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Abstract. We consider a controlled stochastic system in presence of state-
constraints. Under the assumption of exponential stabilizability of the
system near a target set, we aim to characterize the set of points which
can be asymptotically driven by an admissible control to the target with
positive probability. We show that this set can be characterized as a level
set of the optimal value function of a suitable unconstrained optimal
control problem which in turn is the unique viscosity solution of a second
order PDE which can thus be interpreted as a generalized Zubov equation.
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1. Introduction

In this paper we aim to study the asymptotic controllability property of con-
trolled stochastic systems in presence of state constraints.

The basic problem in this context is the existence of a control strategy
that asymptotically steers the system to a certain target set with positive prob-
ability. In the uncontrolled framework, the idea, due to Lyapunov, of linking
the stability properties of a system with the existence of a continuous function
(in the nowadays literature called a “Lyapunov function”) that decreases along
the trajectories of the system, represents a fundamental tool for the study of
this kind of problems. In his seminal thesis [29], Lyapunov proved that the ex-
istence of such a function is a sufficient condition for the asymptotic stability
around a point of equilibrium of a dynamical system
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&=0b(z), z(t)eRY t>0. (1.1)

This theory was further developed in later years, see [20,25,30], and also the
converse property was established. Since the 60s, Lyapunov’s method was ex-
tended to stochastic diffusion processes. The main contributions in this frame-
work come from [21,26-28], where the concepts of stability and asymptotic
stability in probability, as well as the stronger concept of almost sure stability,
are introduced.

An important domain of research concerns the developments of construc-
tive procedure for the definition of Lyapunov functions. In the deterministic
case an important result was obtained by Zubov in [33]. In this work the do-
main attraction of an equilibrium point x,, € R? for the system (1.1), i.e. the
set of initial points that are asymptotically attracted by z ., is characterized
by using the solution ¢ of the following first order equation

{Dﬁ(x)b(w) =—f@)A=9@)VI+[b@)]* = eR\{z,} (1.2)
W(zy) =0, '

for a suitable choice of a scalar function f (see [20,33]). Equation (1.2) is
referred to in the literature as Zubov equation. In particular, what is proved
in [33] is that the domain of attraction coincides with the set of points z € R?
such that ¥(x) < 1. Further developments and applications of this method can
be found in [1,3,11,18,20,24].

More recently, this kind of approach has been applied to more general
systems, included control systems, thanks also to the advances of the viscos-
ity solution theory that allows to consider merely continuous solutions of fully
nonlinear PDE’s. While for systems of ordinary differential equations the prop-
erty of interest is stability, for systems that involve controls, the interest lies
on “controllability”, i.e. on the existence of a control such that the associated
trajectory asymptotically reaches the target represented by the equilibrium
point (see [2,31]). The case of deterministic control systems was considered in
[13]. Here, through the formulation of a suitable optimal control problem, it
is proved that the domain of attraction can be characterized by the solution
of a nonlinear PDE (that we can consider as a generalized Zubov equation)
which turns out to be a particular kind of Hamilton-Jacobi-Bellman (HJB)
equation.

In this case the existence of smooth solutions is not guaranteed and there-
fore the equation is considered in the viscosity sense. The state constrained
case, where we aim to steer the system to the target satisfying at the same
time some constraints on the state, has been treated in [19].

The Zubov method has been extended to the stochastic setting in [10,14]
taking into account diffusion processes. The controlled case was later consid-
ered in [9,12]. In this last paper, under some property of local exponential
stabilizability in probability of the target set (that weakens the “almost sure”
stabilizability assumption made in [12,14]), the set of points z € R? that
can be asymptotically steered with positive probability towards the target, is
characterized by means of the unique viscosity solution with value zero on the
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target of the following equation

sup {—f(x,u)(l —9(x)) — DI(x)b(z,u) — ;TT[JUT(ZL',U)D219(QL')]} =0.
uelU

In this paper we aim to add state-constraints in this framework, trying to
exploit the ideas proposed in [19]. By the way the results in terms of PDE
characterization of the domain of attraction will be very different. In [19] the
state constrained controllability is characterized by the solution of an obstacle
problem, whereas in our case we will deal with a mixed Dirichlet—-Neumann
boundary problem in an augmented state space (see Sect. 5). As in [19], for
satisfying the state constrained requirement at any time ¢ > 0 we use a cost
in a maximum form. In the stochastic case this requires the introduction of
an additional state variable (that we will denote by y), leading to a general-
ized Zubov equation which involves oblique derivative boundary conditions.
Because of the particular feature of Zubov-type problems comparison results
cannot be proved by standard techniques (this is mainly due to the degener-
acy of the function f) and the comparison principle stated by Theorem 6.4 is
proved providing sub- and super- optimality principles for PDEs of the follow-
ing form:

H(z,y,9,D,9,0,0,D29) =0 in O
’[9 =1 on 810
—8y’t9 =0 on (92(9

It should be mentioned that—similar to [14]—in this paper we charac-
terize the domain of controllability with arbitrary positive probability without
specifying the exact probability of controllability. We conjecture that it will
be possible to extend the approach introduced in this paper to obtain such a
specific characterization, similar to how [10] extends [14]. However, due to the
fact that the treatment of the Zubov problem with mixed boundary conditions
covered in this paper already requires a very involved analysis, we decided to
postpone this extension to a later publication, see also Remark 2.2.

The paper is organized as follows: in Sect. 2 we introduce the setting and
the main assumptions. Section 3 is devoted to the study of some properties of
the domain of attraction. In Section 4 is defined our level set function v as the
value function associated with an optimal control problem with a maximum
cost and the domain of attraction is characterized as a sub-level set of v. In
Sect. 5 the domain of attraction is characterized by the viscosity solution of
second order nonlinear PDE with mixed Dirichlet—Neumann boundary condi-
tions. A comparison principle for bounded viscosity sub- and super-solution of
this problem is provided in Sect. 6.
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2. Setting

Let be given a probability space (2, F,P), with a filtration {F;};>o satisfy-
ing the canonical assumptions (Fy contains all the negligible sets, it is right-
continuous, i.e F; = F4 = ﬂs>t Fs and it is left-continuous, i.e F; = Fy_ =
0(Us< Fs)) and a p-dimensional Brownian motion W (-) adapted to {F;}¢>o.

We consider the following system of stochastic differential equations
(SDE’s) in R? (d > 1)

{dX(t) =b(X(t),u(t))dt + o(X(t),u(t))dW(t) t>0, z€ R

X(0) == 21)

where u € U, and U denotes the set of F-progressively measurable processes
taking values in a compact set U C R™. The following classical assumption
will be considered for the coefficients b and o.

(H1) b: R x U — R% and 0 : R x U — R?? are bounded and Lipschitz
continuous in their first arguments in the following sense: there exist
L > 0 such that for every =,y € R? and u € U

[b(2, u) = by, )| + |o(z,u) = o(y,u)| < Llz —yl.

Tt is well-known (see for instance [32, Theorem 3.1]) that, under these assump-
tions, for any choice of the control u € U and any initial position z € R there
exists a unique strong solution of Eq. (2.1). We will denote this solution by
X3 ().

By 7 C R? we denote a target set for the system, i.e., a nonempty and
compact set towards which we want to asymptotically drive the trajectories.
The open set C C R? represents the state constraints for system (2.1), i.e., the
set where we want to maintain the state X, (¢) with a positive probability for
all t > 0, cf. the definition of the set D7 below. We assume that 7 C C since
the other cases are either trivial or can be studied in a similar way. Note that
this implies that for r small enough one has 7, := {x € R : d(2,T) <r} CC,
where d(-,7) denotes the positive Euclidean distance to 7. We impose the
following assumptions on the target.

(H2) (i) 7 is viable for (2.1): for any = € T there exists u € U such that
X t)eT Vt>0 as;

(if) 7 is locally exponentially stabilizable in probability for (2.1): there
exist positive constants r, A such that for every € > 0, there exists a
C. > 0 such that for every x € 7,. there is a control u € U for which
one has

P [sup d(X(t), T)eM < Cod(z,T), X“(t) € CVt > 0} >1—c (22
t>0

Remark 2.1. We point out that assumption (H2) implies that for any x € 7.

sup P { lim d(X}(¢),T)=0, X}(t) e CVt> O} =1.

weU t—-+o0
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Indeed, for any ¢ > 0 and for suitable positive constants A and C¢, the local
exponentially stabilizability implies the existence of a control u € U such that

(I1-¢e)<P [sup d(X2(t), T)eM < Cud(x, T), X%(t) € CVt> O]

t>0

<P L ligrn d(Xy(t),T)=0, X}(t)eCVt> O} ,
and the result follows by the arbitrariness of . We also note that without loss
of generality we may assume that » > 0 in (H2)-(ii) is so small that 7, C C.

Aim of this work is to characterize the set D7°C of initial states = € R?
which can be driven by an admissible control to the target 7 with positive
probability:

pTC ::{x eRY: uell st.

P [ lim d(X}(t),7)=0, X} (t) €CVt> O} > O}

t—-+o0

= {x € R :sup P L lim d(X3(t),T) =0, X;(t) €CVt> o} > o} .
uweU —Too

The set D7 is called the domain of asymptotic controllability (with positive

probability) of 7.

Remark 2.2. We conjecture that the approach in this paper can be extended
to a characterization of the sets
{sc € R : sup P [ lim d(X}(t),7)=0, X (t)eCVt> 0} —p}
weU t—-+4o0
for given probabilities p € [0, 1], similar to how [10] extends [14]. However, in
order no to overload this paper we decided to postpone this extension to a
future paper.

3. Some results on the set D¢

For any x € R? and u € U we introduce the random hitting time 7(z,u) as
the first time instant when the trajectory starting at point z and driven by
the control w hits the set 7., that is for any w € Q

7(z,u)(w) :==inf {t > 0: X¥(t)(w) € T,-}. (3.1)

Remark 3.1. We will assume that the set of admissible control laws U sat-
isfies the stability under concatenation and stability under measurable selec-
tion properties. The set U satisfies the condition of stability under concatena-
tion if for any stopping time 7 and any two control processes ui,us € U the
T-concatenation of u; and us, defined by

uy(w,t) ift<r

U1 Bruz(w,t) = {uQ(w,t —71) otherwise,
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is an admissible control. For the condition of stability under measurable se-
lection we require that for all stopping times 7 and all maps ¢ : Q — U,
measurable with respect to the corresponding o-algebras, there exists a v € U
such that

D(w)(t) =v(t) for Leb x P-almost all (¢,w) such that ¢t > 7(w).

These two properties guarantee the validity of the Dynamic Programming
Principle, Lemma 5.1, under standard regularity assumptions on the coeffi-
cients of the problem (see [22]). In our context, such properties also play an-
other important role in ensuring the controllability of the system. Indeed, for
every y € 7,. the exponential stabilizability property guarantees the existence
of a control u, € U such that (2.2) holds. Intuitively, this means that once a
path associated with a control w hits the boundary of 7, at time 7 := 7(z, u),
we can control it to 7" by switching to the process ux(r) = Uxu(r(z,u))- How-
ever, this construction is only possible if the process

u(t) = w(t)Lpp<ry + (W) Lirmtoo} + ux(n)(t = T)lireo)) Ligsry  (3:2)

belongs to U and, in general, this cannot be guaranteed in our framework. As
a remedy the following construction can be used. Let us define the map

Bwe Uxu(rew) () fwe{weQ:7(z,u)(w) < +oo}
’ u(-) otherwise.

We can observe that {w € Q : 7(z,u)(w) < +oo} is Fr-measurable and then
the map ® is measurable from (€2, F;) to (U, B(U)) so, if stability under mea-
surable selection holds, there exists v € U such that

®(w)(t) =v(t) for Leb x P-almost all (t,w) such that t > 7(x,u)(w).

Under the assumption of stability under concatenation, we also have that the
control u @, v belongs to U, so that it can be finally used to steer the
system to 7. With a slight abuse of notation we will still denote in the paper
such a control by means of expression (3.2), but the reader should always keep
in mind this construction. For a discussion of existence results for control laws
satisfying the stability properties just described we refer to [9, Section 2].

Our goal is now to establish a relation between the set D7¢ and the
hitting time 7(a, u). To this end, we start with the following preliminary result.
Therein and in the rest of the paper we use the notation X¥ := X% (7(z,u)).

Lemma 3.2. Let assumptions (H1)—(H2) be satisfied. Then there exist positive
constants A\, C such that if

sup P[r(z,u) < +o0, X (t) € CVt € [0,7(z,u)]] >0
ueU

where T(x,u) is the hitting time from (3.1), then

sup P |7(z,u) <400, X2(t)eCVt >0 ,sup d(X;I(w’uH‘)(t),T)e)‘t <C| >0.
ueU t>0 T
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Proof. The statement is proved using the exponential stabilizability assump-
tion (H2)-(ii). By assumption there exists v € U such that P[7(z,v) < +00 and
Xy(t) € C,Vt € [0,7(x,v)]] > 0. Moreover, thanks to (H2)-(ii), constants
A, C > 0 can be found such that for any y € 7, there is u, € U with

1
P [sup d(Xpv (1), T)eM < C, Xyv(t) eCVt > 0] > 5
t>0 ’ ’

Therefore, abbreviating 7 = 7(z,v) = 7(z, 7) and defining the control

P(t) 1= V()L ury + (VO Lirmtoe) + 1ty (E = )L rcoe) ) Tgesrs

see Remark 3.1, one obtains

P {T(z, ) < +00, XZ(t) € CVt >0, sup d(X37 (1), T)eM < c}
t>0 T

=P |:T(.’I}, V) < o0, XZ(t) € CVt € [0,7(z, )], X;(TJF')(t) eCVvVt>0,

RN

sup d(X;(,—,T+')(t), T)eM<C

>0
+oo
= / / PXY =y, 7(z,v) =3, XL(t)eCVte0,7(x,v)]]
0 d(y,T)=r

x P {X;‘y (t) €CVt >0, sup d(X,¥ (t), T)eM < C”XS” = y} dyds

t>0

Y

1[re
f/ / PX! =y, 7(x,v) =s, XJ(t) € CVt € [0,7(z,v)]] dyds
2Jo Jaw1)=r

_ % P[r(z,v) < +00, XX(t) € C ¥t € [0, 7(z, )] > 0.
]

Thanks to the previous result, the following alternative characterization
of DT-C is obtained.

Proposition 3.3. Let assumptions (H1)—(H2) be satisfied. Then

DT = {x € R : sup P[r(x,u) < +oo, X%(t) € CVt € [0,7(x,u)]] > 0} .

ueU

Proof. The “C” inclusion is immediate since for every u € U one has
{w eN: th:-n d(Xy (), T)=0, Xi(t)eCVt> O}
— 100
Cl{we:7(z,u) < +oo, X}(t) e CVte[0,7(x,u)}.
For the converse inclusion, consider z € R¢ with

sup P[r(z,u) < 400, X2 (t) € CVt € [0, 7(z,u)]] > 0.
ueU
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Then, Lemma 3.2 yields

sup P [T(x,u) < +o00, sup d(X;(I(w’uH“)(t),T)e)‘t <C,
ueU t>0 T

X;;(t)eCVtzo] >0

which immediately implies

sup P [X;;(t) eCvt>0, lim d(X3 (1), ) =0 >0
UGZ/{ — 00 T

and thus z € DTC, O

Proposition 3.4. Assume assumptions (H1)—(H2) be satisfied. Then DT is an
open set.

Proof. Let us start observing that for any « € D7 €, there is a time 7' > 0 and
a control v € U such that

P {d(X;(T)J’) < g XY(t) € C Wt > o} = > 0.

Thanks to assumptions (H1), one has that for any € > 0

lim P

|z—y|—0

sup | X7 (t) — X}(t)] > 5] =0,
t€[0,T]
therefore we can find 0, > 0 such that for any «,y such that | —y| <6,

VB

P| sup |XY(t)— X} (t) >¢| <
te[0,7)

It follows that for any fixed ¢ > 0 if y € B(z,d,), the set @y C F defined by

, XU(B)(w) ECYE>0,

x

Q= {w €N dXY(T)(w),T) <

sup | XY(t) — Xy(t)|(w) < e
te[0,T]

—— N3

satisfies

P[Q] =P [d(X“(T),T) < g X¥t)yeCvt>0, sup {X;?(t) — X;j(t)\ < 51
te[0,T]

C
 XY(t) eC vt > 0)

XY(t) € C Vit > o)c}
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—P | sup |XZ(t) - X} (t)] >«
te[0,T
n_n

>1-1 ——==>0.

=z +1 5~ 3 >
For any w € Qy, since X”(¢t) € C,Vt > 0 and C is an open set one has

S(z,v)(w) :== inf d(XY(t),C%)(w) > 0.
te[0,7]
and
sup | X7 (t) — X, (t)|(w) < d(z,v)(w) = X, (t)(w) € C, Vtel0,T].
te[0,T] ’ ’

Furthermore it is also possible to prove that there exist M > 0 and 0, CO

with P[Q] > 0 such that

Ywe Q 8(x,v)(w) > M. (3.3)
Indeed defined
1 1
B, = {w VS (S(]J,I/)(OJ) S |:TL—|—1’ n)}

one has

0<P[] =P || ) Bn| =D P[B.

n>0 n>0

It means that there exists 7 € N such that P[Bg] > 0 and defined

o) :{wEleé(:E,V)(W)Z ! }

n+1

we have P[] > P[Br] > 0. We have now all the elements necessary for
concluding the proof. Taking ¢ < min{M/2,r/2} we have that for any w € O

X;’(t)(w) €C,vt €[0,T]
and

d(X,(T), T)(w) < d(XZ(T), T)(w) + [X;(T) - X,/ (T)|(w) < 5 +e<r

N3

that is 7(y, v)(w) < T.
In conclusion we have proved that there exists a control v € U such that
for any y € B(z, 6,)

P [r(y,v) < 400, X;/(t) € CVt € [0,7(y,v)]] >0,
that means y € D7C. 0

4. The “level set” function v

We are now going to define a function v that we will use in order to characterize
the domain D7C as a sub-level set. Let us start introducing two functions
g:R¥x U —Rand h:R?— [0,400] such that
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(H3) there exist constants Ly, M, and go > 0 such that for any z,2’ € R9,
uwe U and T, 7, from (H2)
l9(z,u) — g(a, u)| < Lylz — a'};
g(xvu) S MQ;
g>0 and g(z,u)=0&x2€T;
and

1r€1fU glz,u) > go >0, VaecRNT; (4.1)

(H4) h is a locally Lipschitz continuous function in C such that
(I) h(z) =400 &z ¢C;
h(zp) — 400, Vo, -2 ¢C
h(z) =0, VreT;
(IT) there exists a constant Lp > 0 such that

’e—h(m) _ e—h(@)

< Lp|lz — /| (4.2)

for any z, 2’ € R%.
Let the function v : R? — [0, 1] be defined by:
v(z) = inf {1 +E [Sup (_e*.fé Q(X;L(S%u(S))dsh(X;L(t))):| } . (4.3)
uel t>0

We will now show that the function v can be used in order to characterize the
domain of controllability D7 €. In particular, we are going to prove that D7:¢
consists of the set of points z where v is strictly lower than one.

Theorem 4.1. Let assumptions (H1)—(H4) be satisfied, then
reDTC s u(z) <1

Proof. “<” We show v(z) = 1 for every x ¢ DT:C. If x ¢ D7C then Proposi-
tion 3.3 implies

sup Pr(z,u) < 400, X2(t) € CVt € [0,7(z,u)]] = 0.
ueU

This means that for any control v € U and almost every realization w € 2
T(z,u)(w) =400 or Jte(0,7(zx,u)(w)]: X;(t)(w) ¢C.

On the one hand, if 7(x,u)(w) = +o0, ft such that X*(t)(w) € 7,. By as-
sumption (H3) it follows that

9(Xz (), u(t))(w) > go,  VE=0
with go > 0, that is
e o g(X;f(s),u(s))ds—h(X;(t))(w) < e*got*h(xﬁ(t))(w) Ve > 0.
On the other hand, if X¥(f)(w) ¢ C for a certain ¢ € [0, 7(x,u)(w)], one has

h(X¥(t))(w) = +oo. In both cases, for every u € U the argument of the
expectation in (4.3) almost surely has the value 0, implying
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I+ E {Sup (—e fgg(X:(s»u(s))ds—h(xz(tn)} _
+>0

for every u € U from which v(x) = 1 follows by the definition of v.

“=" We will prove that sup, ¢, E[inf;>0 e~ Jo (X3 (9) ws))ds—h(Xz(1)] > 0
for every 2 € D7C. Let us start observing that, since there exists a control
v € U such that

Plr(z,v) < +o0, XY (t) € CVt € [0,7(x,v)]] >0,
then there exist T, M > 0 large enough such that for
Qf = {wEQ:T(x,u) <T, max h(X2(t)) §M}
te[0,7(z,u)]
one has ¢ := sup,, o, P[Q}] > 0. Indeed, defining
Qoo i ={w € Q: 7(x,v) < 400, XY(t) eCVt € [0,7(x,v)]}
={we Q:7(zx,v) < +oo, M(X}(t)) < ooVt e [0,7(x,v)]}
and
Q= {w €Q:7(z,u) <n, max h(Xi(t)) < n}
te[0,7(z,u)]

one has

0 < P[Q Pl <> P

n>0 n>0
Hence, there exists 7 € N such that P[Q5] > 0 and thus sup, ¢, P[Q}] > 0 for
T=M=n.
Moreover, thanks to the assumption of local exponential stabilizability in

probability, there exist constants A, C' > 0 such that for any y € 7,
0
sup P[A] > 1 — -
u€U 2

for AY == {w € Q : sup;5o d(Xp(t), T)eM < C, Xp(t) € C Vt > 0}. In what
follows we will denote by 7 = 7(z, ) the hitting time (3.1) if no ambiguity
arises. For any u € U one has (recall that g > 0):

B [int e { - [ g0x (€0, u@)de — hx2()}

t>0

2B e~ [ gx2@©ue)de —_max_n(x2E)}
0

£€[0,+00)

> [ en{- [ gt uende - _max h(X;:@))}le

[0,4-00)
2 |
ay

~ max h(XJ(€) v max h(X“(i))}dP

e { = [Ta0xz©.uiende - [ ox2©).uie)ae



1776 L. Griine and A. Picarelli NoDEA

/ / { =y, 7=35, 7<T, max h(X;(£)) < M] e Mo =M
d(y,T)=r £€l0,7]

xE[exp{ / 9(X (), u(©)ds—  max h(X“(f))}‘ngéhT;:S’] dyds

€[r,+o0)
7MT M/ /
o d(y,T)=r

_ w4 (£ (s — max o)
x E [6 JoT s @l de — gmax (X (5))‘){: = y} dyds.

—yor =57 < T, max h(X2()) < M]
£€(0,7]

Here we are using the notation a V b := max(a, b).
Therefore, applying the Lipschitz continuity of g and h, one has

T
e MaT=M qp / / P {X}f =y, 7=s,7<T, max h(X;(§)) < M}
uel d(y,T)=r £€lo,7]

{ —Je g(X;(”')(5),u(s+5))d£—ger[gixw)h(X;‘(s*')(f))‘

xE |e XY = y} dyds

T
> e MaT=M qyp / / P {X;‘ =y, 7=s,7<T, max h(X;(£)) < M}
d(y,T)=r

ueU ¢elor]
— I g (@) u(s ) e~ max ROXGC©)|
B I
> e Mot =M gup / / { =y, 7 =57 <T, max h(X ())<M}
ueU d(y,T)=r £€lo.r]
_ +oo u(s+) — max ulats)
XE|: Xap€ Fa o7 40X (O T)de= g, LAy (5)’7)‘)@ :y} dyds

> M- Msup/ / { =y, 7=35,7<T, max h(X (f))SM}
well d(y, T)=r £€l0,7]

—Lg [ ce**ﬁdgf max LCe ¢
XE Xay € €[0,+o0)

Xy = y] dyds
CLy

T
_ T — _ _
> MiTe=M=3"¢ Lcsup/ / IE[XAu
ued Jo JyeT, Y

X;*:y}

xP | X! =y, 7=s,7(z,u) <T, Em[%x]h(X;‘(f)) < M} dyds
L e T
CLg
= MiTg=M="5" ¢~ LC sup P [Ql mAXu} 0
ueU

where for the last inequality we used the fact that (thanks again to the argu-
ments in Remark 3.1) one has sup,,,, P[Q} N A%.] > 0. O

Remark 4.2. The definition of the function v is based on a similar construction
used in [19] for a deterministic controlled setting. That paper shows that in the
deterministic setting the domain of controllability can alternatively be char-
acterized by a second function, whose definition, translated to the stochastic
framework, would be

V(z) = inf E [sup /0 g( X3 (s),u(s))ds + h(X2(t))] . (4.4)

uel t>0
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A little computation using Jensen’s inequality shows the relation
{reR":V(z) <400} C {zeR?:v(z) <1}.

Since, however, it is not clear whether the opposite inclusion holds in the
stochastic setting, we will exclusively work with v in the remainder of this

paper.

5. The PDE characterization of D7:€

After having shown that D7 can be expressed as a sub-level set of v, we now
proceed to the second main result of this paper, the PDE characterization of v
and thus of D7:€. In order to derive the PDE which is solves by v, we need to
establish a dynamic programming principle (DPP) for v. Unfortunately, how-
ever, the presence of the supremum inside the expectation in the definition of
v prohibits the direct use of the standard dynamic programming techniques.
In particular, it is possible to verify that v does not satisfy a fundamental con-
catenation property that is usually the main tool necessary for the derivation
of the associated partial differential equation. To avoid this difficulty, we follow
the classical approach to reformulate the problem by adding a new variable
y € R that, roughly speaking, keeps track of the running maximum (we refer
to [6,7] for general results regarding this kind of problems). For this reason we
introduce the function ¥ : R? x [—~1,0] — [0, 1] defined as follows:

Ix,y) := inf {1 +E [sup (—e_-ftf g(X;(S)’“(S))ds_h(X;“”) \Y y} } . (5.1)
ueU t>0
We point out that

Iz, —1) =v(z) VaeRY

therefore ¥ can still be used for characterizing the set DZ-¢ and one has

DTC = {z e R : 9(z,-1) < 1}. (5.2)
Furthermore, it follows from Theorem 4.1 that
14y on T x[-1,0]
ﬁ(xvy) = {1 on (D’T,C)C % [_1’0}. (5~3)

In what follows we will also denote

t
Gt i= [ g(X2(s),u(s))ds,
0
so that using this notation the function ¥ reads
Ix,y) = inf {1 +E [sup (—e_G(t’z’“)_h(X;(t))> \Y y} } .
ucl t>0
For the new state variable y we can define the following “maximum dynamics”:

Y () = eClww <y v S}lp] (_e—G<t7z,u>—h<X;‘<t>))> (5.4)
te|0,-
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We remark that Y;*,(t) € [~1,0] for any u € U, t > 0 and (z,y) € R? x
[—1,0].Moreover one has

1+y<d(z,y) <1, VzecRyyec|[-1,0]. (5.5)

We are now able to prove a DPP for the function 9. Since no information
is available at the moment on the regularity of 9, we state the weak version of
the DPP presented in [8] involving the semi-continuous envelopes of ¥. Let us
denote by ¥* and ¥, respectively the upper and lower semi-continuous envelope
of ¥. One has:

Lemma 5.1. Let assumptions (H1), (H3) and (H4) be satisfied. Then for any
finite stopping time 0 > 0 measurable with respect to the filtration, one has the
dynamic programming principle (DPP)

6
inf E {e*““’“’“)ﬁ*(ﬁ(e»Y;fyw))) + / g<xz<s>,u(s))e*G“’f’")ds} < 9(,y)
w 0

[Z
< Hel{lE [e‘G(e’w’“)ﬁ*(X;j(Q),Ya}fy(e))) +/ g(X;L(S),U(S))e_G(s’z’u)dS]-
u 0

For a rigorous proof of this result we refer to [8]. Here, we only show the
main steps that lead to our formulation of the DPP in the non-controlled and
continuous case.

Sketch of the proof of Lemma 5.1. For any finite stopping time 6 > 0 one has

19(x7y) -1

=E |sup(— efG(tﬁw)fh(Xm(t))) Vy
| t>0
=E |sup( — e*G(tﬁw)fh(Xm(t))) Vv sup (— efG(t,ac)fh(Xm(t))) vy
| t=0 t€[0,6]
- e*G(H,r)Sup( _e s g(Xt(s))dsfh(Xi(t))) V sup ( _ e*G(t,z)fh(Xl(t))) v y]
L t>0 te[0,6]
—F |G {sup( e 1K g(Xm(s))dsfh(Xm(t))) v Yw,y(Q)H
t>0

where the property of the maximum (a-b)Vec=a-(bV £), Ya,b,c € R,a >0,
is used. Applying now the tower property of the expectation one obtains

I(z,y)
_14E|E [eaw,z) {Sup( GO0 () v Y, y(@)} %”
4R |eCctnR [sup( GO X0 O)) v Y, y(@)‘ﬂ)”

>0
t>0

=1+4+E _eiG(e’m) (ﬁ(Xx(o)a Yx,y(o)) - 1)}

and the result just follows observing that 1—e~¢(¢®) = foe (X, (5))e G=0) s,
O
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Using the DPP from Lemma 5.1, we can now show that ¥ is actually
continuous.

Proposition 5.2. Let assumptions (H1)—(H4) be satisfied. Then the function 9
from (5.1) is continuous in RI+L.

Proof. The continuity with respect to y is trivial and one has

[9(z,y) — Iz, y)| < ly —y/|.
For what concerns the continuity with respect to z, in (D7°¢)¢ and 7 there
is nothing to prove thanks to (5.3).
We start by proving the continuity at the boundary of 7. Let xg € 07 .
We aim to prove that for any e there exists § > 0 such that for z € B(x,9)
one has

O(z,y) = I(xo,y) = I(x,y) — (1 +y) <e. (5.6)

For 6 > 0 small enough we can assume that B(xo,d) C 7. Hence, for this
choice of ¢ there exists A > 0 such that for any € > 0 there exists a constant
C. and a control v such that one has

PlAS] <

for A, = {w € Q:sup d(X%(t), T)eM < Ced(x,T) and X%(t) € C,Vt > 0} .
>0
From the definition of ¥ and the monotonicity of the exponential one has

I(z,y) — (1+y)
=9z, y)— (1+(-1) Vy)

<E [sup (_efc(t,z,u)fh(xi(t))) Vy— ((—1) \Y, y)}
t>0

<E|1 +Sup(_eG(t,x,u)h(X:’L’_(t))):|
>0

=F [1 — e Suptzo(G(t,ac,uHh(X;(t)))}

/1

Ed T

</ 1 — = SWPizo(Clta ) +h(XL ) gp | €
2
A

6—suptzn(c:(t,z,mh(xz<t>>>d]p+/ 1 — = suPeo(Gta ) +h(XZ (D) gp
AC

for every T' > 0. Therefore in order to conclude (5.6) it will be sufficient to
estimate the integral taking into account the events in A, .

For sufficiently small 6 > 0 we obtain C.d(x,7) < r and thus X (t,w) €
7T, for all w € A, all t > 0 and all x € B(xg,0). Thus, since 7, is a compact
subset of C, the function A is Lipschitz with constant L along all these trajec-
tories. Since ¢ is Lipschitz, too, and since g(&,u) = h(§) = 0VE € T,u € U,
for any ¢ > 0 one has

9(X7 (1), v (1) < Led(X; (1), T) and  h(X;(t) < Ld(X(t),T).
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Using these inequalities and the definition of A,, we obtain

/ 1 — o= SPuzo(Glhaw) +h(XL (1)) gp
< / | — o= i (X0 () dt—sup 50 h(XL (1) gp
Ay

< / | — o= i Lyd(X2 () T)dt—sup, 5 LA(X (6),T) gp
A

x

< / 1— e JgF™ LyCed (@, T)e™ M dt—sup, LCEd(ac,T)e’MdP
A

x

S/ | — e~ gp < | o—(Ly/A+LICS,
Az

Now, choosing § > 0 such that

(%+L)Q6§—mﬂ—d%

we have

1 o e*(Lg/)wi»L)Cgﬁ S 5/2
and thus

Iay) — (1+y) < / 1 — e 5Pz (Gt +h(XE ) gp | % <el
Az

for any x with d(z,7) < §, which proves (5.6) and thus continuity at 07 .

The proof of the theorem is concluded proving the continuity in R4\ 7. We
point out that we already know that ¥(x,y) = 1+ y in (D7€)¢, however the
proof that follows is independent of whether zz € D7-€ or not. Let = € W\’T
and £ € B(z,d). From the DPP (Lemma 5.1), for any y € [—1,0] and any
finite stopping time 6, there exists a control v = v, € U such that

W& ) = Ia,y) < E [ OO (XY (0), Y, (0)) — e 04
— v v v — v €
—€ G2, )79*<Xa: (9)’Yw,y(9)) +e Gzw) + Z
In order to prove the result we will use the continuity at 7 we proved above.
We can in fact state that for any € > 0 there exists 7. > 0 such that

ﬁﬂaw§1+y+i it d(z,T) <.

Let T>— 1n(6/4) and 0 < R < - +/L 7 where ¢* := inf (4. q(z, 750, /23 9(2, ) > 0
and Ly, L, are, respectively, the Lipschitz constant of e (*) and ¢. Denoting

E = {wEQ: sup | X,/ (t) — X{(t)] ZR}’

te[0,T]
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under assumption (H1) we can choose § sufficiently small such that P[E] <
Then (recalling that ¥*, 9, € [0,1]), we have

/E (e GOy (XY (0), YL, (8)) — e C )
- efG(O,x,u)ﬁ* (X; (9), qu,y (0)) + 67G(0,z,l/))d[@ (57)
- / (cm60&0) 4 =60 ap < 2p(E] < &
o 4
Let us now define the stopping time
To=1inf {t > 0:d(X%(t),T) < n.}

with the convention that 7(w) = T if d(X%(t)(w),T) > n.,Vt € [0,T] (this
ensures the finiteness of the stopping time needed for the DPP). Thanks to
(5.7) (which holds for an arbitrary stopping time), we can write

E [emCrE9" (XE (7). ¥¢, (7)) — e Cre)

—€_G(T’x’y)19*(Xmu(T) YV (T)) +6—G(T,w7V):|

) T,y

§§+/.”:E+/ .”+/ .
4 EC 4 ECn{r<T} ECn{r=T}

and we will provide estimates separately for the last two integrals.
In E€ N {r = T}, using again 9., 9* € [0, 1], we get

[ (eemeny o), v @) - e oren
ECn{r=T}
— e OTTY (XU(T), Y2, (T)) + e CTo) ) P
S/ e—G(T,w,V)dIP) < e—g*T < E
ECn{r=T} 4
thanks to the choice of T. In E€ N {r < T} we have

/ (e—G(‘r,g,l/)ﬂ*(Xg(T)’ }/gyy(T)) _ e—G(T,g,u)
ECN{r<T} ’

— e Iy, (X2(7), Y2, (7)) + e CT) ) P

T XL,y
S / {efG(ﬂgﬂ/) (]_ + }/gjy(/]—) + E) _ efG("VE#V)
’ 4
ECn{r<T}

_ efG(‘r,a:,v) (1 + qu,y(T)) + €7G(T7$1D)}dP

— —G(‘r,f,u)yu ( _ —G(T,z,u)yu ))d]p—i- E
e T)—e (T
/ECM{T<T} ( €u(™) ol 4
where we used the fact that, in virtue of (5.5), ¥,(z,y) > 1 + y. Recalling

the definition of the variable Y'(-) given by (5.4) and because of assumptions
(H3)—(H4) we have
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/ (G*G(T,&V)YZ?J(T) _ e’G(T’I’V)Y;y(T))dP
ECn{r<T}

:/ { sup (—e—CHEM—hXL®)) y
ECN{r<T} “t€[0,7]

— sup (—e @) —h(XI(1)) \/y}dP

tel0,7]

< / sup |e-CEEN-h(XE(®) _ ~Gltan)-h(XL®)]| gp
ECn{r<T} te[0,7]

< / sup e~ CtE0)|=h(X(0) _ (=h(XZ(1)
ECn{r<T} te[0,7]

+ sup efh(Xg(t))’efG(t@ﬂ/) _ o—Gltan)| gp

te(0,7]

< / (Ln + LyT) sup |XE() — XL()]dP <
ECn{r<T} t€[0,T 4

thanks to the choice of R. O

Thanks to Lemma 5.1 and the continuity of 9, we can finally characterize
¥ as a solution, in the viscosity sense, of a second order Hamilton—Jacobi—
Bellman equation. To this end, we define the open domain O C R¢ x [~1,0]
by

0= {(z,y) e R —e7h®) <y < O}
and the following two components of its boundary

00 :={(z,y) €0 :y=0}

020 = {(:r,y) €cO0:y=—"D 4y < 0} :
Remark 5.3. We point out that thanks to the relation

Iz, y) = Iz, —e @) vy < —e @)

it is sufficient to determine the values of ¥ in © in order to characterize ¥ in
the whole domain of definition R? x [—1,0]. We also remark that 9(x,0) = 1
for any = € R%.

Let us consider the following Hamiltonian H : RI x RxRxR% x R x §¢ —
R, with S¢ denoting the space of d x d symmetric matrices

H(z,y,7,p,q,Q)
(5.8)

= sup { ol ) = 1) =) = 5Trloo" (00)Q] - aalsly f

The following theorem holds.
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Theorem 5.4. Let assumptions (H1)—(H4) be satisfied. Then ¥ is a continuous
viscosity solution of
H(z,y,9,D,9,0,9,D29) =0 in O
9=1 on 10 (5.9)
—0,9 =0 on 020.

We refer to [16, Definition 7.4] for the definition of viscosity solution for
Eq. (5.9). It is in fact well-known that boundary conditions may have to be
considered in a weak sense in order to obtain existence of a solution. It means
that for the viscosity sub-solution (resp. super-solution) of Eq. (5.9), we will
ask that on the boundary 05O the inequality

min (H(w, Y, Y, D39, 0,0, D29), —ayﬁ) <0
(resp. max (H(;zc7 Y, U, D30, 0y0, D29), —6y19) > 0)

holds in the viscosity sense. In contrast, the condition on 90 is assumed in
the strong sense.

Proof of Theorem 5.4. The boundary condition on 0, O follows directly by the
definition of ¥. Let us start proving the sub-solution property.

Let be p € C*1(O) such that J—¢ attains a maximum at point (z, ) € O
and let us assume y < 0. We need to show

H(z,5,9(%,9), D2p(2,9), 0y (2, 9), D3p(z,5)) <0 (5.10)
if (z,9) ¢ 020 and
min (H(z,5,0(z,5), Dop(,5), 0yp(,5), D2 p(7,9)), —0y(2,5)) <0
(5.11)
if (z,y) € 020.
Without loss of generality we can always assume that (z, §) is a strict local
maximum point (let us say in a ball of radius r) and that ¥(z,7) = ¢(Z, 7).

Using continuity arguments, for any v € ¢ and for almost every w € 2 we can
find 0 := 6" small enough such that

(Xz7(0), Yz5(0))(w) € B((Z,9),7)-
Let us in particular consider a constant control u(t) = u € U. Thanks to
Lemma 5.1 one has

0
o(z,7) <E e’G(e’I’“)w(X%‘((’),Yz“g(9))+/ 9(XE(s), u)e”¢F ) ds
0

5

(5.12)

We now take into account two different cases, depending on whether or
not we are in 9,0.

Case 1 § > —e ") 1In this case (since we are inside O) for almost every
w € Q, taking the stopping time 0(w) small enough, we can say

eG(H,:f:,u)(g V sup (767G(t,i,u)*h(Xg(t))))(w) = (eG(&i,u)g)(w).
te[0,6]
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Therefore from (5.12), for this choice of the stopping time 6, for any u € U we
obtain

0

E [@(37"»27) - e’G(e’i’“)w(X%‘(@),eG("@’“)ﬂ)Jr/ g(X;‘(S),U)eG(S*’”’“)ds] <0
0

(5.13)

which yields

%
£ / —d (O P IG(XE(s), 7)) + g(X;L(s),u)e—G(w“)ds] <0.
0

Applying the Ito’s formula we have
d (e’G(s’f>")<p(X§(s), eG(s,i,u)g))
= e [ g(XE(s), u)ip(XE(s), 7))
+ Dypp(X3(s), 9T g) - dXE(s) + Dyp( X2 (), eF T g) g(X2(s),u)y

1 o) —
+5Trlo0" (X2, 0) D2 (X2 (0), =) |

Then, replacing the stopping time 6 by 6, := 0 A h we get

1

On
B3 [ e e (g (X2 (s), O 5 g)
0

h
+ Dypp(X3 (), 9T g) - (X (s), 1)+, (X3 (), eF T g) g(X2(s),u)y

5 Trloo” (XE() D2 0), )] L <.

Letting h — 0 and observing that for w fixed 6,=h holds for h > 0 sufficiently
small, we can apply the mean value theorem inside the integral for any fixed
w. In this way, applying also the dominated convergence theorem, we finally
obtain at (Z, )

1
9(Z,u)(¢ — 1)— D - b(Z, u)—iTr[oaT(ﬁc, u)D2¢] — 0ypg(Z,u)g<0 YueU
and then thanks to the arbitrariness of u

H(j7ga @(jag)v Dw‘P(i‘vg)a 8y<p(j’g)’ Di(p(j,:lj)) <0,

ie., (5.10).
Case 2 j = —e "M@ If —9,p(7,7) < 0, then (5.11) holds. Hence, let us
assume that

- y@(i‘? g) > 0.
This means that in a neighborhood of (Z, %)

oz, 1) = plx,y2)  ifyr < yo.
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For almost every w € € and for f(w) small enough, the point
X%(9)7 eG(O,i,u)(gv sup (_e—G(t,a’;,u)—h(X;(t))))
te€[0,0]
is in this neighborhood. Because of
Y;y(e) — eG(G,a’c,u) (y\/ Sl[l%](_e—G(t,x,u)—h(X;;(t)))) > eG(G,a’c,u)g
telo,

we obtain for any u € U
o(z,7)

<E ler’f’w {mX:(e), Y,'4(0)) + / " g (s), u)ewmdsH
0

0
<E lecwvf’w {w;;(o), @0y 1 [ g(xio). u)eG<W>dsH

from which we have again (5.13) and thus
H(z,5,0(%,5), Da(,5), 0y0(2,9), D3p(2,9)) <0,

implying (5.11).

For proving the super-solution property let us assume that 9 — ¢ attains a
strict maximum in (&, ). Starting again from the DPP and taking the stopping
time # small enough one has

0

P(5.7) > inf E leG<“~“>so<x;‘<e>,Y:y<9>> - g(X;<s>,u>eG<S=mv“>ds] .
u 0

If either § > —e ™" or j = —e~"®) and —9,¢(z,7) < 0 we get, for 6 small

enough

0

p(2,9) > inf B [eGwﬁf’%(X;(o),eG”’f’%) + [ o) e s
ue 0

and the desired property can be obtained by standard passages, with the usual
modifications required for proving the super-solution inequality. O

6. Comparison principle

After having shown that ¢ solves Eq. (5.9), we now consider the uniqueness
question. As usual in viscosity solution theory, we establish uniqueness in form
of a comparison principle between USC sub-solutions and LSC super-solutions.
In proving such a comparison principle, some additional difficulties arise be-
cause of the degeneracy of g in 7. In order to overcome this difficulty we will
show that for any super-solution (resp. sub-solution) a super-optimality (resp.
sub-optimality) principle holds and then we will use this result for proving
the comparison principle by a direct calculation. The proof of the optimality
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principles given here adapts the techniques in presented in [4, Theorem 2.32]
to the particular case of the second order boundary value problem (5.9).

Let us start with a preliminary result. We can in fact prove that, thanks
to assumption (H4)-(ii), together with (H1) and (H3), for any control u € U
and T > 0, aside from the standard estimation for the process X¥(-)

E| sup [X4(t)—z|*| < Cr(1+|a|)T (6.1)

te[0,T]

the following inequality also holds for Y, ,(-): If (x,y) € O, then

E | sup | - y}Z < Cr (|1 — eMaT |2 4 2MsT (] 4 |x|2)T) (6.2)

te[0,T

where Cp = Ce®T and C is a constant depending only on the Lipschitz con-
stants of b and o, and M, denotes the bound of the function g. We prove the
following result for a later use.

Lemma 6.1. For any ¢ > 0,7 >0 and (x,y) € O one has

u C
sup P [ sup (X (1), Y, (1) — (z,y)] > 5] < % (T+1 _eM_qT|2)
uel te[0,T] €

for O = Cp(1 + *MsT) (1 + |z|?).

Proof. The result is a consequence of Doob’s inequality (see [23, Theorem 6.2,
Chapter 1] for instance) applied to the sub-martingale M; := sup,¢jo 4 (| X (s) —
x| + |Y(s) — y|) and of inequalities (6.1) and (6.2). Indeed for any u € U one
has:

P [ sup. [(X2(0), Y, (1)) — ()] > ]

te[0,T]

<P [ sup (IX2(6) — | + Y2, () — ) > ]

te(0,T]

IN

t€[0,T)

2
1 u u
S E ( sup |X%(t) — x| + |Yx,y(t))—yl>

2

< SE| sup |XE() - 2P+ sup [V, (1) ‘yzl
€ t€[0,7) t€[0,17]
Cr

< - ((1 + e2MﬂT)T(1 + |x|2) + |1 - eMgT\Q)

where Cr is the constant appearing in (6.1) and (6.2). This shows the claim.
O

Let us define the domain

Os :={(z,9) €0 :d(2,T) >6, y<—0}
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and the associated exit time for the process (XY ( ), Yl ()

75 ::inf{tzO:(X;j( ),Y, xy ¢(’)5}
Theorem 6.2. Let V. € USC(O) be a bounded viscosity sub-solution to Eq.
(5.9) such that
V(z,y)=1 on 0,0.
Then V_ satisfies

V(z,y) <nf E le_G(T;(“””’")V(X;L (75'(8)): Yoy (75' (1)) (6.3)

75 (t)
—l—/ g( X3 (s), u(s))e_G(s’x’“)ds
0

for any (x,y) € Os, t > 0, where 7§(t) := min(¢, 73') and 75* denotes the exit

time of the process (X3 (-), Y., (+)) from the domain O;.

Proof. This proof is based on an adaptation of classical arguments (see Theo-
rem 2.32 in [4] for instance) to our context. Let us start observing that since
V is upper semi-continuous we can write for any (z,y) € O

K(l‘, y) = ]igf(.) Vk(xv y) (64)

where {Vj }r>0 is a decreasing sequence of bounded continuous functions. Let
us consider for k > 0 the following evolutionary obstacle problem

max (8tV—|—H(:U,y7V,DIV,8yV7D§V) 7V—Vk) =0 (0,¢]x0O
V(t,z,y) =1 (0,t] x 0,0
_8yV(t,l‘,y) =0 @,t] X 00
V(vaay) = Vk(fﬂ,y) O

It is immediate to verify that V is a bounded viscosity sub-solution of this

problem for any £ > 0 and ¢ > 0. For ¢t > 0, we now define the following
function

(6.5)

inf E e T D2V (X (1)), Yoty (13(1) - Os
k —
L (t,x,y) = +j‘7'5 t) ) u(SDe—G(s,x,u)dS

Let us start proving that L* is continuous in ¢ = 0. Of course, we only need to
prove the result in Og. Noting that £k(0,x, y) = Vi(z,y) for any u € U and
(z,y) € Os, one has for any (£,7n) € Os

‘E e~ Gd (t)’g’“)Vk (Xg (T;(t)), ng,(Tgl ®)))

2 (0)
+/ g(X?(S%U(S))B‘G(S’g’“)dS] —Lk(Ow,y)’
0



1788 L. Griine and A. Picarelli NoDEA

<[ Jem GO OEOV (XY (0), Y (3(0) = Viclw,y)l | + Myt

E
E

IN

|G O (X (73 (1)), Y, (73(1) = Vile,y)]
+E[[Vi(@,p)l (1 - e T O€0) | 4 bt
< E [[Vi(XE (13 (1)), Yei (75 (£))) — Vi (€, )]
+[Vi(&m) = Vilz, )| + C(1 — e Mo") + Myt.
Thanks to the continuity of Vj, there exists . such that
€
|Vk(l’,y) - Vk(fﬂm < Z
for any (¢,7) € B((x,y),d:). Therefore if we define the set
E:={we Q:[(X¢(75(1)), Y, (r5(1) — (&,m)] > o}

we obtain

[ X 0), Y2l 7 (0) = V(€ <
Moreover, thanks to the boundedness of V, we get
[ IV 30 Y2 (3 0)) = Videomla® < 2P

Using the result in Lemma 6.1 we can state that there exists a constant C'
such that

W] ™

P[E] < %?(1 + eQMaf) (t )1 eM9t|2) (1 + |g\2).

Therefore, there exists t. > 0 such that for ¢ < t.
2MP[E] + C(1 — e Moty + Myt < g
In conclusion we have proved that for any € > 0, if t < t. and |(z,y) — (£, )| <
0c
|L*(t€,m) = L*(0,2,)| < &

which proves continuity of L* in ¢t = 0.
Denoting by L¥* the lower semi-continuous envelope of L*, it is possible
to prove that the following DPP holds (see [5, Theorem 4.3]):

. 75 (0) u —G(s,z,u) Ul u u G(75,z,u)
lngl E 9(Xz (s),u(s))e ds + Ligzrey Vie(Xe (15), Yoy (15))e
w 0

Fligery LE(t— 0, X2(0), Y, (0)e7 O™ | < LF(t,2,y).

for any stopping time 0 < 0 < t.

Thanks to this result, applying the standard dynamic programming ar-
guments, it is possible to prove (see the proof given in [5]) that L* is a viscosity
super-solution of (6.5). We point out that the necessity of the obstacle term
V — V} is a consequence of the possible discontinuity of L* on the boundary
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of Os. The initial condition and the boundary condition on 9;© are on the
contrary satisfied in the strong sense because of the continuity of L in ¢t = 0
and y = 0.

For Eq. (6.5) a comparison principle for semi-continuous viscosity sub-
and super-solution holds, see Theorem A.1 in the appendix. It can be obtained
by the arguments in [17] adapted to the parabolic case. The necessity of using
such a result instead of a more classical comparison principle for fully nonlinear
second order elliptic equations with oblique derivative boundary conditions, as
that one presented for instance in [16] (see also the references therein), comes
from the lack of regularity of the domain O. Since the key arguments of the
proof in [17] easily extend to our context, we only give a sketch of the proof
in the appendix.

Applying Theorem A.1, we obtain for any (¢,,y) € [0,+00) X Oy

V(a,y) < L¥(t,2,y),
which leads to
V(a,y) < B [e 0 Om0v, (X2 (72 (1), V1, (7(1)
75 (t)
- /0 g(X%(s),u(s))e” C&mW ds Yu eU.
It remains to pass to the limit for & — +o00. Recalling expression (6.4) for V.

we have

V(x,y) = limsupVi(z,y)
k——+oo

and then for any u € U

V(z,y)
< limsup E |e~ ¢ Oow)y, (x4 (r8(1)), Y, (5(1)))
k—-4o0

75 (t)
+/ g(Xi(s), u(s))e_G(s’z’“)ds
0

< E |limsup e~ G Oy (XU(r(8)), Vi, (T2(1)))

? a"'h
k—-+o00 Y
75 (t)

g(X(s), u(s))e~C@w ds

—

+

S~

=E [e G Dm0y (XU (r(1)), Y2 (2(1)))

Y]

1

75 (1)

+ (X3 (s),uls))e” 0 ds

S~
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where for the second inequality we used Fatou’s lemma, thanks to the bound-
edness of the functions Vj,. Hence, the desired result is obtained thanks to the
arbitrariness of u € U. O

The same techniques can be applied in order to prove the super-optimality
principle for LSC super-solutions. In this case, however, compactness assump-
tion on the dynamics (considering weak solutions of the SDE) are necessary
in order to guarantee the last passage to the limit (see [15]). The version of
the super-optimality principle we state below avoids this kind of assumption
by taking into account only continuous super-solutions.

Theorem 6.3. Let V € C(O) be a bounded viscosity super-solution to Eq. (5.9).
Then for any (z,y) € Os and t >0

y L xL,y

V(z,y) = inf E leG(Tgl(”’m’“)V(X;‘(Tg( ) Yy (75(#))) (6.6)

75 (t)
+/ G(X(s), u(s))e” CE=W s
0

Proof. Let us consider the following evolutionary obstacle problem:

min<8tV—|—H(w,y,V,D$V,8yV,D?CV),V—V) =0 (0,t]x0O
Vit,z,y) =1 (0,t] x 0,0
-0,V (t,z,y) =0 ( t] x 9,0
V(0,2,y) = V(z,y)

(6.7)

We can easily observe that V is a viscosity super-solution to (6.7). In what
follows, we build a viscosity sub-solution for problem (6.7). Let W : O — R
be defined by

11615 E|e= G Om )V (X, (15(8)), Ya,y (75(1))) in Oy

W(ta &€, y) = + f"’a (t u(s))efc(s’m’u)ds

V(z,y) in 0\Os

Let us consider its upper semi-continuous envelope W*. By similar arguments
as in Theorem 6.2 we can prove that W* is a viscosity sub-solution to (6.7).
Indeed, the continuity with respect to time in ¢ = 0 can be prove as in Theorem
6.2. Moreover, the boundary condition on 0,0 is satisfied in the strong sense
thanks to the continuity of V. Therefore, applying the comparison principle
Theorem A.1 between sub and super solutions to (6.7) we get

V(x7 y) 2 W* (t7 x’ y)'

This yields



Vol. 22 (2015) Zubov’s method for controlled diffusions 1791

V(z,y) > inf E leGW eIV (X (r (1)), Yty (73(1)))

ueU TTEY

75 (t)
[ gz epe ot as
0

for any t > 0, (z,y) € Os. O

The super-optimality principle from Theorem 6.3 and the sub-optimality
principle from Theorem 6.2 are finally used in the next theorem in order to
establish the desired comparison result.

Theorem 6.4. Let V. € USC(O) and V € C(O) be a bounded viscosity sub-
and super-solution to Eq. (5.9), respectively. Let us also assume that
V(z,y) <1+y<V(r,y) on {(r,y) €eO:2€T} (6.8)
and
V(z,0) =V(x,0)=1 VaeO. (6.9)
Then V(x,y) < V(x,y) for any (z,y) € O.

Proof. Clearly, if @ € T there is nothing to prove. Thanks to inequalities (6.6)
and (6.3), for any (z,y) € Os and T > 0 we have

K($, y) - V('Ta y)
< sup E |60 Dm0 V(X2 (1(1)), Y., (7 (1))

)X,y
ueU ’

V(XM (D)), Y. (r(T))))]

= sup {/ e (VX (3), Yty (1) = V(X3 (r3), Yy (7)) dP
weld | Jrp<T ' N

Y] Ty

+ / e ST (V(X(T), Y2, (7)) - V(X2T), Yty (1)) dIP’}

We will study these two integrals separately. Thanks to the (semi-)continuity
of V and V and conditions (6.8) and (6.9), for any € > 0 it is possible to find
0. small enough such that

K(m,y)gl—i—y—i—%, V(x,y)zl—&—y—g if d(z,7)<é6
and
K(m,y)gl—i—%, V(m,y)Zl—g if y> -4
Recalling that 75 is the exit time from the domain Os, we have that for any

u € U either V! (15) = —0 or d(X}(75),7) = 4. For both these cases,
choosing ¢ small enough, for the first integral we find

/ O (VX ). (730) = V(X)L (7)) P
7

<ePlry <T|<e.
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For the second integral we can use the boundedness of V' and V. Denoting by
M a bound for these functions, we obtain for any u € U

) x,y

/ e e (V(XHT), Y, (T)) = V(XHT), Y, (T))) dP
T3 >T

< oM e~ CG(Thzu) g,

TEST
If we define
g =inf{g(z,u) |z €eR:d(x,T) > 0,ucU} >0
we finally obtain for 7" large enough
Viz,y) = Viz,y) < e+e 97 =2

for any (z,y) € O and the result is obtained thanks to the arbitrariness of €.

Finally. we obtain the desired comparison principle in the whole domain
by sending § — 0, thanks to the upper semi-continuity of the function
- V. O

I< Ql

An immediate consequence of this theorem and Theorem 5.4 is the fol-
lowing existence and uniqueness result.

Corollary 6.5. Let assumptions (H1)—(H4) be satisfied. Then ¢ from (5.1) is
the unique bounded and continuous viscosity solution to Fq. (5.9) such that
Wx,y) =1+yifz €T and I(x,0) =1 for any x € R?,
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Appendix A. Comparison principle for obstacle problems with
Dirichlet—Neumann boundary conditions

In this section we will give a proof of a comparison principle for the obstacle
problem (6.7). The result and its proof modify the arguments in [17, Theorem
2.1] in order to take into account the unbounded domain of (6.7). Of course,
the same arguments apply to (6.5).

Before starting the proof of the result, we introduce a more compact
notation. Let us start defining

b(x,y, u) = <ybg(é2)) € R™ and &(z,y,u) == (‘B@f(‘f) € R@+Dxp.

In what follow we will directly denote with x the variable in the augmented
state space RM for M :=d+ 1, that is # = (x,5) € RM. Using this notation
we can write the Hamiltonian H in (5.8) in the following compact form

H(e.0.Q) = sup { - o) = 577167 (0,10@] + )~ 1)}
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The boundary value problem we deal with is the following

min (atv+H(x,v,Dv,D2U) U —w) =0 (0,T)x0O

v(t,z) =1 (0,7) x 1,0
—0, w(t,x) =0 (0.7) x D0 (A1)
v(0,x) = ¥(x) @]

(where &CM denotes the partial derivative with respect to the M-th space
variable and ¥(x) = 1 on 0;0). We recall that the boundary conditions in
t = 0 and 0,0 are considered in the strong sense, that is for any viscosity
sub-solution v (resp. super-solution ¥) one has

v(0,z) <Y(z) (resp. v(0,z) >¢Y(z)) on O
and
v(t,z) <1 (resp.o(t,x)>1) on (0,T) x 0.
We also recall that on the boundary d:O the following weak conditions
min (min (v + H(z, v, Dv, D*v),v — ), —9,,,0) <0
max (min (0,0 + H(z,v, Dv, D*0),0 — ), —0,,,0) >0

are considered, in the viscosity sense, respectively for sub- and super-solutions.
In the sequel we will denote by | - the norm restricted to the first
M — 1 components of the vector, that is:

‘J\/Ifl

|'T|]W—1 = |($1, cee 7x1\4—1)|’ Vr € RM.

Theorem A.1. Let assumptions (H1), (H3) and (H4) be satisfied and v € C(O).
Let v e USC([0,T) x O) and v € LSC([0,T] x O) be respectively a bounded
viscosity sub- and super- solution of (A.1). Then for any x € O andt € [0,T)

v(t,z) <o(t, x).

Since the main arguments of the proof can be found in [17] we only
report below the main lines and the modification necessary for dealing with
the possible unboundedness of the domain.

Sketch of the proof. Recalling that the boundary do@ is defined by the func-
tion —eP(®1¥m-1) thanks to the Lipschitz assumption (H4)-(ii), we can

. . . L 1 . . . _
easily observe that just taking p := et where Ly is the Lipschitz con

stant appearing in (H4)-(ii), for any z € 920 one has
U Blz—¢¢p) co”. (A.2)

0<é<p

This corresponds to condition (2.9) in [17] and by the same arguments as in
[17, Corollary 2.3] the existence of a function ¢ € C?(O) follows such that
¢>0o0n 0, —9;,,¢ >1on 00 and |D(|,||D*|| < K, for some constant
K¢ > 0. We point out that the in our case the proof of Corollary 2.3 can
be strongly simplified because of the constancy of the derivative direction. In
particular the local construction presented in [17] will be independent of the
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choice of the the boundary point allowing us to obtain a uniform bound on
|D¢| and || D?¢|| on the whole domain. Let us define for 4, p, 8 > 0

v, (tx) = v(t,z) — e ((x) — Ti_t
and
v, ,(t,2) =0(t, ) + e "T¢(z) + Ti_t
One has
Usps =% % and Ts o =1 .

It is possible to verify that v, o (resp. U, , ,) is a sub-solution (resp. super-
solution) of an obstacle problem with the following modified boundary condi-
tion on 0 O:

— Opyy v+ e T <0 (resp. — Oy, v — ST > 0). (A.3)
Moreover, thanks to the positivity of ¢, one has
vy, <v and T, >,

so the boundary conditions for ¢t = 0 and y = 0 in (6.7) are trivially satisfied.
By using the non negativity of g and the linear growth of b and &, in O one has

H(w,v, . Dv D%y 15)—H($797DQ7D22)

BT =8,0,87 =5,p

gH(x,Q,DQJ DQU )*H(%,Q,DQ7D22)

0,87 —5,p,8

< sup |l~)(a:,u) -de PTD¢ + %TT[&&T(x,u)(éeprDQC)H
uclU

< Croe T (1 + |w|f4_1),
where C only depends on K and the Lipschitz constants of b and o. Then if
min (0, + H(z,v, Dv, D*v), v — ¢(z)) <0

for some x € O U 950 one obtains

B e el ),

2
DQ&, D7v [f) + T M—1

p.B7 —8,p,

min (@v&m + H(z,v

v, .t g - 1/)(»”6))

S min (aty + H(%Qa Dy? Dzy)V v— w(x)) S 0

5.p,87

The analogous result can be proved for the super-solution v, ,
Our goal is now to prove the inequality

v, L (tx) <, () + 2016 PT=D(1 + |22 ) (A.4)

M—1

8"

for all 6, p, 3 > 0. By virtue of the definition of v, s and v, ., this implies
the claim of the theorem by letting §, 3 — 0.

In order to prove (A.4), we consider the modified obstacle problems given
by
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min ((%v + H(x,v, Dv, D?v) + ﬁ — Cyoe T (1+ )2, _)),
+§3~—¢>S0 0,T) x O
v(t,x) <1 (0,T) x 0,0
—0,, v(t,x) +de T <0 (0,T) x 9,0
v(0,7) < () @
and
min (87511 + H(x,v, Dv, D*v) — £ + C1de 7T (1 + lz2, ),
v—E ) >0 0,T) x O
vo(t,z) > 1 (0,7) x ,O
=0y, v(t,z) — de T >0 (0,T) x 0,0
v(0,z) > ¥(x) @]
and consider the function
(t,z) =v, (t,x)=7,,,(tz)— 2C15e PT=(1 + |22, ).
Thanks to the boundedness and the semi-continuity of v s and Us a0 d ad-

mits a maximum point (¢, ,,%, ,) = (£,2). If either £ = 0 or & € 0,0
then (A.4) follows from the boundary conditions. Similarly, (A.4) follows im-
mediately in case ®(f,%) < 0. If & € O, inequality (A.4) can be proved using
classical comparison results for obstacle problems, see [32, Theorem 7.8] (see
also the discussion of Case 1 and 2 below).

It remains to consider the case & € 0,0, for which we will show that it
cannot occur if £ > 0, # ¢ 9,0 and ®(f,4) > 0 and if p > 0 is sufficiently
large (observe that it is enough to establish (A.4) for all sufficiently large p
because this will imply (A.4) for all p > 0). Thanks to the property (A.2) of
our domain, the existence of a family of C? test functions {w.}.~o as in [17,
Theorem 4.1] can be proved. Among the other properties, {w. }e~¢ satisfies:

we(z,x) <e (A.5)
2
() > 2= €y| (A.6)
2
=0y We(w,y) > —C@ if x € 90N B(&,7n),y € B(&,7) (A.7)

=0y we(z,y) >0 if y € 20N B(&,n),x € B(z,n) (A.8)

for € > 0 and some 1 > 0 small enough.
Applying the doubling variables procedure we define
O (t,x,y)
=u, L (6a) =7, ,(ty) = Croe T (1 4 [z )

— C1oePTDA + [y, ) —we(2,y) — o — &* — |t — ]
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and we denote by (tc,2.,y.) its maximum point. By the usual techniques,
thanks to the properties (A.5) and (A.6), it is possible to prove that for e
going to 0

|335 _ye|2
g

Te,Ye — T, te — 1 and — 0.

Tt follows that for € small enough we can assume that x., y. ¢ 0;0 and t. > 0.
Taking ¢ small enough we can also say that z.,y. € B(Z,n) and then we can
make use of properties (A.7) and (A.8). In particular if x. € 920, taking ¢
small enough, we have

~0, (w(:zc ye) + 6 PTt) (1 4 a2, ) + |ae — @\4)

|5175 - y6|2

>-C —Ad|x, — &z, — 2, | > —6e T,

On the other hand if y. € 050

—0,

Ym

( — we (e, ye) — Croe P Tt (1 + |y5|12\471)> <0< de T,

This means that for sufficiently small values of €, we can neglect the derivative
boundary conditions in x.,y. and only consider

. B _
min <6tv51pﬁ + H(me,ywﬁ,Dyé‘pﬁ,DQQé’p_ﬁ) + Tz~ Cioe T (1 + |.’L‘5|12V[71) ,

véypﬁ—ki—w) <0

. _ _ _ _ 8 _
min <8tv51pﬁ + H(ys,v&pﬁ,DvMﬁ,Dzvéypﬁ) ~ T2 + Cide pT(l + |ye i_l) ,

Vs o5 _jﬂ“_w) >0

in the viscosity sense.
Case 1 let us assume that

v, (e ze) + g —Y(ze) <0.

In this case we would get (since U; , ,(tc,y:) — % — 1 (ye) > 0 always holds)

byt ) =T (1e2) 20 4 0(52) — () < 0.

For sufficiently small € > 0, from ®(#,%) > 0 we know that ®_(t.,z.,y.) > 0
and this implies v, (te;xe) =0, , 5(te,ye) > 0, leading to a contradiction for
€ going to 0.

Case 2 let us assume that

% = Croe (1 + Jzel?,_,) <0.

Orv T

2
.5 TH(0 Dv D, )+

5, —6,p,8" " =68,p,8° =35,p,
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It follows that

atQa,p,B (tau $€) - atﬁé‘pﬁ (t€7y6) - Cl§e_pT(1 + |5L‘€|2 + |y6 f/l—l)

M-—1

2 — — 2
+H(zsay5,p757Dy&pﬂaD yé,p,ﬁ) - H(yevv&p,ﬁaDv&p,g?D U(;,p,g) S *ﬁ

Using the properties of the Hamiltonian H and of the test function w,, we can
find a constant Cy such that at the limit for € — 0 one has

Se T D142 _)(p—Ca—C)

< 2p0e P TD(1L 4 (22, ) — Code " TD (142032, )
— Cide PP (1+ 222 )

M-—1
2p
=
and a contradiction is obtained as soon as p > (C; + Cy + 1). O
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