw(‘TO’tO)aw("tO + At)) + OAI(l) >
> essinf inf {=b(t) + H(t,z,p)}. (28)

[t—to| <At  x€Baz(x0), pEBaz(Do(x0))

An example of scheme fulfilling the above assumptions, when the Hamiltonian
is given by (24), is the following

SA (2, (e, 1), u( 1 + AL) = AT D Zu@ b+ AY

At
t+At
1 vt u(z,t+ At) —u(@ — Az, t + At)
v [ s (CAreaa us n
Ax,t+ At) — t+ At
R ) ECY
where we classically denoted g* := max(g,0) and g~ := min(g, 0).

Proposition 1. Assume that F fulfills assumptions (HF1)-(HF3), and consider
the Hamiltonian in (24). Let A = (Ax, At) be mesh sizes satisfying:

At
|.7:(sxa|<1 for a.e. s€(0,T), Vz € RN, a € A. (30)

Then, the scheme S® given in (29) satisfies conditions (M), (S) and (C).

Proof. Fist remark that the Stability condition (S) easily follows from the
boundedness of F and (HF3). Moreover, the monotonicity (M) follows from con-
dition (30) by standard arguments.

10
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To prove consistency, we fix (xo, to) and consider a function v (z, t) fo s)ds+
¢(x) for b € L'(0,T) and ¢ € C*(R™N). By using the regularity of 1/) and assumpmon
(HF3) on F, we get:

to+ At
SA(th‘mOaw(antO)’w( t0+At)) At / {—b(S) +H(85$03D¢(‘T0))}d8+0A1(1)
Condition (C) follows. O

The general convergence result is the following.

Theorem 3.3. Assume (HF1)-(HF3). LetV be defined as in (22) with ¢ fulfilling
assumption (Hid). Consider a sequence of continuous and bounded functions ¢, :
RY — R (for m > 1) such that (¢m)men is monotone increasing and

lim ¢, (z) = p(z) VeeRY.

Let A = (Ax, At) be a mesh size such that the scheme S® fulfills conditions (M),
(S) and (C), and let v™>™ := (V7 )n,j be the solution of :

sS4 (tn,zj, 0", 0" ) =0 Vo, € G,n=0,---,Np—1; véVT = pm(z;) Vz; €G.
(31)

Then, as At — 0, Az — 0 and m — +oo, v™™ converges pointwise to the function

V.

VR

Proof. The proof will be given in two steps.

Step 1. We first suppose that the final data is continuous (p, = ¢). We consider
a A = (Axy, Aty) and denote by v2* the solution of (31) corresponding to Ay
and ¢, = ¢. We will prove that, as k — 0, the sequence v™* converges locally
uniformly to the unique L!-viscosity solution of (23).

For each k, we set (zg,tx) := (zj,,tn,) where (z,,tn,) are the points defined
in (25) when A is Ag. Let us first observe that by the stability assumption (S) the
sequence v™* is bounded, therefore the following weak semi-limits are well defined:
v (2, t) == liminf  lim  ©®*(x, te) v*(x,t) ;= limsup Lm0k (xg, ).

k—0 zp—x,tlpr—t k—0 T —x,tr—t
Note that both v, and v* trivially satisfy the final condition in (23). Therefore,
the convergence result will follows once we prove that v, and v* are respectively a
L!'-viscosity supersolution and a L!-viscosity subsolution of (23). Indeed, if this is
true, by the comparison result [24, Theorem 8.1], we have v* < v,. Since the reverse
is true by definition, the two weak semi limits coincide and the thesis follows.

Let us now prove that v* is a L'-viscosity subsolution of (23). (The proof of
v, being a L!-viscosity supersolution of (23) is completely similar and will not be

detailed.)
Following Definition 4. 3 below for any b E Ll(O,T), ¢ € CLRYN) and (zo, o)
local maximum point of v* fo s)ds — ¢(x) we have to prove that
lim  essinf inf {H(t,z,p) —b(t)} <O0. (32)

§—0t  |t—to|<d  x€Bs(zo0), pEBs(Do(x0))

Note that, without loss of generality, we can assume that (zg, %) is a strict local

zero maximum of v* fo s)ds—¢(x). There exists then a sequences of points
(2, tr) such that

11
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(a) (z,tr) — (zo,t0) as k — 0.
(b) (zg,tx) is a local maximum point of v+ (z,t) — f(f b(s)ds — ¢(x).
(¢) & = v (an, ti) = [3* bls)ds — @) — 0= v*(x0,t0) — Jy° bls)ds — @(xo)
as k — 0.
Thanks to (b), we can apply the monotonicity assumption (M) with v = v2*,
u=o¢(z)+ f(f b(s)ds + & and r = v2% (xy,, t1,) = & + d(wk) + fgk b(s)ds and obtain

ty tp+Aty
SA* <tk, Tg, Ek + P(Tk) +/ b(s)ds, &k + ¢(+) +/ b(s)d5> <
0 0
< SAk (tk’ xk’UAk (‘Tkatk)a UAk('atk + Atk)) = 0) (33)

where we also used that v2* is a solution of (26).

Fix now a 6 > 0, by (a) and the regularity of ¢ we can always find a Ji
0 such that min(Axzy, Atg) < 0, Bs, (trk,xr) C Bs(zo,to), and Bs, (Do(xk))
Bs(D¢(xg)). Therefore, also by the consistency assumption (C) and (33) we get:

INIA

ess inf inf H(t,z,p) — b(t)} <
[t—to| <8 zGBJ(IU)7P€Ba(D¢(m0)){ ( p) ( )}

< essinf inf H(t,z,p) — b(t)} <
> [t—t1| <ok ZEB5k(Ik)7PEng (D¢(Zk)){ ( p) ( )}

tr+Aty

0

< 55 (m G + Do) + / “b(s)ds, &+ 6() + / b<s>ds> +05,(1) < 05, (1).

(34)

Inequality (32) follows then by letting 6 — 01 (which implies §; — 0%).
Step 2. For every m > 1, by Step 1, as k — 0, the sequence (v2*#™); converges
to v, the unique L'-viscosity solution of

(35)

—v(z,t) + H(t,z,Dv) = 0 in RY x (0,7T)
v(z,T) = ¢@m(z) inRN.

The pointwise convergence of v, to V then follows by the stability result Theorem
4.7 below. U

Remark 5. In the case of Eikonal equation with t—measurable velocity function,
a similar convergence result is proved, in the recent work of A. Monteillet [27], for
a particular numerical scheme.

3.2 A numerical test.

In this section, we use the scheme given in (29) to solve Hamilton-Jacobi equations
coming from a simple control problem with BV trajectories.
Consider the target C := B(0,r), which is the ball centered at the origin and

of radius r = 0.25. Consider also a trajectory YT(gf), depending on the control

12
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variables a : (0,7) — A := [0,27n] and ¢ : (0,7) — U, and governed by the

following dynamics
. 1 0
Y(t) = ct) (Zig;) +Cy (1) 81+ Co (1) 52,

Y(r)=X

where C; := 0.5, C3 := 0.2, and §,, (for u = 1,2) denotes the Dirac measure at time
t = u. The control variable ¢ takes its values in a compact set U. Here we will
consider two cases:

e Case 1: U = {0.5} which amounts saying that we are allowed to move in any
direction in the sphere centered at the origin and with radius 0.5.

e Case 2: U = [0, 0.5], which means that we can move in any direction in the
Ball centered at the origin and with radius 0.5.

In both cases, at time t = 1 and ¢t = 2 the trajectories jump. We consider the value
function corresponding to the Rendez- Vous problem:

v(t, X) 1nf{<p(YTOf§(T)); a € L*(0,T;A), ce L*(0,T;U)},

where T' = 3, and ¢(x) = 0 when = € C and 1 otherwise.
It is not difficult to compute the reparametrized function:

(155, 0, 0) 0<s<i;
( _5767 0)

(155— 1, 0) E5<s<i-
(2, —s——) §<s<—-
(155 — 12, 2,1) o1

P(s) =

Let us notice that in Case 2, the value function v corresponding to the parametrized
problem is lsc.

Fig. 1 shows the numerical solution in the Case 1, while Fig.2 shows the results
corresponding to Case 2. These numerical experiments are performed by using
the finite differences scheme with 1502 grid points. Computations are done on the
domain [—1.5,3]%2. The final cost function is approximated by a function (with
n = 10):

¢n(X) :=1/nmin (1, |z]| — 0.5)).

In the two cases, we compute first the value function © corresponding to the
parametrized control problem, and then we deduce the original value function by
using a change of variable. The latter step is very easy to perform numerically,
since v turns to be just the restriction of © on [0, £] N [£, £] N [12,1]. In Figs. 1
& 2, we plot only the 0-level sets.

4 Properties of the L'-bilateral viscosity solution
of HJB equations.

This section is devoted to the main properties of the L!-bilateral solutions defined
in Definition 3.1. First, we give an equivalent formulation of this definition and we

13
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(a) 0-level sets of ©

-1 0 1 2

(b) 0-level sets of v

Figure 1: Case 1: Numerical solutions with 150% grid nodes.
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-1 0 1 2

(a) 0-level sets of ©

(b) 0-level sets of v

Figure 2: Case 2: Numerical solutions with 150% grid nodes.
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prove that it is consistent with the definitions of viscosity solutions given for a more
regular HJB equation (Subsection 4.1). The stability result is given in Subsection
4.2

Fix T > 0, and consider the general Hamilton-Jacobi-Bellman equation

{ —u(z,t) + H(t,z,Du) = 0 in RN x (0,7)

u(z,T) = ¢(x) inRY. (36)

On the Hamiltonian H : Rt x RY x RY — R we assume the following:

(HO) The function H (¢, z,p) is measurable in ¢ and continuous in = and p. Moreover,
for each (z,p) € RY x RY we have H(-,z,p) € L}(RT).

(H1) For each compact subset K of RY x R there exists a modulus m = m(K) :
(0,T7) x RY — R* such that t — m(t,r) € L'(0,T) for all » > 0, m(t,r) is
increasing in r, m(-,7) — 0 in L1(0,7T) as r — 0, and

|H(t,.’L',p) - H(tay7Q)| S m(ta |.Z' _y| + |p_ ql)

for almost every ¢ and for any (x,p), (y,q) € K.

Moreover, in the following, we may need some assumptions stronger than
(H1):

(H2) There exists a function kg € L (R™;R™) such that

\H(t,z,p)=H(t,y,p)| < ko(t)(1+[p|)(|z—yl) for all p € RV, ¢ € R*, 2,y € R,

(H3) For each (¢, x) the function H (¢, x,-) is convex and there exists a constant
L > 0 such that

|H(t,z,p) — H(t,z,q)]| < Llp—q| forall p,qeRY teR" zecR".
On the final data ¢ we suppose (Hid).

Remark 6. It is easy to check that if the dynamics F fulfills assumptions (HF1)-
(HF3), then the Hamiltonian defined in (24) satisfies assumptions (HO)-(H3).

In order to give an equivalent formulation of the definition of L!-bilateral vis-
cosity solution we need to introduce the following sets of functions. Fix (xo,to) and
a function ¢ € CH(RY x RT), and set:

H™ (to, zo, Dé(0, to)) :=
= {G(t,z,p) € C(RT x RN x RY), convex in p, b(t) € L' (R")
such that G(t,z,p) + b(t) < H(t,z,p)
for all x € Bs(xo),p € Bs(Do(x0,t0)), a. e. t € Bs(tp) and some § > 0}

HT (to, z0, DP(0,t0)) 1=
= {G(t,z,p) € C(RT x RN x R"), convex in p, b(t) € L' (R")
such that G(t,z,p) + b(t) > H(t,z,p)
for all x € Bs(xg),p € Bs(Do(zo,t0)), a. e. t € Bs(tg) and some § > 0} .
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Definition 4.1. L!-bilateral viscosity solution (L1Bvs) II
Let u : RV x Rt — R be a bounded lower semi-continuous function. We say that
u is a L'-bilateral viscosity solution (L1Bvs) of (36) if:
1. for any (zo,t9), ¢ € CH(RN x RT), (G b) € H_(to,zo,ng(zo,to)) such that
(20, 10) is a local minimum point for u(z,t) fo s)ds — ¢(x,t) we have

—¢¢(z0,to) + G(to, xo, DP(x0,10)) <0,

2. for any (zo,t0), » € CH(RY x RY), (G b) € H+(t0,x0,D¢($0,t0)) such that
(z0,t0) is a local minimum point for u(z,t) fo s)ds — ¢(x,t) we have

—¢t(z0,t0) + G(to, T0, D(x0,t0)) > 0.
3. The final condition is satisfied in the following sense:

o(z) = inf {liminfu(:cn,tn) STy o T, ty T T} .

n—oo

Remark 7. Other formulations can be considered to define the L'-bilateral viscos-
ity notion. For instance, one can take the test function ¢(z,t) € C*(RY x (0,T))
in Definition 3.1 or ¢ € C*(RY) in Definition 4.1. Of course, one can also replace
¢ € CL(RN) by ¢ € C?(RY),...,0>®(RY). On the other hand, by classical argu-
ments in the theory of viscosity solutions, we may replace the local minimum by
global, or local strict or global strict.

Proposition 2. Assume (HO) and (H1). Then, Definitions 3.1 and 4.1 are equiv-
alent.

Proof. The equivalence follows by remarking that for any b € Ll(O,T), o €

CHRY) and (z,to) local minimum point for u(x,t) fo s)ds — ¢(x) we have
lim  esssup sup {H(t,x,p) —b(t)} =
0=0% Ji—to|<s  w€Bs(z0), p€Bs(D(0))
= inf G(to, zo, Do(x
(G,b)eH*(to,z0,Dd(x0)) ( 0,20 d)( 0))
and
lim  essinf inf {H(t,x,p) —b(t)} =

§—0t  |t—to|<6  we€Bs(x0), pEBs(Dd(x0))

= sup G(to, w0, Dé(x0)).
(G,b)eH (to,0,DP(x0))

4.1 Consistency

Let us now prove that Definition 4.1 is consistent with the definitions of viscosity
solutions given for more regular HJB equations. In particular those considered for
a time-continuous Hamiltonian and/or a continuous initial data. For the sake of
completeness let us recall here the definition of viscosity solution in those cases.

16
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Definition 4.2 (bilateral viscosity solution (Bvs), [7]). Assume that H is con-
tinuous w.r. to the time variable. Let u € LSC(RY x (0,7)) be a bounded
function. We say that u is a bilateral viscosity solution (Bvs) of (36) if for any
¢ € CHRYN x (0,T)) and (xg, ) local minimum point of u(x,t) — ¢(z,t) we have

— (o, to) + H(to, 0, Dé(x0,t0)) = 0,

and if the final condition is satisfied in the following sense:

o(z) = inf {linnigfu(:cn,tn) Xy, — T, by T T} .

Definition 4.3 (L!-viscosity solution (L1vs), [24, 25]). Assume that the final con-

dition ¢ is a continuous function on RV,

We say that u € LSC(RYN x (0,7)) is a L!'-viscosity supersolution (Llvsp) of

(36) if for any b e Ll(O,T), ¢ € CLRYN) and (xg,ty) local minimum point of
fo s)ds — ¢(z) we have

lim  esssup sup {H(t,x,p) —b(t)} >0.
6=0%  |t—ty|<6  x€Bs(x0), pEBs(De(0))

We say that u € USC(RY x (0,T)) is a L'-viscosity subsolution (L1vsb) of (36)
if: for any b E LY(0,T), ¢ € CHRY) and (z, o) local maximum point of u(z,t) —
fo s)ds — ¢(z) we have

lim ess inf inf H(t,z,p) —b(t)} <O0.
6—0t  |t—to|<§ x€Bs(z0), pEBs(Dp(x0)) { ( p) ( )}

We say that u € C(RY x (0,T)) is a L'-viscosity solution (L1vs) if it is both a
L'-viscosity subsolution and a L'-viscosity supersolution and the final condition is
satisfied pointwise:

u(z,T) = ¢(z) in RY.

The link between these two definitions and our Definition 4.1 is stated in the
following Theorem.

Theorem 4.4. (Consistency). Assume (H0)-(H3) and (Hid).

(a) If the final condition p is a continuous function, then

u is a L'-bilateral viscosity solution <= u is a L'-viscosity solution.

(b) If the Hamiltonian H is continuous also in the t-variable, then

u s a L'-bilateral viscosity solution <= u is a bilateral viscosity solution.

Proof. The proof of statement (a) is based on some results introduced and
developed in ([7, Theorem 1.1]). We recall here this result for the convenience of
the reader.

Lemma 4.5. Let W be a continuous function on [0,00) x R™ such that W has a
zero mazimum (minimum,) at (1,€). Let € > 0. Then there is a smooth function
¥, a finite set of numbers o > 0 summing to one, and a finite collection of points
(ti, xr) such that

17
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1. W — 4 has a zero minimum (mazimum) at (tg,xr);
2. (tk,xr) € Bo_(1)y2(s,y) for some (s,y) € Bo (1)(7,§);
3. |Death(te, xn)| = Oi/(gl);

4. Y ok Dy o (ty, xr) = 0.

Step 1. Assume that v is a L1vs and let us show that w is also a L1Bvs. For
this let b be in L(0,T), ¢ be in C*(RY) and (z0,ty) be a local minimum point for
- fg b(s)ds — ¢(x), we have to show that

lim  esssup sup {H(t,z,p) —b(t)} >0 (37)
0—=0T  |t—t9|<6 x€Bj(wo), peBs(Dd(x0))

and
lim ess inf inf H(t,xz,p) —b(t)} <O0. 38
5—0T |t*t0‘§5 CEGBJ(IU), pGBJ(Dd)(CE())) { ( p) ( )} ( )
Since u is a Llvs, then we have (37). To prove (38), for each § > 0 we apply
Lemma 4.5 above choosing € small enough the ensure the existence of an n > 0
such that 24 + o (1) + 7 < & and 0.(1)\/E + 0-(1) + 7 < § (and with W (t,z) =

\/_
u(zﬂt)+f0 7¢(1"ﬂt))'
Therefore, there exists a smooth function ¢ and a finite set of points (g, tx)
such that u — fo (¢ + 1) has a zero maximum at (xy,t;) and for each k
B,](xk, tk) C B(;(to,l'o), BU(D(b(xk) + D’L/J(.Tk, tk)) C Bg(D(b(xo)) (39)
Thus
ess inf inf H(t,z,p) —b(t)} <
[t—to|<6 ﬂCEBa(Io)vPEBS(DﬂIO)){ ( P) )
< essinf inf {H(t,z,p) —b(t)}. (40)

[t—ti|<n  x€By,(zy), p€By(Dé(zk)+DY(zk,tr))

Since u is a L1vs, in particular is a L!-viscosity subsolution therefore in each point
(tg, xx) we have

lim essinf inf H(t,z,p) — b(t)} < 0.
n—0F [t—tg|<n zeBT,(xk.),peBn(Dd)(zkHDw(sz)){ (t,z,p) —b(t)}

Letting ¢ going to 0% (= n — 07) in (40) we obtain (38) and conclude the proof.

Step 2. Assume that v is a L1Bvs and let us show that u is also a Llvs. We
first remark that, by Definition 3.1 if u is a L1Bvs, is in particular a L!-viscosity
supersolution. Therefore, to prove that u is a L'-viscosity subsolution fix b €
LY0,7T), ¢ € CLRYN) and (=0, tp) local maximum point of u(z, t) fo s)ds— ¢(x)
our thesis is

lim ess inf inf H(t,z,p) —b(t)} <0. 41
0—0t  [t—to|<8 mEBg(zo),pEBg(D¢(mo)){ ( p) ( )} ( )

As above, for each § > 0 we apply Lemma 4.5 choosing € small enough the ensure
the existence of an 77 > 0 such that OE—\/%) +o-(1)+n < dand o.(1)y/e+o:(1)+n <4,
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and with W(t,z) = u(z,t) + fot b(s)ds — ¢(x,t). Therefore, there exists a smooth

function ¢ and a finite set of points (x, t) such that u — fot b— (¢ + ) has a zero
minimum at (xg,tx) and for each k

By(x,tk) C Bs(to,z0), By(Dd(xr) + Dip(xk, tr)) C Bs(Do(x0)).- (42)
Thus,
ess inf inf H(t,z,p) —b(t)} <
|t7tgl|1%§ zeBJ(mo),;IéBa(DMIo)){ (t,2.) ©)}

< essinf inf
[t—ti|<n  x€By,(zy), p€EBy(Dé(zk)+D(zk,tr))

{H(t,z,p) —b()}. (43)

Since w is a L1Bvs we have (3.1) at each point (¢x, z), i.e.

lim essinf inf H(t,z,p) —b(t)} <O0.
n—07T [t—tx[<n 1€Bn(mk)vPGBn(D¢(Ik)+D¢(Ik1tk~)){ ( r) )

Letting ¢ going to 07 (= n — 07) in (43) we obtain (41) and conclude the proof.

The proof of (b) is straightforward. O

4.2 Stability

We prove here a stability result with respect to the Hamiltonian. It will be proved
assuming a very weak convergence in time as done, for L'-viscosity solution, by
Barles in [4]. (Our proof is indeed an adaptation to L1Bvs of the proof of [4,
Theorem 1.1]). Note that in this proof we only need assumptions (HO)-(H1) on
the Hamiltonian.

Theorem 4.6. Stability w.r.to H. For each n € N let u, be a L'-bilateral
viscosity solution of

—ug(x,t) + Hy(t, 2, Du) = 0 in RN x (0,7T) (44)
We assume that:

1) For each n € N the Hamiltonian H, fulfills hypotheses (HO)-(H1) for some
modulus m, = my,(K) such that || m,(-,7) ||L10,r)— 0 as r — 0 uniformly
with respect to n, for any compact subset K.

11) There exists a function H fulfilling hypotheses (HO)-(H1) such that, for any
(z,p) € RN x RY,

t t
lim H,(s,z,p)ds = / H(s,x,p)ds locally uniformly in (0,T).
0

n—oo 0

Then, the function

u(z,t) := inf lim inf w, (25, ty),
(T tn)—(z,t) N—00

is a L'-bilateral viscosity solution of

—ug(x,t) + H(t,z, Du) = 0 in RN x (0,7) (45)
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Proof. Following Definition 4.1 we have to prove that

(1) for any (xo,t0), ¢ € CHRYN x RY), (G b) € H’(to,zo,D(b(zo,to)) such that

(20, 10) is a local minimum point for u(z, t) fo s)ds — ¢(x,t) we have
—¢¢(wo, t0) + G(to, zo, Dd(x0, t0)) < 0, (46)
(2) for any (zo,t0), ¢ € CHRY x RY), (G b) € H*(to,zo,ng(zo,to)) such that
(20,10) is a local minimum point for u(z,t) fo s)ds — ¢(x,t) we have
—¢¢(wo,t0) + G(to, zo, DP(xo, t0)) = 0. (47)

In order to prove statement (1), let us fix a (xo,t0), ¢ € CL(RY x RT), (G,b) €
Hf(to, Zo, Dd)(xo, to)) such that (zo,t0) is a strict local minimum point for u(z,t) —

[ b(s)ds — ¢(x,t).
0

le now a small § > 0, we consider a large compact subset K of RV x RV
and the functions m, m,, given by assumptions 1),11). We construct a new sequence
(ul),, defined by

ud (z,t) == up(z, t mn (s, m(s, S
5 (1) <w+A[ (5,8) + m(s,8)]d

Note that for each n, ¢ the function u is a L1Bvs of
—wy + Hy(t, 2, Dw) — my(t,8) —m(t,d) = 0. (48)

Moreover, if we set u®(x,t) := 1nf(mmt )= (z,¢) iminf, oo ud (2, tn), by the proper-
ties of m,m,, we have u < u® < u + Ogs(1). Therefore, by classmal results, since
(x0,%0) is a strict local minimum point of u(z,t) fo ds — ) for § small

enough there exists a local minimum point of u’(x, t) fo z,t), that we
will denote (x5,ts). Note that (xs,ts) — (zo,t0) as (5 — 0.
We set now

Un(s) = Hy(s, x5, Do(25,t5)) — H(s, x5, DP(25,15)).

Our aim is to use the fact that the function u’ is a L1Bvs of (48) by testing with
the function ¢(x,t) + fo b— fo ¥p. To do this we first observe that the conver-

gence assumption II) implies fot ¥, — 0 locally uniformly in (O,T) therefore, for

each (z5,ts5) local minimum point of u’(x,t) fo x,t), there exists a a
sequence (.T5 ) t") (x(;, ts) asm — oo of 1oca1 minimum pomts of ul (z,t)—¢(x, ) —
fo ds—i—fo P (s)ds. (Recall that ul(x,t) := inf (g, ¢,)— (2,4 iminf, ud (T, tn))-

Let (G,b) € H (to, 20, DP(x0,t0)) we state now that there exists a n big enough
and a ¢ small enough such that we can find a n > 0 for which

Bult) + G(t,2,0) + b(t) > Halt, 3, p) — mn(t, 8) — m(,0)
Vt € B,(t}).x € By(a§),p € By(Do(},13)). (49)

Indeed, since (G,b) € H™ (to, o, Dé(x0,t0)) there exists a 5 such that

wn(t) + G(ta $,p) + b(t) > Hn(ta ZE,p) - mn(ta 6) - m(ta 6)
Vt € Bg(to), S Bﬁ(l‘o),p S BB(D(b(xo,to))
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(where we used also the definition of m, my). Thus (49) follows from (z},t}) —
(x5,t5) as n — 00, (s,t5) — (x0,t0) as & — 0 and the regularity of ¢.

By definition of L1Bvs, condition (49) and the fact that (z,t}) is a local mini-
mum point of u (z,t) — ¢(x,t) — f(f b(s)ds + fot tn(s)ds imply that

—¢u(x5,t5) + Gy, 15, D(xg, t5)) < 0.

Therefore letting n — oo and 6 — 0 by the continuity of G we obtain (46) and
conclude the proof of (1).
Point (2) can be proved with the same argument by remarking that the functions

uwd (z,t) = up(z,t) — tmns, m(s, S
9 (&,1) = un (2, 1) /0[ (5.8) + m(s,8)]d

are L1Bvs of
—wy + Hy, (t, 2, Dw) + my,(t,6) + m(t, ) = 0. O

Theorem 4.7. (Stability w.r.to ¢.) For each n € N, let u,, be a L'-bilateral
viscosity solution of equation (36) with final condition u,(z,T) = @n(x) in RY,
where for each n € N, the function ¢, € C(RY) and is bounded. Assume that
the sequence (¢n)nen 48 monotone increasing and for every x € RN, we have:
lim,,— 00 on(2) = @(z). Let u be the L -bilateral viscosity solution of equation (36)
with final condition u(x,T) = ¢(z) in RY.

Then, u(x,t) = ’nll—)II;O un(z,t), for each (z,t) € RY x (0,7).

Proof. We first remark that since ¢, € C(RY), u,, is continuous in RN x [0, T
(see [24, Corollary 1.10]). Therefore, by uniqueness of L1lvs solution, the sequence
(un)nen is monotone increasing. We set w(z,t) := sup,,cy un(z,t) and we remark
that

w(x,t) = lim up,(z,t) = inf lim inf w, (2, tn),
n—oo (In,tn)ﬁ(w,t) n—oo
(see, for instance [2, Lemma 2.18]). Therefore, by Theorem 4.6 above we have that
w is a L1Bvs of (36) in RY x (0, 7). Moreover, for each sequence (z,,,t,) — (z,T),
we have

o(z) = lim ¢,(z) = lim u,(z,T) = lim lm u,(z,,t,) = lim w(z,,t,).
Thus w verify also the final condition w(x,T) = ¢(x). By uniquness (Theorem 4.8
below) we can that conclude that w(z,t) = u(z,t) for all (x,t) € RY x (0,7T) and
the proof is completed. O

4.3 Uniqueness
We finally prove the uniqueness result.

Theorem 4.8. Assume (HO0)-(H3) and (Hid). Then there exists at most one
L-bilateral viscosity solution of (36).

Proof. This proof will follow the idea of G.Barles of using the inf-convolution
in the proof of uniqueness for bilateral viscosity solution [3, Theorem 5.14].

Suppose that there exist v and u two L!-bilateral viscosity solution of (36).
Since v is in particular a L'-viscosity supersolution the main point is to look for a
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sequence of L!-viscosity subsolutions of (36) approximating u. The thesis will then
follow by comparison result for L!-viscosity solution.

The construction of the approximating sequence can be summarised in the fol-
lowing Lemma. The proof being an adaptation of the proof given in [3, Lemme 5.5]
will be not detailed (see also [6, Lemma 19]).

Lemma 4.9. Under the assumption of Theorem 4.8, if u is L'-bilateral viscosity
solution of (36), let u. be defined by

ue(z,t) := inf Su(y,t)+ e_KtM : e>0.
yeRN g2

Then, the upper semi continuous envelope (uc)* is a L'-viscosity subsolution of
—(ue)e + H(t,x, Due)— | ko [loo e2XTMe =0 for (z,t) e RN x (0,T), (50)

for K big enough and where M = \/2 || u |loo and ko is given in assumption (H2).
Moreover,

(ue)*(x,T) < p(x) for x € RV, (51)

Since (uc)* is a L'-viscosity subsolution of (50) the function (us)* — (|| ko |/oo
e%KTME)t is a L1-viscosity subsolution of (36), therefore, by the comparison result
for L'-viscosity solutions (see [24, Theorem 8.1] or [29]) we obtain

(ue)*— || ko lloo €257 Me < w(z,t)  Y(z,t) € RV x (0,7)
where we used also (51). Letting ¢ — 0 we have
u(z,t) < v(z,t) V(z,t) € RN x (0,T),

thus, reversing the roles of u and v, the uniqueness follows. (I
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