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Résumé en francais de plus de 4000 caracteres

Les équations d’Hamilton-Jacobi-Bellman résultent de 1’application du principe de la pro-
grammation dynamique aux problémes de contréle optimal. Les problemes de contréle op-
timal consistent a trouver le parametre ou contréle optimisant 1’évolution d’un systeme dy-
namique controlé suivant un certain critere. Le critere peut étre de maximiser ou minimiser
une certaine fonction dépendante de la trajectoire du systeme et définie sur un intervalle de
temps fini ou infini. On parle alors de probleme de controle optimal & horizon fini ou infini.
Suivant que la nature de la dynamique du systeme étudié est stochastique ou déterministe, le
probleme de controle optimal est alors stochastique ou déterministe. Dans ’approche de la
programmation dynamique, résoudre un probleme de controle optimal nécessite de considérer
une fonction appelée fonction valeur qui est a tout instant t et pour tout état x, la valeur
du critere optimal associé au probleme lorsque le systeme part a l'instant t de 1’état x. Le
principe de la programmation dynamique qui consiste a observer que toute sous-trajectoire
d’une trajectoire optimale du systéme est également optimale sur 'intervalle de temps réduit
considéré, permet d’obtenir que la fonction valeur du probleme est solution d’une équation
aux dérivées partielles qui est I’équation d’Hamilton-Jacobi-Bellman. Cette solution peut ne
pas étre une solution classique étant donné que la fonction valeur est en général non dérivable.
La notion de solution de viscosité est alors utilisée. 1l s’agit d’'un type de solutions irrégulieres
bien adaptées aux problemes de controle optimal. La fonction valeur du probleme est ainsi
calculée comme solution de viscosité de ’équation d’Hamilton-Jacobi-Bellman en utilisant des
méthodes numériques propres aux équations aux dérivées partielles. Cela permet de déduire
ensuite le controle optimal. Comme méthodes numériques utilisées, on a par exemple la
méthode des différences finies, les méthodes semi-Lagrangiennes, les méthodes probabilistes
et les méthodes max-plus. La convergence des schémas numériques vers la solution de viscosité
d’une équation aux dérivées partielles a été obtenue comme résultat par Barles et Sougani-
dis sous les conditions de consistence, monotonie et stabilité du schéma. Le premier type de
méthodes utilisé dans ce cadre est la méthode des différences finies. Elle est assez précise mais
a un temps de calcul exponentiel en la dimension de I’espace de ’état du systéeme dynamique
considéré. Ainsi, elle est confrontée a ce qu’on appelle la malédiction de la dimension qui fait
que pour des espaces de dimension supérieure ou égale a 4, elle est inutilisable avec les puis-
sances de calcul actuelles. Les méthodes semi-Lagrangiennes ont I’avantage de pouvoir étre
utilisées dans des cas ou la méthode des différences finies peut difficilement s’appliquer a cause
d’une monotonie difficile a obtenir (Equations aux dérivées partielles(EDP) du second ordre
ou le coefficient du terme de dérivée seconde est une matrice a diagonale non dominante),
mais rencontrent les mémes limitations que la méthode des différences finies en termes de
temps de calcul. Les méthodes probabilistes permettent de dépasser ces limitations en temps
de calcul car elles peuvent étre appliquées quelquesoit la dimension de ’état du systeme dy-
namique. Par contre les schémas probabilistes rencontrés jusqu’ici dans la littérature sont
monotones sous des conditions difficilement satisfaisables par ’équation d’Hamilton-Jacobi-
Bellman lorsque celle-ci est tres fortement non-linéaire. De plus, les méthodes probabilistes
sont linéaires alors qu’un probleme de controle optimal est par essence non linéaire. Cela
pose probleme quant-a la précision de la solution obtenue par une méthode probabiliste.
Les méthodes max-plus quant-a elles, marchent bien pour les problemes de contréle optimal
déterministes, leur caractere non linéaire permettant cette fois-ci de gagner en précision. Mais
pour les problemes de controle optimal stochastiques, leur temps de calcul devient double-
ment exponentiel en la dimension. Ce qui les rend pires que la méthode des différences finies.
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On introduit dans cette these une nouvelle méthode alliant méthode probabiliste et méthode
max-plus pour profiter de 'adéquation des méthodes probabilistes aux espaces de dimen-
sion élevé avec le caractere non linéaire des méthodes max-plus. Cette méthode est appelée
méthode probabiliste max-plus. Pour pouvoir étre appliquée, elle nécessite un schéma prob-
abiliste monotone. Nous avons donc tout d’abord amélioré les schéma probabilistes existants
pour les rendre monotones sous des hypotheses simples. Les problemes auxquels nous nous
intéressons particulierement sont des problemes de contréle stochastique a horizon fini. En
utilisant les schémas probabilistes que nous avons introduits, ces probléemes sont résolubles
par 'utilisation d’un opérateur probabiliste backward pas & pas en partant de ’expression
de la fonction valeur a I’horizon. L’astuce utilisée dans la méthode probabiliste max-plus
consiste alors & approximer la fonction valeur & ’horizon par un supremum si le probleme de
controle optimal est un probleme de maximization ou un infimum dans le cas contraire, de
fonctions appartenant a un espace fonctionnel de dimension faible. Nous utilisons alors un
théoreme que nous avons introduit dans cette these qui donne la max-plus distributivité de
tout operateur monotone et sous-homogene agissant sur un supremum de fonctions comme
un opérateur intégral. Si les coefficients de I’équation d’Hamilton-Jacobi-Bellman sont tel que
I'opérateur probabiliste backward utilisé pour la résoudre conserve pas a pas la forme de la
fonction valeur comme supremum ou infimum de fonctions dans ’espace fonctionnel de faible
dimension considéré, la méthode probabiliste max-plus est alors encore plus précise en ce sens
qu’elle utilise une regression linéaire paramétrique pour déterminer les fonctions entrant dans
le supremum ou l'infimum de la fonction valeur en recherchant ces fonctions dans 1’espace
théorique dans lequel elles sont censées étre. Un exemple d’application est présenté dans le
cadre du calcul du prix de sur-réplication d’une option dont le cross-gamma peut changer
de signe dans un modele de corrélation incertaine. Le payoff de 'option est alors approximé
par un supremum de fonctions quadratiques et la fonction valeur du probleme est déduite
a chaque pas de temps comme un supremum de fonctions quadratiques dont les coefficients
sont déduits par regression. Les calculs sont faits en dimension 2 et 5 en un temps raisonable.
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0.1 Notations

| - | denotes the Euclidean norm in any space R?, (¢ € N, ¢ > 1). Sometimes, to be more
explicit, we denote it || - [|2. On the space of matrices R"*™, | - | denotes the matrix norm
defined for an element M of R"*™ by :

Mr
|M| = sup | ’
reR™ ’T"
r#0
On the space of functions f on a given subspace A of R?, |- | denotes the sup norm defined

by :
|f| = sup | f(z)]
z€A

In this definition, f(z) can be an element of R™ (m > 1) or an element of R™*™. We will use
sometimes, the following norms for functions defined on a space A when A C R x RY.

[flo=sup [f(t,2)],

(t,x)eA

and for

o= o =yl 4]~ o2

we define the norm |- |5 by :

[fls = 1flo + [f]s-
For two vectors v and v of R™, u - v denotes the scalar product of v and v.
For a given real number a, a* = max(a,0) and ¢~ = — min(a, 0). These notations extend

to real functions where for a real function w, w™ is defined by w™ : x — w(z)* and w™ is
defined by w™ : x — w(x)".

For a given function v having a time variable ¢ and a space variable x, D,v and DZ2v
denote respectively the gradient and the Hessian of v with respect to the space variable x.
When there is no ambiguity (the function v has only a space variable), we will denote the
gradient and the Hessian respectively by Dv and D?v.

For a given space A, € (A) denotes the set of continuous functions on A. If A is a space of
two variables ¢ and z (¢ for time and x for space), €12(A) denotes the space of functions once
continuously differentiable with respect to ¢t and twice continuously differentiable with respect
to z and %, (A) denotes the set of continuous functions on A with a polynomial growth in the
variable . That means that for ® € €,(A), there exists m € N* and K > 0 such that

Bt )] < K(1+ a]™), ¥(t,2) € A.
If A is a space of only one variable z, this inequality becomes
|®(z)] < K(14 |2|™), Vo € A.

€*(A) denotes the set of functions k continuously differentiable on A and ‘5;“ (A) denotes
the subset of €%(A) where all the corresponding partial derivatives are of polynomial growth.

%% (A) denotes the subset of functions of €*(A) having all their partial derivatives up to order
k bounded.
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All these spaces of functions are sometimes denoted respectively as € (A, B) €12(4, B),
6»(A, B), €%(A, B), €F (A, B), 6 (A, B) in an equivalent manner where B denotes the space
where live the functions values.

¢ (A) denotes the set of function continuously differentiable at any order k£ > 0.

USC(A) denotes the set of real upper semicontinuous functions on A while LSC(A) de-
notes the set of real lower semicontinuous functions on A. We have the same definition for
USC(A,R?) and LSC(A, RY) except that in this case, the functions are R-valued functions.

Xa<b 18 an indicator function which is equal to 1 if @ < b and 0 otherwise.

S*(n) and ST*(n) denote respectively the set of symmetric and nonnegative matrices and
the set of symmetric and positive definite n x n matrices. S(n) denotes the set of symmetric
n X n matrices.

If A is a matrix, [A];; denotes the coefficient of A at the i-th row and the j-th column. If
v is a vector, [v]; denotes the i-th coefficient of v.

Sometimes the Kronecker symbol §;; will be used. Its value is 0 if ¢ # j and 1 otherwise.

I denotes the identity matrix whose dimensions should be infered from the context.
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0.2 Context and motivations

Optimal control theory is a vast domain of applied mathematics where mathematicians are
interested in solving problems like deterministic optimal control problems with finite horizon,
deterministic optimal control problems with infinite horizon, stochastic control problems with
finite horizon, stochastic control problems with infinite horizon and stochastic differential
games. All these problems consist in finding the value of a variable called a control, such that
a given function is optimized in a given sense on trajectories of a given process depending on
the control. The term stochastic means that these trajectories are random (the optimization
is then done on an expectation) while the term deterministic means that these trajectories
are deterministic. Finite horizon means that the process is studied in a bounded time interval
while inifinite horizon refers to cases where the process is considered in unbounded time. All
these problems are solved in the dynamic programming approach, by computing an optimal
function called the value function which satifies a partial differential equation (PDE) called
the Hamilon-Jacobi-Bellman equation or in the differential games problems, the Hamilton-
Jacobi-Bellman-Isaacs equation.

We are interested particularly here in stochastic optimal control problems with finite hori-
zon despite the fact that we present all the type of optimal control problems aforementioned
in Chapter 1. There are a lot of methods that can be used to solve this type of problem. Each
of these methods have a positive and a negative aspect. We can divide them in two groups
: grid-based methods and probabilistic methods. Grid based methods like finite difference
method and Semi-Lagrangian methods applied to the Hamilton-Jacobi-Bellman equation can
be very accurate but cannot be used numerically for problems with high space dimension
(dimension greater or equal to 4) because the representation of the grid in memory becomes
too large. This problem is known as the curse of dimensionality. Probabilistic methods, on
the other hand, can at least be used in high dimension; but for that, a good probabilistic
interpretation of the stochastic control problem is needed. More recently, a third type of
method called the max-plus method has been introduced. However, it was mainly used for
deterministic control problems where it was also subject to the curse of dimensionality. There
has been a breakthrough in 2007 with the paper [52] of McEneaney where the curse of dimen-
sionality is replaced by a curse of complexity dued to the use of too many functions in the
representation of the value function, which can be solved by using a pruning algorithm. After
that, the method has also been extended to the stochastic case [43, 54]. As for probabilistic
methods, Cheridito, Soner, Touzi and Victoir obtained a probabilistic interpretation of the
Hamilton-Jacobi-Bellman equation in [17] which allowed them to build a probabilistic scheme
for the resolution of the Hamilton-Jacobi-Bellman equation. This probabilistic scheme have
been fully studied in [25] by Fahim, Touzi and Warin.

Nevertheless, the use of the max-plus method in the stochastic case causes an explosion
of the curse of complexity related to this method, making any pruning algorithm very hard
to implement and the probabilistic scheme resulted from the work of Cheridito, Soner, Touzi
and Victoir can only be applied to particular Hamilton-Jacobi-Bellman equation not nonlinear
enough with respect to the second order derivatives to represent all the stochastic optimal
control problems. The work presented here, tries to solved this two questions.

We introduce two new probabilistic schemes. The first one is monotone under restrictive
boundness conditions on the coefficient of the PDE while the second one is monotone under
less restrictive conditions allowing it to be used with Hamilton-Jacobi-Bellman equation with
unbounded coefficent and unbounded terminal function. We also introduce a new method
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for solving Hamilton-Jacobi-Bellman equations that is a mix of max-plus and probabilistic
methods. We call it a max-plus probabilistic method. With this method, we get rid of
the need of a pruning algorithm related to max-plus method as this pruning algorithm is
incoporated in the method. On the other hand, we gain the accuracy of max-plus methods
as the non linearity of the value function is well represented.

0.3 Contributions

In Chapter 1, after having presented the different type of optimal control problems, the
related Hamilton-Jacobi-Bellman equations and the results related to viscosity solutions of
Hamilton-Jacobi-Bellman equations in bounded and unbounded settings with respect to the
coefficients and the terminal function of the PDE, we give an improvement of the result of
Da Lio and Ley [23] (Lemma 1.2.2 and Lemma 1.2.3) allowing us to have the existence on
any time interval [0, T'] of the viscosity solution of an Hamilton-Jacobi-Bellman equation with
coefficients and terminal function satisfying growth conditions similar to those of [23].

In Chapter 2, we extend the well known result of convergence of Barles and Sougani-
dis [8] to the case where the viscosity solution lives in the space of unbounded functions
(Theorem 2.1.3). This is done after giving some general results on finite difference method.

In Chapter 3, we presents all the results related to the new probabilistic schemes we
introduced. After having obtained error estimates of different probabilistic approximations
of functions derivatives in the bounded setting, we prove the convergence of each of the two
probabilistic schemes that we introduced here and obtain related error estimates. In a second
part, we present the result we obtained in the unbounded setting with the second probabilistic
scheme that unfortunately did not allow us to obtain the convergence of the scheme. From
our point of view, this can be improved and is let to future work.

In Chapter 4, we present the new max-plus probabilistic method that we introduce. We
give firstly theoretical related results before describing the method algorithm and the related
complexity results.

In Chapter 5, we give the numerical results of the tests we have done which are unfortu-
nately incomplete. Indeed, it took us a lot of time to test the max-plus probabilistic method
with the second probabilistic scheme on a different problem than the one presented in this
manuscript, but due to numerical issues, which were not dependent on the method or the
scheme but rather on the type of problem we chose, we did not get relevant results.

We end this manuscript with a conclusion presenting works that we were not able to
complete in the allowed time and that we hope will know a continuation.
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CHAPTER 1

Optimal control equations and
Viscosity solutions

In this section, we define optimal control problems and present the Hamilton-Jacobi-Bellman
and Hamilton-Jacobi-Bellman-Isaacs equations. We then give some results encountered in
the literature about viscosity solutions which are in general the type of solutions considered
for Hamilton-Jacobi-Bellman equations. We also give improvements of results on viscosity
solution obtained by Da Lio and Ley in a setting closed to linear quadratic optimal control
problems.
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1.1 Optimal control problems and Hamilton-Jacobi-Bellman equa-
tions

We are interested particularly in this thesis in deterministic or stochastic control problems
with finite or infinite horizon and differential games problems. We present the general forms
of each of these classes of problems in this section. As we are going to see, when using the
dynamic programming approach, these problems are solved by finding the value function of
the problem which can sometimes be identified as the classical solution of a first-order (for de-
terministic problems) or second-order (for stochastic problems) partial differential equation
called the Hamilton-Jacobi-Bellman equation or the Hamilton-Jacobi-Bellman-Isaacs equa-
tion for differential games. We recall here verification theorems allowing to make this identi-
fication and which have been extended to the case where the value function is not a classical
solution but a viscosity solution. This last notion will be studied in the next section.

1.1.1 Deterministic optimal control problems with finite horizon

A deterministic optimal control problem with finite horizon consists in optimizing a functional
payoff defined on trajectories of a deterministic control process in bounded time. Let ¢ be the
time variable and x the space variable of such a problem. Let tg < t; be two real numbers
such that ¢ € [to,t1]. Let O be an open set of R™ for n > 1 such that the trajectories of the
deterministic control process live in O. O may be bounded and in this case, it is supposed
that O is a compact manifold of class C2. Let Q := [to,t1) x O. Q is the domain of the
problem.

To define the problem, we need to define properly deterministic control processes starting
from any point (¢,2) € Q and controlled by another process u. We will denote these processes
by (z5%“(s))i<s<t, as . We consider the following differential equation.

d t.x,u
xds(S) = f(s,2"""(s),u(s)), t<s<t

xt,z,u (t) =z,

(1.1)

where for all s, u(s) € U C R™ (m > 1), U is a closed set, and f : [to, 1] x R" x U — R"
is a continuous function.

To ensure the existence and unicity of the processes 2%, the following conditions on f
and the process u are generally imposed.

A 1.1.1. For all p > 0, there exists K, > 0 such that :

]f(t,:c,v)—f(t,y,v)] SKP’x_y|7 (12)
for allt € [to,t1], z,y € R™ and v € U such that |v| < p.

A 1.1.2. u(-) is a bounded Lebesgue measurable function from [t,t1] to U.

Each process 2% is the state process starting at time ¢ from x and the allowed processes

u are the control processes defined from time t. Let % °(t) be the set of these control processes.

By definition, the processes (z"%“(s))s>; stop at s = ¢;. But, in the case where O is
bounded, it is usually required that the processes (z%%(s))s>; stay in O and stop at any
time when they exit O. So, the processes may stop at a time 7 < t1.
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Let us denote by 75%% the stopping time of a process /%%, 7% is the exit time of the
process (s, 7"%%(s))s from the closure Q of the domain Q.

A running functional payoff that we shall denote by L and a final functional payoff that
we shall denote by ¥ are considered such that :

e if O is bounded, ¥ : ([tg,t1) x O)U ({t1} x O) — R and

_Jaltx)  if (t,2) € [to, t1) x DO
U(t,z) = {Wj) £ (t.2) € (1) x O, (1.3)
otherwise for O = R"”, ¥ : {t;} x O — R and
U(tr,2) =¢(z), €0 (1.4)

with g € C([to,t1) x 00) and ¥ a given function on O.

o L cC([tg,t1] x O x U)

The overall functional payoff to minimize is a function J given by the following expression :

t,x,u

J(t, z;u) = / L(s,x"™"(s), u(s))ds + W (r"o, gm0 (7000)), (1.5)
t

We will consider here a problem of minimization of the overall functional payoff. The
general form of the problem is then to find, for any (t,z) € Q, u* € Z°(t) such that :

J(t,zu*) = uei?r/lg(t) J(t, x;u). (1.6)

One may consider for (¢, ) € Q a smaller set of controls in the previous minimization. The
objective may be to ensure that 75%% = t; for all (¢, ) € Q by considering only controls whose
related state processes do not exit O until ¢;. In such cases, the set of controls considered for
the minimization will also depends on z. A more general form of the deterministic optimal
control problem is then to find, for any (t,z) € Q, u* € % (t,z) such that :

J(t7x;U*) = uegl(f;f 2) J(t,x;u), (17)

where % (t,z) C %°(t).
To be able to apply to this problem the dynamic programming principle which will be
stated further, the following condition is generally imposed on % (t,x) :

A 1.1.3. Foru e % (t,x), let r € [t, 7% and W'(-) € % (r,z"*"(r)). If we define a control
u as:
u(s), t<s<r
u(s) == 1.8
() {u’(s), r<s<ty, (18)

then u € % (t, x).
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For what follows, we will consider the problem formulated through the equation (1.6).
In dynamic programming setting, to solve this problem, a function that is called the value
function, is introduced. It is defined here as follows :
V(t,z) = inf J(, x;u). 1.9
(ta):= inf J(triu) (19)
The value function respects a principle called the Dynamic Programming Principle corre-
sponding to the following identity. For (¢,z) € Q and r € [t, 1] :

V(t,x) = inf
u(-)e%O(t)

rATEHT U
/ L(s, 2" (s),u(s))ds
t

(1.10)
+ g(Tt7x7ua xt’x7u(Tt7x’u))XTtvI!”<'r =+ V(Tv xt@’u(r))XrSTtvz!u
Using this principle, the value function, when smooth enough, is identified as the classi-

cal solution of a Partial Differential Equation (PDE). The boundary condition of this PDE

depends on whether O is bounded or equal to R".
For O = R", the PDE is :

gW(t,ZE) + uglf] {L(t,x,v) + f(t,x,v) - D;,W(t,x)} =0, (t,x) € Q,

ot (1.11)
W(t1,z) = ¥(t,x),z € O.
For O bounded, the PDE is :
0
SW(ta)+ inf (Lt 2,0) 4 J(12,0) DWV(La)} =0 (1,2) € Q
W(t,z) = U(t,z), z€0 (1.12)
W(t,x) < ¥(t,xz), (t,x) € [to,t1) x 00.
The following statement is assumed to be true for O bounded.
A 1.1.4. For every (s,€) € [to, t1) x 0O, there exists v(s,§) € U such that :
f(sv 5? ’U(S, f)) : 77(5) >0,
where n(&) is the exterior unit normal at & € 00.
By convention, the equation of PDE (1.12) and (1.11) is rather written as :
0
—aW(t, xz)+ H(t,xz, D;,W(t,x)) =0, (1.13)
where for (¢, x,p) € [to,t1) x R” x R"
H(t,x,p) zsup{—p-f(t,x,v)—L(t,x,’u)}. (114)
velU

It is the Hamilton-Jacobi-Bellman equation for deterministic optimal control problems with
finite horizon and the function H is called the Hamiltonian.

The verification theorems allowing to solve the optimal control problem using the PDE (1.12)
or (1.11) are stated as follows in [28] :
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Theorem 1.1.1 ([28, Theorem 1.5.1]). O is supposed to be equal to R™. Let W € C1(Q) such
that W satisfies (1.11). Then :

W(t,x) < V(t,z),Y(t,x) € Q.
Moreover, if there exists (t,z) € Q and u* € %°(t) such that :

L(s, x5 (s),u*(s))+f (5,255 (5),u*(s)) - DaW (s, 2" (s))
=— H(s, zho (s), Dy W (s, zho (s))),

for almost all s € [t,t1], then u* is optimal for initial data (t,x) and W (t,z) =V (t, z).

Theorem 1.1.2 ([28, Theorem 1.5.2]). O is supposed to be bounded. Let W € C(Q) such
that W satisfies (1.12). Then :

W(t,x) < V(t,z),Y(t,x) € Q.
Moreover, if there exists (t,z) € Q and u* € %°(t) such that :

L(s, """ (), u"(5))+f (5,255 (), u"(s)) - DaW (5,257 (s))

e o (1.15)
 H(s, 25 (5), Dy W (s, 5 (5))),

for almost all s € [t, 75%%] and W (%W ghmt” (pb2u™)) = §(7hou” phau’ (768u")) jn case
ThTUT <ty then u* is optimal for initial data (t,z) and W (t,z) = V(t,z).

These theorems allow one to test the optimality of a given control process.

1.1.2 Deterministic optimal control problems with infinite horizon

A deterministic optimal control problem with infinite horizon consists in optimizing a func-
tional payoff defined on trajectories of a deterministic control process considered on an un-
bounded time interval. The unboundness of the time interval may cause definition problems
for the deterministic control process and for the overall functional payoff which may be infi-
nite.

To simplify things and by using the same notations as in the previous subsection, let us
suppose that the running payoff L, the function g involved in the definition of the terminal
payoff ¥ and the drift function f do not depend on the time variable as in [28]. In this
case, as shown in [28], the dependence of the deterministic optimal problem on the time
variable is not relevant anymore. So we may define the state processes and control processes
as starting from time 0. The state processes z'®* defined in the previous subsection, become
the processes %" defined by :

dzx™"(s)
ds
x¥(0) =z,

(1.16)

f verifies a condition similar to A 1.1.1 and u is a Lebesgue measurable function defined on
[0,00). The set of controls is then denoted by % ° instead of Z°(t).

When O = R”, there is no stopping time anymore. But, for O bounded, a stopping
time 7% is considered, which is the exit time of %" from O. In what follows, we use the
convention 7% = oo for O = R™.
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A discount factor with a constant discount rate § is introduced in the definition of the
overall functional payoff which is then equal to the following :

T,u

J (5 u) :/0 e L@ (s), u(s))ds + e~ 7T g (e (1)) X coos (1.17)

where 3 >0, L € C(O x U), g € C(90).
The optimal control problem is then defined on controls u such that :

x,u

/OT e P3| L(x(s), u(s))|ds < oo,

to ensure that J(x;u) is well defined.

Let %, be this set of controls. %, is assumed to be non empty for all z € O.

As in the previous subsection, we consider here a problem of minimization of the functional
payoff. The value function is then defined by :

V(z) = inf J(z;u), x € O.
ue%z

The Dynamic Programming Principle verified by the value function is expressed here by

the following identity. For z € O and r > 0 :

rATTY
V(z) = inf / e PEL(x%%(s), u(s))ds
u()E%: | Jo
(1.18)
+e T (@ () X + €TV (@(r)) Xr<ron |
The Hamilton-Jacobi-Bellman equation is in this case, as follows :
W (x) + H(x, DW(x)) =0, z € O, (1.19)

where the Hamiltonian H is defined by

H(z,p) = 31615{—13 - f(z,v) = L(z,v)}

for x,p € R™.
In [28], the verification theorem is given only for O bounded under the following assump-
tion.

A 1.1.5. For every £ € 00, there exists v(§) € U such that :
f(&(€)) -n(€) >0,

where n(&) denotes the exterior unit normal at & € 00.

This assumption is similar to A 1.1.4.
The PDE that should verify the value function is :

{ AW (z) + H(z, DW(x)) =0, z € O, (1.20)

W(z) < g(z), xe€ 0.

The verification theorem is then stated as follows.
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Theorem 1.1.3 ([28, Theorem 1.7.1]). Let W € C*(O) such that W satisfies (1.20). If for
all z € O and u € Y, such that 75" = oo, liTm e PTW (x%%(r)) = 0, then :

o W(z) < V(z) for allw € O,
o [f there exists x € O and u* € U, such that :

L(z™" (s),u*(s))+f (@™ (s),u"(s)) - DW (2" (s))

' ) (1.21)
= —H(z"" (s), DW (2™ (s)))

for almost every s € [0,7%%") and W (2% (1%%7)) = g(z®¥ (7%%)) if 7%% < oo, then

u* is optimal for initial data x and W(x) =V (z).

1.1.3 Stochastic optimal control problems with finite horizon

While a deterministic optimal control problem consists in optimizing a functional payoff on
trajectories of deterministic control processes, a stochastic optimal control problem look at
the optimization of the expectation of a functional payoff on trajectories of stochastic control
processes. As in section 1.1.1, a time variable ¢ in a bounded interval [tg,¢;] of R and a
space variable x in an open set O of R™ are considered. O may be bounded. In this case, we
suppose that 90 is a compact of class C3.

Stochastic control processes considered are usually continuous time Markov processes. We
will limit ourselves here only to Markov diffusion processes.

Let (Q,.Z, (%t)t,<t<t,, P) be a filtered probability space and (Bi),<t<t, be a R4 Brownian
motion defined on this filtered probability space. We denote by v the 4-tuple (€2, (%)t <t<t,, P, B)
that is called a reference probability system (see [28]).

We also denote the control processes here by %%
of the following stochastic differential equation :

as in Section 1.1.1. They are solutions

{dw“(s) = S, 2"5 (), w(s))ds + 05,285 (s) w(s))dBo, t <o St o

xt,o@u (t) =z,

where u(s) € U, U closed subset of R™, f : [tg,t1] xR? xU — R", o : [tg, t1] x R? x U — R™*,
For this stochastic differential equation to have a unique solution {.%; }-progressively mea-
surable with continuous sample paths, the following assumptions are usually required.

A 1.1.6. f and o are continuous functions on [to,t1] X R" x U and for any v € U, f(-,-,v),
o(+,-,v) are once continuously differentiable on [tg,t1] x R™.

A 1.1.7. There exists a constant C > 0 such that :
|ot| + |ow| < C,
|f(t, 2, 0)| < O+ [2] + |v]),
lo(t,z,v)| < C( + |z| + [v]).

(1.23)

where fi, o¢, [z, 0 denote respectively the t-partial derivatives and the gradients with respect
to x of the functions f and o. The norm considered for the partial derivatives is the sup norm
as defined in section 0.1.
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A 1.1.8. The control processes u(-) are {Fs} progressively measurable and such that

B [/tt \u(s)]st} < . (1.24)

The control processes {.%;}-progressively measurable which verify the inequality (1.24)
are called admissible control processes.

As in Section 1.1.1, the process (z"%%(s))s>¢ stops by definition at s = ¢;. However, for O
bounded, it will stop at its exit time from O if this time is lower than t;. We will denote by
7H%% the stopping time of the process %%, As this process is stochastic and .%,- measurable,
7H%% is random and adapted to the filtration .Z;.

The running functional payoff L and the terminal functional payoff W are real functions
which verify the following conditions :

A1.1.9. Le C([to,tﬂ x O x U) and ¥ € C([to,tl] X O)
A 1.1.10. There exists a constant C' and an integer k such that :
|L(t,2,0)] < C(1+ |z]* + [o]*),

. (1.25)
|W(t,z)] <C(1+ |z|").
The overall payoff function is then :
Tt,ac,u
JY(t,x;u) = B / L(s, z""%(s), u(s))ds + W (rhH5% phou(7H5u)) | (1.26)
¢

Let o7 ,, denote the set of admissible control processes starting from time ¢ in the reference
probability system v. As in the previous sections, we consider here a minimization problem.
If the goal is to minimize J”(t,x,u) over the control processes of 7, for a given reference
probability system v, then the solution of the problem is v-optimal and the related value
function is :

Vi(t,x) = inf JY(t, z;u). (1.27)
uE A

If the goal is to minimize the overall payoff function J¥ (¢, x,u) over all control processes of
the sets 4%, for any reference probability system v, then a solution of the problem is globally
optimal and the related value function is defined by :

Veum (t, .I') = infV, (t, :L')

To study the value function Vpy; with the dynamic programming theory, a stronger version
of the dynamic programming principle is needed. It is expressed in the following way where

V = Vpur.
Definition 1.1.1 (Dynamic programming principle). For every v,u(-) € %, and {Z}-
stopping time 6,

LA
V(t z) < B / L(s, 25 (s), u(s))ds
t

(1.28)
+ V(b5 A9, 2 (7HE A G)) .
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For every 6 > 0, there exist v and u(-) € 4, such that :

FhEUAQ
V(t,z)+0 > E¥ [/ L(s, 25"%(s),u(s))ds
t

(1.29)
+ V(b5 A Q, 2bTY (rhTY A 9))] .
The Hamilton-Jacobi-Bellman equation here is :
9 2
—aW(t,x) + H(t,z, D,W (t,x), D;W(t,z)) =0, (t,x) € [to,t1) X O, (1.30)
where the Hamiltonian H is defined by :
1
H(tv z, P, A) = Sup _f(ta z, U) P 5 Tr (UUT(t7 z, U)A) - L(t7 z, U) ) (131)
velU
for (t,z) € [to,t1) x O, p € R", A € S(n), set of n X n symmetric matrices.
The PDE that should verify here the value function V = Vpyy = W is then
0
— aW(zt,ac) + H(t,z, D,W(t,z), D2W(t,z)) =0, (t,z) € Q = [to,t1) x O (1.32)

W(t,z) = U(t,z), (t,z) € 9Q.

This form of the PDE include the case of O = R™ or O bounded. The verification theorem
allowing to identify the value function Vpyy as the classical solution of this PDE is then stated
as follows.

Theorem 1.1.4 ([28, Theorem 1V.3.1]). Let W € CY2([to,t1) x O) N Cp([to, t1] x O) be a
solution of the PDE (1.32). Then :

o W(t,x) < J"(t,x;u) for any probability reference system v, control process u € <, and
any initial data (t,z) € Q.

o If there exist a reference probability system v* = (Q*, {F2}, P*, B*) and u* € & ,~ such
that :

u*(s) € argmin [f(s,wt’x’”*(s), v) - D W (s, 255" (s))
1 * * *
t3 Tr (O’UT(S,.%'t’x’u (s),v)D2W (s, 2b® (s))) + L(s, 2" (s),v)

for Lebesguex P*-almost all (s,w) € [t, 75" | xQ*, then W (t,x) = Vpum(t, x) = JV*(t, x5 u*).

Under sufficient conditions, Vpy = V, for all reference probability system . We give here
a Corollary of Theorem IV.7.1 of [28] stating additional conditions to have this result in the
case of O = R"™.

Corollary 1.1.1 ([28, Theorem IV.7.1]). Assume A 1.1.6-A 1.1.10 and O = R". If U is
compact, o is bounded and ¥(ty,-) € CE(R”), then for all reference probability system v,
Vem =V,.
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The optimal control problem presented above, can be generalized with the use of a discount
factor with a discount rate function 3 : [to, 1] x R x U — R. The payoff function is then :

t,x,u

JY(t, z;u) =EY / eIt ﬁ(r’wt’z’u(T)’“(T))er(s,xt’x’“(s),u(s))ds
t

Lo f;—t,x,u ﬁ("'vl’t‘zvu(T)vu(r))d"'\:[j(Ttvxvu’ xt,x,u(,rt,m,u))] .

The Hamilton-Jacobi-Bellman equation is

LW (t,2) + H{t,, W (t,2), DaW (1), D2W(4,2)) =0, (1,2) € [t0,11) x O,

where the Hamiltonian is defined by :

H(t,2,7,p, A) = sup | £ (t,,0) -p —  Te (007 (1,2, 0)A) + Bt 2, 0)r — Lit,2,0) |
vel

for (t,z) € [to,t1) x O, r e R, p e R", A € S(n).

1.1.4 Stochastic optimal control problem with infinite horizon

Stochastic optimal control problems with infinite horizon are stochastic control problems with
a time variable in an unbounded interval. In this case, the unboundness of the time variable
raises questions of finiteness of the overall payoff.

To fix the ideas, let us consider a stochastic control process with autonomous state dy-
namics defined by the following stochastic differential equation :

dz®"(s) = f(z™"(s),u(s))ds + o(z*"(s),u(s))dBs, s>0 (1.33)
z"(0) = =z, (1.34)

with z € R, w: [0,00) = U CR™, f: R" x U — R", ¢ : R" x U — R™ and (By)s0 a
RY-Brownian motion defined on a filtered probability space (Q,.%, (%)s>0, P). We denote
as in the previous section, by v the reference probability system (2, (%;)s>0, P, B).

For this stochastic process to be well defined, the following assumptions can be taken :

A 1.1.11. f and o are continuous on R™ x U.
A 1.1.12. f(-,v) and o(-,v) are in C*(R™) for any v € U.
A 1.1.138. [fo| <C, |og| < C
[f(z,0)] < CA A+ [az] + [o]),  |o(z,0)] <O+ [z] + [v])
for some constant C.
A 1.1.14. The control processes u(-) are {Fs} progressively measurable and such that for all

t1 < oo,

EY [/Otl ]u(s)|2ds} < o0 (1.35)
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We consider as in the other sections, the exit time of the control process z%* from O that
we denote here by 7%%. If O = R", we set 7% = 4-00.

The running functional payoff L and the terminal functional payoff g are real functions
which verify the following conditions.

A 1.1.15. Le C(R" xU) and g € C(R").

A 1.1.16. There exists a constant C and an integer k such that
|L(a,0)] < C(1+ |z]* + [o]*)

We consider also a discount factor with a constant discount rate 3 in the overall payoff
function which is then :

T,

JY (2 u) = B {/ e L@ (s), u(s))ds + Xro<oce” "
0

T,u

g(sc@“(rw))} (1.36)

The set of admissible control processes in the reference probability system v is the set 7,
of control processes verifying the condition A 1.1.14 and the following condition.

TT,u
E¥ {/ e PSIL(z%"(s), u(s))|ds| < oo. (1.37)
0
As in the previous section, we consider here a minimization problem with two cases :

e either a minimization of the overall functional payoff on the controls of 7, in a given
reference probability system v with a value function defined by

v = inf J"(x;
V., (x) uler,l%J (x;u),

e or a global minimization of the overall functional payoff over all the reference probability
systems v with a value function defined by

Vem(z) = irl}fV,,(:r).

The Hamilton-Jacobi-Bellman equation here is :
BW (z) + H(z, DW (z), D*W(x)) =0, € O, (1.38)
where the Hamiltonian H is defined by :

H(z,p,A) = 21615 {—f(x, v) - p— %Tr(aaT(x, v)A) — L(a:,v)} , (1.39)

with z € O, p € R", A € S(n).
The PDE that should verify the value function Vpy = W is then

{BW(:C) + H(z, DW(z), D*W(z)) =0, z€O, (1.40)

W(z) =g(z), =z € 0.

The verification theorem allowing to solve the stochastic optimal control problem using
this PDE is then stated as follows :
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Theorem 1.1.5 ( [28, Theorem IV.5.1]). Let W € C?(0) N C,(O) be a solution of (1.40)
Then for every x € O :

o W(x) < JY(x;u) for any v-admissible control process u(-) such that :

liminf e PUEY [ sy, W (25" (t1))] < 0. (1.41)

t1—00

e Suppose that there exist v* = (O, {F*}, P*,w*) and u*(-) € o« such that :

u*(s) €argmin [f(xx’u*(s), v) - D, W (2% (s))
11] ) ) ) (1.42)
+3 Tr <UUT(37’3’“ (s),v) D2W (2™ (s))) + L(x™" (s), v)}

for Lebesguex P*-almost all (s,w) such that 0 < s < %% (w) and

lim e PRV [Xfx,u* o, W (™ (tl))] =0

t1—00
Then W (zx) = J(z;u*).

In the previous theorem, the equality of W to Vpy is not obtained as a result of the
theorem. What is rather obtained is the equality of W to Vpy which is the infimum of
JY(z;u) among all reference probability system v and admissible control u(-) € o, such that
(1.41) holds. This allows us to state the following corollary.

Corollary 1.1.2. Let W be a function verifying all the conditions of Theorem 1.1.5. If W
is bounded, then W = Vpyr.

1.1.5 Zero-Sum Stochastic differential games

Stochastic differential games is a subproblem of game theory where the players try to optimize
their payoffs which depend on a state variable evolving in time according to a stochastic
differential equation. In zero-sum stochastic differential games, there are only two players
who have adverse goals. One player tries to maximize a given payoff while the other player
tries to minimize the same payoff.

We consider here a finite horizon zero-sum stochastic differential game where the corre-
sponding stochastic control process is a Markov diffusion process. Let 24%*? be this stochastic
control process with a being the control of player 1 while b denotes the control of player 2.

xb®%b is solution of the following stochastic differential equation :

{ dzt®@b(s) = f(s,25%%(s), a(s), b(s))ds + o (s, 2551 (s), a(s), b(s))dBs, t < s < t;

:L,t,x,a,b(t) =z,

(1.43)

where a(s) € &, b(s) € B, o closed subset of R™ and A closed subset of RP, f :
[to,tl] X R" X of X B — Rn, o [to,tl] X R" X of X B — RnXd and (Bs)to§s§t1 a ]Rd—
Brownian motion defined on a filtered probability space (Q, .7, (Fs)t,<s<t;, P). We let
v =(Q,(Fs)ty<s<t,, P, B) denote the related reference probability system.

The conditions for 2%%? to be well defined can be deduced from the conditions of existence
of a Markov diffusion process having only one control. We will consider here an adaptation
of conditions enumerated in Section 1.1.3.
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A 1.1.17. f and o are continuous functions on [tg,t1] X R" x o/ x B and f(-,-,a,b), o(-,-,a,b)
are of once continuously differentiable on [to,t1] x R™ for any (a,b) € o x A.

A 1.1.18. There exists a constant C > 0 such that :
ot + oz < C,
|f(t, 2, a,0)] < C(1+ [z] + [a] + [b]),
lo(t,z,a,0)] < C(1 + [z] + |a| + [b]).

(1.44)

A 1.1.19. The control processes a(-) and b(-) are {Fs} progressively measurable and such

that,
t1
E¥ [/ |a(5)|2d5] < 00,
t

B [/ttl |b(s)|2ds} < 0.

These assumptions are weaker than those usually considered in the literature. For the
sake of simplicity and just in this section, we will add two more assumptions.

(1.45)

A 1.1.20. o/ and £ are compact sets.
A 1.1.21. f and o are bounded.

In what follows, we will ignore the dependence of the problem to the reference probability
system v. Indeed, the above conditions of the problem being similar to those of Corollary 1.1.1,
we can infer the independence of the problem to the reference probability system even if a
formal proof remains to be done.

The state space O is supposed to be equal to R, so that the state process only stops at
t.

The running functional payoff L and the terminal functional payoff ¢ are real functions
which verify the following conditions :

A 1.1.22. L € C([tp, t1] x R" x o/ x AB) and ¢ € C(R™).

A 1.1.23. There exists a constant C and an integer k such that :
Lt ,0,5)| < C(L+ fal* + fal* + 1Y), )

()| < C(1 + |2|"). '

There are then a lower value function and a upper value function to the zero-sum stochastic
differential game problem denoted respectively by V'~ and V™, and defined by :

V* = inf supE [/tl L(s,2""""(s), a(s), b(s))ds + w(mt””’%b(tl))] , (1.47)
acd pep t
t1
Vo= ES%QQE [/t L(s, 2b%%b(s), a(s), b(s))ds + w(xt’x’a’b(tl))] . (1.48)

Let us now introduce the notion of nonanticipative strategies.
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Definition 1.1.2. If &/(t,t1) and B(t,t1) denotes respectively the sets of bounded Lebesque
measurable functions a : [t,t1] — </, b : [t,t1] — B, a nonanticipative strategy is a map
a A (tt) - Bt t1) such that for any time s, (t < s < t1) and any control process
ay,ax € 4 (t,t1), a1 = az almost everywhere in [t,s], implies that a(a1) = ala2) almost
everywhere in [t, s|.

It can be shown ([64]) that the following definitions of the lower and upper value functions
are equivalent to the ones given in (1.47) and (1.48).

t1
V= inf sup E[/ L(s,xm’a@’b(s),(a<b>><s>,b<s>>ds+w(x“’“<b%”(t1>>}, (1.49)
€A pe B(t,t1) t

V™= sup inf )E[ / 1L(s,va%aﬂ(a)(s),a(s),(5<a))(s))ds+w(xt:xvaﬂa)(tl))}, (1.50)

BEB, o€ (Lt t

where «7; and %, denotes the set of nonanticipative strategies respectively from %(t,t1) to
o/ (t,t1) and from & (t,t1) to B(t,t1).

By using these definitions of the upper and the lower value functions, it is possible to
obtain a dynamic programming property of these value functions. This allows to obtain then
that V'~ is at least a viscosity solution of the following PDE :

- gW(t,x) + H (t,z, D,W(t,x), D2W(t,x)) =0, (t,z) € Q = [to,t1) x R"

ot (1.51)
W(tlvx) = T/J(l‘)a r eR",
while VT is at least the viscosity solution of the following PDE :
0
— aW(t,a:) + HY(t,x, D,W (t,x), D2W (t,z)) = 0, (t,z) € Q = [to,t1) X R" (152)

Wt z) = ¢(z), z € R",

where H~ and H™* are respectively the upper and lower Hamiltonians and are defined by :

1
H (1.0, 4) = jnf sup [—f(t, r.a.b)-p— L Tr(ooT(t.0,0)A) - Lit.z.0. b)] ()

1
H*(t,z,p, A) = sup inf [—f(t, z,a,b)-p— =Tr(ooT(t,z,a,b)A) — L(t, x,a, b)] (1.54)
aco VER 2

for (t,z) € [to,t1) x R", p € R", A € S(n).

The above PDE are called the Hamilton-Jacobi-Isaacs equations. Under the Isaacs condi-
tion, which is the equality of the two Hamiltonians, the lower and the upper value functions
coincide. One partial differential equation is then obtained. Usually, it is not possible to find
a classical solution to this partial differential equation. The value function is then identified
to the viscosity solution of the partial differential equation. This type of solution will be the
subject of the next section.
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1.2 Viscosity solutions

We will start this section by a discussion about the verification theorems of the previous
section. Each of these theorems supposed the existence of a smooth solution to the Hamilton-
Jacobi-Bellman equation and identified the value function of the optimal control problem to
the classical solution of this PDE which is at least of the first order. This suppose that the
value function of the problem is at least differentiable. However, in most cases, we do not
have this differentiability of the value function.

For the deterministic optimal control problems, we can give the following example.

Example 1.2.1. Let us consider a finite horizon deterministic optimal control problem with
to=0,t1=1,0=(-1,1), U =R, f(t,z,u) =u, L(t,z,u) =1+ iuQ and V(t,z) =0. This
s a problem of calculus of variations. It can be shown that the value function of this problem
18 :

1—t, x| <t,

1— |z, >t
o[ 12

which is not differentiable if t = |z|.

For stochastic control problems, to have a chance to apply the verification theorems stated
in Sections 1.1.3 and 1.1.4, an uniform parabolicity is required on the diffusion term which
is stated as follows.

A 1.2.1. Let a(t,z,u) = o(t,x,u)oT(t,x,u). There exists ¢ > 0 such that, for all (t,z,u) €
[to,t1) X R™ x U (with t1 potentially infinite), and & € R™,

n

> lalt,z,u)]i €]y > clél. (1.55)

ij=1

This condition allows the solution of the Hamilton-Jacobi-Bellman equation to be smooth
enough. If this condition is not ensured, there is typically not a classical solution to the PDE.
For zero-sum stochastic differential games, it is worse because even the uniform parabolicity
is not sufficient to have a smooth solution to the Hamilton-Jacobi-Isaacs equation. However,
a generalized solution can be considered. This is also the case for the deterministic optimal
control problems when differentiability cannot be obtained everywhere. However, such a
generalized solution is not unique in general. This has motivated the introduction of the
notion of viscosity solution introduced first in 1984 in a paper of Crandall and Lions [21]. The
aim was to characterize the value function. It was first developed in the deterministic case.
However an extension to the stochastic case has been introduced in other papers ( [49]). In
the following years, many related papers have been published. This ensured the development
of the theory making viscosity solutions a standard nowadays in optimal control problems.

We will give here the definition of this notion of viscosity solution and of the related notions
of second order subjets and superjets as presented in [20]. We will also recall a theorem of [20]
allowing to identify an element of the superjet of a function in particular cases. This theorem
is particularly important to prove a comparison principle for a given PDE. It can for example
be used in the context of Section 3.2 to obtain Lipschitz continuity of the viscosity solution of
the Hamilton-Jacobi-Bellman equation. Existence and unicity results of vicosity solutions for
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second order Hamilton-Jacobi-Bellman equations will also be given in the case where all the
coefficients are bounded and in the linear quadratic case with unbounded coefficients. In this
last case, we extend the results of Da Lio and Ley of the paper [23] by obtaining existence
results of the viscosity solution on any time interval [0,7] (T' > 0), rather than only on a
small time interval [0, 7], by using some extra conditions.

Similar verification theorems as the one stated in section 1.1.1-1.1.4 exist in the literature,
making the link between the viscosity solution of the Hamilton-Jacobi-Bellman equation and
the value function of the related optimal control problem (see [67] and [39] as examples). We
will not recall these results here as it will drive us away from the main subject of this work.

1.2.1 Definition of Viscosity solutions and of related notions

We want to give here first a definition of viscosity solutions using the notion of subjet and
superjet found in [20]. For that, we need to define first what is the subjet and superjet of a
function at a given point.

Definition 1.2.1. Let W be a given function defined on ¢ C RY and & € 0. The second
order superjet of W at T is the subset denoted by J2+W(f) of RN x S(N) such that for any

(p, X) € J2TW (%) :

W(ﬂs)SW(ﬁ:)—f—p'(x—:ﬁ)—}—%(x—fc)-X(x—f:)+o(|x—fc|2) ast =T, c€0.

The second order subjet of W at & is the subset denoted by J;’7W(:i:) of RNV x S(N) such
that for any (p, X) € Jé’_W(i*) :

W(x)2W(i)—i—p'(x—ﬁ:)—i—%(x—i")-X(x—ﬁ:)+0(|x—§:\2) asr =T, r€0.

Remark 1.2.1. —J;;Jr(—W)(fU) = J;J*W(:E). Moreover, the dependence of J;’JFW@) and
J;’_W(i”) to O can be removed when & is an interior point of 0.

Now we can give the definition of viscosity solutions in the continuous setting.

Definition 1.2.2 (]20, Definition 2.2]). Let F be a continuous real function on RN x R x
RY x S(N) such that for any r,s €R, z,p € RN, XY € S(N) :

F(z,r,p,X) < F(x,s,p,Y)

whenever r < s and Y < X in the Loewner order on S(N). Let O C RN, 4 viscosity
subsolution of F =0 (equivalently a viscosity solution of F < 0) on O is a function W upper
semicontinuous on O such that :

F(z,W(z),p,X) <0 forallz € 0 and (p, X) € J;’+W($)

Similarly, a viscosity supersolution of F' = 0 (or wviscosity solution of FF > 0) on O is a
function W lower semicontinuous on O such that :

F(z,W(z),p,X) >0 forallz € 0 and (p,X) € JéﬁW(x)

Finally, W is a viscosity solution of I = 0 in O if it is both a viscosity subsolution and a
viscosity supersolution of F' =0 in 0.
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Another equivalent definition of viscosity solution is the following.

Definition 1.2.3. Let F' be a function as in Definition 1.2.2. W is a viscosity solution of
F(x,W(z), DW (), D*W (x)) = 0 (1.56)
in O if and only if W wverifies the two following conditions :

o W is upper semicontinuous and V¢ € C?(0), if & € O is a point where W — ¢ reachs a
local mazimum, then :

F(&, W (&), Dp(z), D?¢(i)) < 0. (1.57)

o W is lower semicontinuous and Yo € C*(0), if & € 0 is a point where W — ¢ reachs a
local minimum, then :

F(&, W (&), Dp(z), D*¢(&)) > 0. (1.58)

If W satisfies just the first condition, W is a subsolution of (1.56). If it satisfies only the
second condition, it is a supersolution of (1.56).

In the above definitions, the set & considered can have a time interval part. So it can be
of the form (tg,t1) x O, (to,t1] x O or [tg,t1) x O where O C R® = RN~1. These definitions
can then be applied to parabolic or elliptic PDEs.

In the case of a parabolic PDE, the semijets J;’JFW(:U) and Jéj*W(x) are denoted respec-
tively by @%+W(t,x) and ,@g’_W(t,x) for & = (top,t1) x O. The superjet of W at (s,z) € O
becomes the set of (a,p, X) € R x R" x S(n) such that :

W (t,z) SW(s,z)+a(t—s)+p-(m—z)—k%(x—z)‘X(x—z)
+o(t — 8| + |z — 2|?) as (t,z) = (s,2), (t,x) € O.

The subjet of W at (s, z) € € is then the set of (a,p, X) € R x R"™ x S(n) such that :

W(t,z) 2W(s,z)+a(t—s)+p-(:L’—z)—l—%(:n—z)-X(:z:—z)
+o(|t — s| + |z — 2|?) as (t,z) — (s,2), (t,z) € O.

The present work mainly concerns finite horizon stochastic control problems where a
parabolic PDE arises as the Hamilton-Jacobi-Bellman equation. We recall now a theorem
of [20] in this setting that can be used to obtain Lipschitz results of the viscosity solution of
the Hamilton-Jacobi-Bellman equation in the unbounded framework (Similar to Section 3.2).
We recall that USC(&) is the set of upper semicontinuous functions on ¢ and LSC(&) is the
set of lower semicontinuous functions on &.

Theorem 1.2.1 ([20, Theorem 8.3]). Let W; € USC((0,T) x O;) fori=1,...,k where O; is a
locally compact subset of R™. Let ¢ be a real-valued function defined on an open neighbourhood
of (0,T) x O1 X ... Xx O and such that (t,x1,...,x%) — ¢(t,x1,...,x) is once continuously
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differentiable in t and twice continuously differentiable in (x1,...,xx) € O1X...xOk. Suppose
thatt € (0,T), 2; € O; fori=1,...,k and

w(t7$17 B 7$k) EWl(t7$1) +.o.t Wk(t,l’k) - ¢(t7$1, s ,[Ek;)

< w(fvjla" 7:ﬁk)

for 0 <t < T and x; € O;. Assume, moreover, that there is an r > 0 such that for every
M >0, there is a C > 0 such that fori=1,...,k

b; < C whenever (b, q;, X;) € @g’jWi(t,xi),

A 1.59
|w; — 2| + [t —t| <7 and |Wi(t, z)| + |qi] + | Xi] < M. ( )

Then for each € > 0 there are X; € S(n;) such that
o (bi, Do, d(t, 21, ... k), Xi) € P Wil @;) fori=1,....k,
[ ]

. Xy ... 0
—CHAIS | s | S At eA?,
€
0 ... X

with A = (D2¢)(t, 21, ..., 2x),
o bit... by =2 01,... 0),

Crandall, Ishii and Lions notice in [20] that the condition (1.59) is guaranteed when W;
is a subsolution of a parabolic equation.

We present this theorem because it can be used to obtain Lipschitz results on the viscosity
solution of the Hamilton-Jacobi-Bellman equation with unbounded coeflicients similar to the
equation of Section 3.2. This Lipschitz result can then be used in the same way as Assellaou,
Bokanowski and Zidani in [5] to obtain symmetric error estimates for the convergence of
numerical schemes having a solution with a Lipschitz property. A particular probabilistic
scheme that we introduce in Chapter 3, fits well in this setting.

1.2.2 Existence and Unicity results

We are going to recall now existence and unicity results of viscosity solutions of Hamilton-
Jacobi-Bellman and Hamilton-Jacobi-Bellman-Isaacs equations that will be mentioned or used
in Chapter 2 and Chapter 3.

The notations in the theorems, lemma and corollary reported here from other papers,
have been changed to keep as much as possible a consistency in notations throughout this
document.

We start with a result of Barles and Jakobsen on the viscosity solutions of a general
switching system which is a generalization of the Hamilton-Jacobi-Bellman equations and the
Hamilton-Jacobi-Bellman-Isaacs equations.

Theorem 1.2.2 ([7, Theorem A.1}). Let us consider the following system.

oW,
Fi(t,x,Wﬁ,DxWi,Dzﬂ/i)zoinQT::(O,T]XR”, ies={1,...,M}, (1.60)
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with
Fi(t7 L, 7T, Pty Pz, X) = max {pt + sup inf "gia’ﬂ(ta X, Ty Py X); Ty — %T} )
aco BES
,,?ia’ﬁ(t,x, s,q,X) = —Tr[a?’ﬁ(t,x)X] — b?’ﬁ(t,x) g — c?’ﬁ(t,x)s — f?’ﬁ(t,x),
AMir = min{r; + k}
J#
where o/, B are compact metric spaces, r is a vector r = (r1,...,7r), and k > 0 is a constant

(the switching cost).
Assume that for any «, 3,1, a?’ﬂ = %aia’ﬁaia’m for some n x p matriz aia’ﬁ. Furthermore,
there is a constant C independent of i,a, 3,t such that

R O P e O R e (OB [ R A (O e (1.61)
with | - |1 defined in Section 0.1.

o If W € USC(Q7;RM) is a subsolution of (1.60) bounded above and V € LSC(Q7;RM)
is a supersolution of (1.60) bounded below, then W <V in Qr.

e There exists a unique bounded continuous viscosity solution W of (1.60).

The above theorem suppose the boundedness of the coefficients of the PDE and the com-
pactness of the control spaces. The new max-plus probabilistic method that this manuscript
introduces, can be used in the case of unboundedness of the PDE coefficients and of the
control spaces as in linear quadratic problems. The following results due to Da Lio and Ley
in [23], give existence and unicity results in this setting.

Theorem 1.2.3 (23, Theorem 2.1]). Let us consider the following second order PDE.

aa‘z/ + H(t,z, D,W, D>*W) + G(t,z, D,W,D>W) =0 in (0,T) x R™,

W(0,z) =¢(x) in R"?

(1.62)

with H and G are defined by

H(t,w,p,X) = inf {b(t,2,0) - p+((t,7,0) = T [o(t,2,0)07 (t,2,0) X]}
ac

G(t,z,p, X) = Elelg{—g(t, z,8)-p— [tz B) = Tre(t, , B)cT(t, 2, B)X]}

for (t,z) € (0,T) x R", p € R" and X € S(n).
Assume that there exist positive constants C and v such that :

e o/ is a subset of a separable complete normed space possibly unbounded.
e be C([0,T] x R" x o ,R") satisfying for x,y € R", t € [0,T], a € &,

| < C(1+|a])|lz —yl
b(t, z, )| < C(1 + [z] +|al);
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e C([0,T] x R™ x &/, R) satisfying for x € R™, t € [0,T], o € <,
C+ |z* + |af?) > (¢t z,a) > %|a|2 + Lo (t, z, o) with bo(t, z, ) > —C(1 + |z|?)

and for R > 0, there exists a modulus of continuity mpg such that for any x,y € B(0, R)
(B(0, R) is the open ball of R™ of center 0 and radius R), t € [0,T], 0 € o,

(2, @) — £t y,a)| < (1+ [af)mg(|z - yl)

o € C([0,T] x R™ x o ,R™*%) is locally Lipschitz with respect to x uniformly in (t,a) €
[0,T] x & and satisfies for every t € [0,T], r € R", a € o,

lo(t, 2, a)| < C(1+ ),

A is a bounded subset of a normed space.

g € C([0,T] x R™ x B,R") is locally Lipschitz with respect to x uniformly in (t,5) €
[0,T] x # and satisfies for every t € [0,T], x € R", g € B,

lg(t,z, B)| < C(1+ |z]),

f € C(0,T] x R™ x B,R) is locally Lipschitz with respect to x uniformly in (t,5) €
[0,T] x % and satisfies for every t € [0,T], z € R", 5 € A,

|f(t,z, B)] < C(1+|z]?),

c e C([0,T] x R x B, R™%) is locally Lipschitz with respect to x uniformly in (t,3) €
[0,T] x # and satisfies for every t € [0,T], z € R", 5 € B,

le(t,z, B)| < C(1+al),

o € C(R",R) and )
[Y(a)| < O+ Jzf?)

for every x € R™.

Let W € USC([0,T] x R™) be a viscosity subsolution of (1.62) and V € LSC([0,T] x R™) be
a viscosity supersolution of (1.62). Suppose that W and V' have quadratic growth, i.e there
exists C' > 0 such that for all x € R™, t € [0,T],

(W (t,2)|,|V(t,z)| < C(1 +|z]?). (1.63)
Then W <V in [0,T] x R™.

The above theorem gives the unicity result by stating the comparison principle for the
PDE (1.62) and is completed by the following Lemma for the existence result.

Lemma 1.2.1 ([23, Lemma 2.1]). Consider the same assumptions as in Theorem 1.2.3. If
K > C+1 and p are large enough, then W(t,x) = —KeP' (1 + |z|?) is a viscosity subsolution
of (1.62) in [0,T] x R™ and there exists 0 < 7 < T such that W(t,z) = Kef'(1 + |z|?) is a
viscosity supersolution of (1.62) in [0,7] x R™.
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From the two previous statements, the corollary below is deduced.

Corollary 1.2.1 ([23, Corollary 2.1]). Consider the same assumptions as in Theorem 1.2.5.
Then there exists T > 0 such that there exists a unique continuous viscosity solution of (1.62)
in [0, 7] x R™ satisfying the growth condition (1.63).

We notice that the existence of the viscosity solution holds only on a time interval [0, 7] not
necessarily equal to [0,7]. Previous work of Ito in [41] has shown the existence of a solution
of a similar PDE on any interval [0,¢;] (¢£; > 0). But this result needed a uniform parabolicity
condition on the PDE and more regularity assumptions were taken on the solution.

We introduce the two following results ensuring the existence of a supersolution of PDE (1.62)
on [0,T] by taking some extra assumptions.

Lemma 1.2.2. Consider the assumptions of Theorem 1.2.3. Let T > 0. For K > C, there
exists p > 0 and C1 > 0 such that if lo(t,z,a) > Cy|z|> — C, W(t,z) = Ke?'(1+ |z|?) is a
supersolution of PDE (1.62) on [0,T] x R™. ({y is the function introduced in the assumption
of Theorem 1.2.8 on the Lagrangian ¢ of PDE (1.62).)

Proof. Let K > C, p > 0 and W(t,z) = Ke”'(1 + |z|?). Let C; be such that £y(t,z,a) >
Cilz? = C
ow o .
S+ H(t.2. D.W, DAW) + G(t, v, DWW, D2W)
= peP' K (1 + |z]?) + in; {b(t,z,0) 2Ke"'x + ((t,z,0) — Tr (o(t, 2, )07 (t,z,a)2Ke) }
aE

+ sup {—g(t,aﬂ) 2Kefx — f(t,x,B) — ( (t,z, B)cT(t, :C,B)ZKept)}

K Kert

Be®
¢ 2 ~ Cilz | 2 v]al?
> Ke | p(1+ |z|*) = 2C(1 + |z|)|z| + Teor —20%(1 + |=|)* + mf <2K el 2C]a\|x]>
A é 2 ~2 2 é
—2C(1 + |z|)|z| - Kept(l + |z|*) = 2C* (1 + |z])* — Ve
o pt 12
> Ket | p(1+ |z)?) — (6 + 2 +8C)C(1 + |z]?) + ( G _ QKGV ¢ ) ymP].

For p > (6+ % +8C)C and C; > w, we then obtain that W is a viscosity supersolution
of (1.62) on [0,7] x R™. O

Lemma 1.2.3. Consider the assumptions of Theorem 1.2.3. Let us suppose that for (t,x) €
0, 7] xR", o,1, 0 € A, BE R :

b(t,z, 1) — b(t, z,00)| < Cloy — aal,
bo(t, z,a) > —Clz|?,
lo(t,z,a)] < Clz|,
l9(t,z, 8)| < Clazl,

|f(t,z,8)| < Clal?,
)

<
le(t,x, B)] < Clal.
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We also suppose that there exists a control ag € o that we will suppose equal to O such that
for a given constant Co,

b(t,x,ap) - & > Calz|*

Then, for K > C and Co > (14 2C + £)C + 2KVCQ , W(t,x) = K(1 + |z|?) is a viscosity
supersolution of the PDE (1.62) on [0,T] x R™.

Proof. Let K > C and W(t,z) = K(1 + |x|?). Consider the assumptions of Lemma 1.2.3.

—— + H(t,x, D,W,D:W) + G(t,z, D,W, D:W)
> inﬁ{ {b(t,x,0) - 2Kz + (b(t,z,a) — b(t,x,0))2Kz + L(t,z,a) — Tr(o(t, z, )07 (¢, z,)2K)}
ae

+§gg{—g(t,x,ﬂ) 2K — f(t, 2, 8) — Tr (c(t, z, B)cT(t, x, 8)2K) }

> 2K

Colal? — (C + —)cm? + inf {fal’ = Clallel} — (1+C+ —)C|x\2

2K _
> 2K |Cylz|? — (1+2C + )C’|:c|2 - —C?|z)?].

So for Cy > (1+2C + +)C + 2 QKO , W is a viscosity supersolution of (1.62) on [0, T] xR™. [



CHAPTER 2

Numerical methods in Optimal control

In the previous chapter, we presented optimal control problems which are solved by using
Hamilton-Jacobi-Bellman (HJB) equations. We have seen that these PDE generally do not
have classical solutions and the type of solutions that are looked for in the optimal control
theory are viscosity solutions. We do now a brief review of the type of numerical methods in
the literature which are used to solve HJB equations and to obtain approximations of their
viscosity solutions. We introduce in Section 2.1 an extension of the well known convergence
result of monotone numerical schemes due to Barles and Souganidis to be able to apply it to
an unbounded setting.
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2.1 Finite difference methods

The finite difference method is historically the oldest type of numerical method used nowadays
to solve partial differential equations. The starting point of the development of this method
can be identified with the paper of Courant, Friedrichs and Lewy [18] in 1928 even if some
ideas about the method may be found in the literature before this date. The finite difference
method knew after that, a bursting period before the introduction in 1960s of the finite
element method which became more popular in the subsequent years. However, it remained
an active field of research with new finite difference schemes ( [11, 57] for HJB equations and
[50, 31, 32, 58, 56| for other types of PDEs) and new results on the generalization of finite
difference method results to other types of numerical methods. We can give as examples
the theorem on the convergence of approximation schemes for fully non linear second order
equations stated by Barles and Souganidis [8] and the order of convergence of approximation
schemes for parabolic Hamilton-Jacobi-Bellman equations obtained by Barles and Jakobsen [7]
which uses in its proof the method of shaking the coefficients of Krylov [46, 47].

We will give here the definition of the finite difference method and of the related concepts
used with it and recall most popular finite difference schemes in optimal control. We will also
recall the previously cited generalization results of finite difference methods. We will then
introduce as a theorem, an extension of the Barles and Souganidis theorem which will allow
us to apply their result in an unbounded setting in Chapter 3. Notations in the subsequent
reported theorems have been changed to maintain a consistency in notations throughout this
document.

2.1.1 Definition and related results in the Literature

When solving a partial differential equation (PDE), a finite difference method consists in :
e discretizing the variables space of the equation by building a grid;

e discretizing the equation which consists in approximating the equation using finite dif-
ferences instead of partial derivatives such that the resulting equation converges to the
initial equation when the grid step goes to zero;

e solving the resulted discretized equation at the grid points by iterative methods. The
resulted solution is an approximation of the solution of the initial PDE and its value is
computed by interpolation at points which are not grid points.

The discretization of the equation results in the construction of a scheme. It appears in
many numerical methods for solving PDE. The particularity of the finite difference method
is then the exclusive use of finite differences in the approximation of partial derivatives when
building the scheme. The latter has a very important role in the quality of the approximation
of the solution of the equation. If the approximated solution obtained with a given scheme
converges to the solution of the PDE problem when the discretization step of the grid goes
to zero, the scheme is said to be convergent.

It was known for a while that the conditions for a finite difference scheme to be convergent
were :

e the consistency of the scheme meaning that the discretized equation must converge to
the initial PDE when the grid step goes to zero and the function is regular,
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e the stability of the scheme meaning that the solution of the scheme is bounded with
respect to the bounds of the equation parameters.

The stability condition was the most challenging one. Depending on the type of scheme,
there was a conditional stability (explicit scheme) or an unconditional stability (implicit
scheme). The conditional stability for explicit scheme was subject to the CFL condition after
Courant, Friedrichs and Lewy who found in their paper [18], that a finite difference method
involving a space discretization with step Ax and a time discretization with step At results
in a stable explicit finite difference scheme if Az > cAt for hyperbolic equations, ¢ being
a constant to compute. This has an equivalent for parabolic equations with the inequality
Ax? > ¢At which is also called the CFL condition.

The conditions of convergence of finite difference schemes have been generalized to PDE
problems with viscosity solutions with the following theorem which can be applied to general
schemes as we are going to see in Sections 2.2 and 2.3.

Theorem 2.1.1 ([8, Theorem 2.1]). Consider a problem of the following form :
F(D*W,DW,W,z) =0 in Q, (2.1)
where Q is an open subset of RY and F : S(N) x RN x R x Q has the following form :

H(M,p,r,x) if x € Q,

F(M,p,r,z) = {r — U(z) if z € 09,

for W a given function defined on 0S). H is supposed to be fully non linear. Consider also an
approzimation scheme of the following form :
S(p,z, WP(x),WP) =0 in Q, (2.2)

where S : RT x Q x R x B(2) — R is locally bounded with B(Q) being the set of bounded
functions on Q. Consider the following assumptions.

1. S is monotone, which means that :
S(p,z,m, W) < S(p,z,1,V) (2.3)
ifW >V forallp>0,2€Q,rcR, W,V € B(Q).

2. S is stable, which means that for all p > 0, there exists a solution WP of (2.2) such

that WP € B(Q) with a bound independent of p.

3. The scheme S is consistent which means that for all x € Q and ¢ € €=(Q) N B(Q) :
S,y 9(y) + &9 + )

lim sup < limsupF (D*)(y), D (y), ¥ (y), y),
p—0 P y—x
y—x ye
£—0

and

S(p,y, v(y) + &9+ &)

.. S im' 2
llgl_:élf p = hgl_gg}fF(D Y(y), DY(y), ¥ (y),y),
y—T yeN

£—0
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4. (2.1) has the following strong uniqueness (comparison principle) property : If W €

B(Q) is an upper semicontinuous subsolution of (2.1) and V € B(Q) is a lower semi-
continuous supersolution of (2.1) then W <V on Q.

Assume all the assumptions enumerated above. Then, as p goes to 0, the solution WP of (2.2)
converges locally uniformly to the unique continuous viscosity solution of (2.1).

We can see that the condition of monotonicity on the scheme has been added. There are
two very famous examples of monotone finite difference schemes in the literature. The first
one (the approximation scheme of Kushner) which is the oldest, is monotone conditionally
to the diffusion coefficient matrix and the second one (the approximation scheme of Bonnans
Zidani) is unconditionally monotone.

The approximation scheme of Kushner (see [48])
This scheme has been introduced by Kushner in 1977. If we consider a partial differential
equation containing an operator L* defined by :

LYp(t,z) = %Tr[aa(t, z)D*¢(t, )] + b (t, ) Do(t, x), (2.4)

the approximation scheme consists in replacing L* in the PDE by :

i a®(t, x)lu a®t y T)|ij a® (t,x ij A —
LW@):;[[ iy, '#([ )l 2 (00) Aij)
= 7 (2.5)

O (t 2)i0 — [b“(tﬂf)]zﬁ{] ¢(t, )

where w' = max(w,0), w~ = — min(w, 0) and
1
SEw(t,z) = i@ {w(t,x + Aze;) —w(t,x)}

1
Ajw(t,z) = N {w(t,x + Aze;) — 2w(t,x) + w(t,z — Aze;)}
+ _
Afw(t,z) =
1
2A 12

Ajw(t,z) =

2Alx2 {2w(t,z) + w(t,x + Azx(e; +e5)) +w(t,x — Ax(e; +¢5))}

{w(t,z + Aze;) + w(t,x + Azej) + w(t, z — Azxe;) + w(t, z — Aze;)}

1
—oAs {2w(t,z) + w(t,x + Ax(e; — €5)) + w(t,x — Az(e; —€j))}

+ {w(t,x + Aze;) + w(t, z + Azxe;) + w(t,z — Aze;) + w(t,x — Azej)}

1
2A 2
Ax being the space discretization step.

This scheme is then monotone and stable if and only if the matrix a® is diagonally dom-
inant. The particular discretization of the gradient with respect to the sign of its coefficient
in the PDE is also referred as an upwind scheme in the literature. This will be used in a
probabilistic form in Section 3.1.

The approximation scheme of Bonnans and Zidani (see [11])
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It is assumed here that there exists a finite stencil & < ZN\{0} and a set of positive coeffi-
cients {ag, 8 € '} C R for each a € &/ such that :

a®(t,x) = Z ag(t,=)387 in Qr, aecd.

pes

The operator L® defined in (2.4) can then be written as :

Lo¢(t, ) = Y _ af(t,x)D3é(t, ) + b (t, 2) D(t, x)
pes

where D% = Tr 387 D?. The approximation scheme of Bonnans and Zidani consists in replac-
ing L* by :

N
Lpgp= > aglgp+ > [60T6 0067 ]¢ (2.6)
1

pes 1=

with the same notations as for the approximation of Kushner for the derivative of order 1,
and where

Agw(z) z + fAz) — 2w(z) + w(x — fAz)}.

1
= fpras
This scheme is unconditionally monotone. In [11], Bonnans and Zidani give explicit conditions
of existence of the finite stencil .# and techniques to build it systematically.

Once a scheme is known to be convergent, a question remains about how quick is this
convergence with the grid step. There comes the notion of order of convergence. It is the
power of the grid step such that with an appropriate multiplicative factor, it bounds the error
between the approximated solution of the PDE obtained with the scheme and its exact solu-
tion. The following theorem is a result on the error bounds for any monotone approximation
scheme for a parabolic Hamilton-Jacobi-Bellman equation. It is due to Barles and Jakobsen.
For the definition of the norms and notations used in this theorem, see Section 0.1.

Theorem 2.1.2 ([7, Theorem 3.1]). Let us consider the following partial differential equation

ow

o T F T, W, D, W, D2W) =0 in Qr = (0,T] x R™, (2.7)
W(0,z) =¥(x) inR", (2.8)
where
F(t? ‘/1:7 T,p, X) = Sup {ga(t7 x’ ,r7p7 X)} b
acd
with
ga(ta 7D, X) = TI'(CLa(t7 l')X) - ba(ta x)p - Ca(tv (E)?" - fa(ta x) (29)

The coefficients a®, b, ¢, f* and the terminal data ¥ take values respectively in S(n), R™,

R, R and R. Let us also consider the following approzimation numerical scheme to (2.7)-(2.8)
written in the following abstract way :

S(h,t,x, Wy(t,z), [ Whlte) =0 in %f =9, \ {t =0}, (2.10)
Wh(0,2) = Uy (z) in 9 =4, N {t =0} (2.11)
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where 4, is the grid related to the scheme, h = (Ax, At) is a multidimensional vector con-
taining the space and the time discretization steps and [Whlt » represents typically the values
of the function Wy, at points of the grid other than (t,x).

We consider the following assumptions :

e Al: For any o € &7, a® = %aaa‘” for some n X p matrix c® and there is a constant
K independent of o such that :

[Wly + [0 + [%|1 + [c*[1 + [f*1 < K

e A2: For every § > 0, there are M € N and {a;}M, C & such that for any o € o :

f a oy ba_bai (0 PN e 75 a _ foy <5
ISI?SM(‘U a%lo + | lo+ | = c*lo+ | f* = f*]o) <

e S1: There exists A\, ;0 > 0, hg > 0 such that if |h| < hg (where | -| is the Euclidean
norm), W <V are functions continuous and bounded on 4, and ¢(t) = e"*(a +bt) +c
for a,b,c >0, then :

S(h,t,x,r 4+ ¢(t), [W + ¢l o) > S(h,t,z, 7, [V]tz) +b/2 — Xc in g}j

e S2: For every h and continuous and bounded function ® on %, the function (t,x) —
S(h,t,x,®,[P]; ) is bounded and continuous in %,j and the functionr — S(h,t, z,r, [Pt »)
is uniformly continuous for bounded r, uniformly in (t,z) € %Ij

e S31): There exists a function Ey(K, h,€) such that for any sequence {1 }eso of smooth
functions satisfying :

|8f°D5lwe(t,a:)| < Kel=2o=1A" 4y Qr for any By € N, 8 = (B)); € NN,

(18] =SSN, B1), the following inequality holds :

St (1, 2), W) < O

+ F(t, x,%e, Dbe, D*he) + E1 (K, hye),

e S31ii): There exists a function Ey(K, h,€) such that for any sequence {{¢ Yeso of smooth
functions satisfying :

102 D% ¢ (t,2)| < Ke' =0~ in Qp for any By € N, 8" = (8)); € NV,
(|- | being the Euclidean norm and |B'| = SN, B1), the following inequality holds :

e
ot

S(hat7$7¢€(ta $), [we]t,x) Z + F(taxawEaD¢E7D2¢€) - EQ(Ka h) 6)7

gt
m%h.

Assume (A1), (S1), (S2), and that (2.10) has a unique continuous and bounded solution
Wy on4,. Let W denotes the solution of (2.7)-(2.8) and h a vector of real numbers sufficiently
small.
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e If (S3 i) holds, then there exists a constant C depending only on p, K in (S1), (A1)
such that :

W = Wi, < e*|( = ;)| + Cin (e + Bi(K b)) in %,

where K = |W]|;.

o If (83 ii) and (A2) holds, then there exists a constant C' depending only on p, K in
(S1), (A1) such that :

W = Wi, = —€|(¥ = ¥3) | — Cmin (61/3 + By(K,h,€)) in %,

where K = |W|;.

In the above theorem, the condition A1 allows one to have the existence and unicity of a
viscosity solution to the PDE problem (2.7)-(2.8) according to Theorem 1.2.2.

The above theorem allows one to obtain the following corollary which is a consequence of
Theorem 4.1 in [7].

Corollary 2.1.1. Consider the PDE problem (2.7)-(2.8) presented in the previous theorem.
Let us consider the following approximation scheme for this PDE using the 0-method which
is a generalization of the Crank-Nicholson scheme (6 = %)

W(t,z) =W(t — At, x)
— (1 =0)At sup {—LyW — c*W — f*} (t — At, x)
acd
— At sup {—LEW — *W — [} (t,z) in G,
acd
where LY is given by (2.5) or (2.6), At being the time discretization step.
If a solution Wy, to this scheme exists, then under the conditions of stability (CFL condi-

tions), we have the following result :

—eM (U — Wy,) g — Chs < W — Wy, < eM|(W — Ty,)F|o + Ch2
with h = VAz2 + At.

2.1.2 Barles and Souganidis result in unbounded setting

We want to have a convergence result such as the one of Barles and Souganidis (Theorem 2.1.1)
when the PDE solution lives in the space of functions with polynomial growth. This will be
particularly useful in Section 3.2 to obtain the convergence of a probabilistic scheme in a
linear quadratic style problem. The following theorem gives such a result and is proved using
the same tools as for Theorem 2.1.1.

Theorem 2.1.3. Consider the same PDE problem as in Theorem 2.1.1. We replace the set

of bounded functions B(2) in the theorem by the set of functions with a given k-polynomial
growth B*(Q) defined by :

feB¥Q) if IC > 0,Vx € ,1+Wﬁfc
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In this setting, we consider the same assumptions as for Theorem 2.1.1 except for the con-
sistency assumption where for p : x +— 1+ |z|¥, the following inequalities are considered
instead.

S(p,y,¥(y) + Euly), v + &)

lim sup < lim SUPF(D2¢(Q)7 Dy(y), ¥(y), y),
p—0 p y—z
Yy—zx yeQ
£—0

and

S(p,y,¥(y) + Euly), v + &)

.. > Timi 2

lim inf P = lim infF(D%) (y), DY(y), ¥(y), ),
Y= ye
£—0

for z € Q and ¢ € €(Q) N B*(Q).
Then, the result of Theorem 2.1.1 still holds.

Proof. We will redo the proof of Barles and Souganidis with B¥(2) functions.
WP (y) We(y)

1+[y|* I+yl~

p—0 p—0

The functions W (z) = K (z)(1 + |z|*) and W(z) = K(x)(1 + |z|¥) are respectively upper-
semicontinuous and lower-semicontinuous and W > W. If we show that W and W are
respectively viscosity sub and super solution of equation (2.1), then the comparison principle
applied to functions in B¥(Q) will give us the inequality W < W which will end in an equality
sothat W=W =W = /l)i_)nbwp will be the unique viscosity solution of (2.1).

Let K(x) = limsup and K(z) = lim inf
y—x y—x

We will show that W is a viscosity subsolution of (2.1), the proof of W being a viscosity
supersolution of (2.1) having the same pattern.
Let z € Q and ® € €°°(Q) N B*(Q) such that 0 = (W — ®)(z) is a local maximum of

W(y)—2(y)

is then also a local maximum of the function y — — T

Let 7. > 0 be such that, for all y in the ball B(z, ),

W(y) —2y) _ W(z) — ()
L+fylk = T4zl

We may suppose without loss of generality, a strict maximum is achieved at x and that

B(y) > (1 + [y|")sup 57 outside the ball B(x,r.).
2€Q

p
Then, there exists (pn)neny and (yYpn)nen such that :

WP (yn) — ®(yn)

thznp":O’ 117rlnyn:x, 117rln L+ [l =0
and y, is a global maximum of y +— %
Let &, == W. We have lim¢,, = 0 and for ally € Q, W (y) < (1+|y|*&, +@(y).
n n

We also have W*n(y,) = (1 + |yn|*)&n + @(yn). So, by the monotonicity condition,

S(Pmym wen (yn)7 an) > S(anym (I)(yn) + (1 + ’yn|k)fna D + fn#)a
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where i : y + 1+ |y|¥. We then have :

0 > lim inf S(pn, yn, P(yn) + (1 + [ynl")&n, @ + &)

>lim infS (p, y, (y) + (1 + ly*)E, @ + £p)

Yy—x
£—0

lim it F(D*®(y), DB(y), ®(y). ).
yeQ

by the consistency assumption.
Hence, we deduce that W is a viscosity subsolution of (2.1). We obtain then the result of
the theorem. O
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2.2 Semi-Lagrangian methods

Semi-Lagrangian methods can be found in the literature since 1950s with the famous paper [19]
of Courant, Isaacson and Rees. They were related first to the advection equation and were
used in the context of atmospheric modelling. However, during the eighties, similar methods
appeared in the field of optimal control theory. The first paper refered in the control literature
is the paper of Capuzzo Dolcetta ([15]) in 1983 where the author is interested in a deterministic
optimal control problem with infinite horizon. Then, followed the paper of Capuzzo Dolcetta
and Ishii ([16]) , the papers of Gonzales and Rofman ([37], [38]), the paper of Falcone ([26])
and for the stochastic optimal control problems the paper of Menaldi ([55]) and the paper
of Camilli and Falcone ([14]). Recently, Debrabant and Jakobsen have proposed in [24] a
unifying framework for the study of these methods.

We will start here by giving a unifying definition of Semi-Lagrangian method and then
show some Semi-Lagrangian schemes found in the literature and recall convergence results
obtained in [24].

2.2.1 Definition of Semi-Lagrangian methods

Semi-Lagrangian methods follow the same steps as finite difference methods as described in
the previous section. But, on the contrary of the finite difference schemes where the directions
in which the points are taken for the partial derivatives approximations are limited by the grid,
the directions taken in Semi-Lagrangian schemes for the partial derivatives approximations
are guided by the coefficients of the PDE problem and may not allow to choose a grid point.
This may imply the use of an interpolation technique of the value of the solution of the PDE
problem at the points chosen for partial derivatives approximations with its value at their
closest grid points.

One example of Semi-Lagrangian scheme is the scheme introduced by Capuzzo Dolcetta
in [15] and completed with a space discretization by Falcone in [26] where the PDE

ma;{({)\W —b0*-DW — f*}=0in R"
ae.
with & being a finite set, is approximated by

maoe { W(a;) = (1= MW" (i + b7h) = hf*(z:) }
where x; is a point of the grid and h is a parameter which can be compared to a time
discretization step.

We give below a brief review of Semi-Lagrangian approximation techniques found in the
literature to approximate operators of the form (2.9). Assume that .#a, is an interpolation
operator using functions values at grid points and k and h are parameters related to the grid
discretization steps. The approximation of (2.7)-(2.8) consists in replacing (2.9) by using the
following approximations.

e The approximation of Falcone in [26] when a® = $6%¢°T =0 :

b (t,7) - Duh(t, ) Inad(t,x + hba(z z)) — qus(t,x)7
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e the approximation of Crandall and Lions [22] when 6% =0 :

1,200 (1, D20,)

B zp: Inad(t,x + kol (t,x)) — 2In20(t, x) + Inad(t, x — kol (t, z))
~ 2k> ’

J=1

where o%(t,z) € R™P and of(t,z) denote the j-th column of o®(t,z). The same
notations are considered for the following approximations.

e The corrected version of the approximation of Camilli and Falcone [14]

1  Te(0° (4, 2)0° (1, 1) D26(t, ) + 17 (¢, ) - D, )

Inad(t, @ + Vho(t,z) + Lo (t,2)) = 290,9(t, ) + Ined(t, & — Vho{ (t,x) + 2o (¢,

z))

p
D 3
~2 o

J=1

e The combination of the approximation of Falcone in [26] and Crandall and Lions in [22]

% Te(0™ (£, 2)0°T (1, 2) D261, 2)) + (1, 2) - Dao(t, ) ~ ZDeb 2+ hba(z 2)) = Iaad(t, )

P Ined(t,x + ko (t, 1)) — 290,0(t, ) + InaP(t, w — ko®(t, z))

J=1

e The new more efficient version of the approximation of Camilli and Falcone in [14].

%Tr( o(t, 2)0T (¢, ) D2o(t, 7)) + 1° (¢, ) - D(t, )

! fAz(b t T+ kg ( )) - 2JA:C¢(t7x) + jA.T(b(t? T — kO’?(t,ﬂj‘))

2 28

=1
N Ina@(t,x + kop(t,x) + k26 (t, x)) — 2.9p0.0(t, ) + Inzd(t, x — koy (t, =) + k26 (t, x))
2k?2

%

<.

Debrabant and Jakobsen proposed in [24] a unifying and more general form of the above
approximations which is the following.

Tela®P(t, 2) D26(t, )] + (1, 7) - Da(t, 7) ~ LY [ Fnad](t, 7)
with

M t,x ”8+tx —2(t,x t,x B~ t,x
Lz,ﬁ[w](t,m):zzl/}( T ) w2<k2>+w< D)

for £ > 0 and some M > 1, under some conditions on the functions Yri 0Bt

will be given in the next section.
This unifying form allows Debrabant and Jakobsen to obtain quite general results on
Semi-Lagrangian schemes which will be the subject of the next section.

and yg’f’_ that

)
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2.2.2 Convergence and error bounds for Semi-Lagrangian schemes

We will start with a convergence result of Semi-Lagrangian schemes obtained by Debrabant
and Jakobsen in [24] which uses the Theorem of Barles and Souganidis quoted in Theo-
rem 2.1.1. The authors consider the following PDE problem.

W _ ot sup {Lav@’[W] (t,2) + B (t, 2)W + fO‘”B(t,x)} —0in Qr = (0,7] x RV (2.13)

W(0,z) = ¥(x) in RY (2.14)
where &7 and £ are complete metric spaces, and
LB (t, ) = Tr[a®P(t, ) D?u(t, z)] + b*P (t, 2) Dyu(t, x).

The coefficients a®?, b8, ¢*8 f8 and ¥ take values respectively in S(N), RV, R, R and R.
The coefficient a®? is assumed to be positive semi-definite. So the equation may degenerate.
The solution is then to be considered as a viscosity solution.

Theorem 2.2.1 ([24, Theorem 4.2]). Consider the following scheme for the PDE prob-
lem (2.13)- (2.14).

Sar, W' = inf sup {Lgﬁ[fA;We’”]?‘”" T (/AL f{"’ﬁ’”‘”"} in G

acd Bep (2.15)
WP = U(2;) in Xap
where G = (ty,%;)n,; is the time-space grid which is a Cartesian product of a time grid

Iae and a space grid Xaqz, At, = tn, — th_1, mﬁLxAtn < At, Lz’ﬁ is defined by (2.12),
Iag 18 a space interpolation operator, W = W (t,, x;), foupm=1+6 B (tn_1 + 0AL,, x;),

)

eI = 0B (b + O, ), L[ WO T = L[ W (b + 0D, ),

(2

wr — wnr1 _
one, Wi = #7 Wig’n =1 -0)Wr " +owy,

and

I W™ = (1= 0) Ip, WL 4 075, W,

Ax is considered here as an upper bound of the discretization step of Xan. Assume the
following.

e Al: For any o € o and € B, a™P = %O'(X’BO'O"BT for some N x P matriz c®? and
there is a constant K independent of a, B such that :

O[3+ |o™P |1+ 5Py + [Py + [ F7h < K.

o I1: There are K > 0 and r € N such that for all smooth functions @,

(Ire®) — B|g < K|D"D|oAz"
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o I2: There is a set of non-negative functions {w;(x)}; such that
(F22®) (@) =D B(x))w;(w)
J

and for all i,j € N,
wi(xz) >0, wi(x;)=10d; and Zwl(x) =1

o Y1 :

NE

e o) = 2+ Ok,

.
Il
—_

-

.
Il
—

M gl T M ) ’_T T
i T = 260 e T Ok,

NE

77+ ’7+ »7+ T T T
e Vsl Lalvid i + Lol L Dol )] = Ok,

.
—_

WE

.
—_

\
fOT’ all jlaj27j3)j4 = 1)2)' .
e CFL condition :

M _ -
(1-0)At [1432 - c?’ﬁm 1+9] <1 and HAtC?”B’n <1 Va,B,n,i. (2.16)

Then, there exists a unique bounded solution U to (2.15) and U converges uniformly to the
solution W of (2.13)- (2.14) as At, k, % — 0.

In the above Theorem, the condition A1 allows one to have the existence and unicity of
a viscosity solution to the PDE problem (2.13)- (2.14) using Theorem 1.2.2.

The previous Theorem is completed in [24] by a result on the error bound in the conver-

gence of Semi-Lagrangian schemes recalled below.

Theorem 2.2.2 ([24, Theorem 7.2]). Consider the PDE problem (2.13)- (2.14) and its ap-
prozimation scheme (2.15) where the set A is supposed to be a singleton (we can drop then
the indezxation in f3).

With the assumptions names of Theorem 2.2.1, assume A1, Y1, (2.16), k € (0,1) and
the following condition :

M
Sl oy et + g < 2820 - b%),
i=1
M
a,+  a,+T a,— a,—T ~,+ ~a,+T ~a,— ~a,—T

Z[yk,i Yei Tk Yo 10k Uk U Uk ]
i=1

~a,+ o, +T a,+ ~a,+T ~a,—  a,—T a,— ~a,—T
=[Ok s TR ks t Uk Yrs Y Yes Uki ]
< 262 (0% — 5%) (0™ — 6)T 4+ 2k*(b™ — b™)(b™ — b*)T,

W i P i e il i + el L el Tl il w15 = O(k?),
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where aa,bo‘,y?’f represent here the values of the functions of the same name at (t,x) and

5, b, gjg’f represent the values of these functions at (t,y). The above system must then hold
for any t,z,y. If W and U are bounded solutions respectively of (2.13)-(2.14) and (2.15),
then there exists co such that for At € (0, co),

U —W| < C(1 — 20| A4 + A3 4 kY2) in G. (2.17)

The error bound obtained here seems to be better than the error bound obtained in Corol-
lary 2.1.1 for finite difference schemes. However, in practice, the best error estimate deduced
from the above theorem is Az!'/> which is achieved when k = O(Az?/%). It corresponds then
to the negative lower bound of the error obtained in Corollary 2.1.1, the upper bound being
of a higher order (Az!/?).

There is also a recent result about the error bound of a Semi-Lagrangian scheme in an
unbounded setting due to Assellaou, Bokanowski and Zidani ( [5]). It is stated as follows.

Theorem 2.2.3 ([5, Theorem 4.1]). Consider the following PDE :

W(T,z) = ¢(z), inRY,
where

1
H(t,z,p,X) = ing {—2 Tr (o(t,z,u)oT(t,x,u) X) — b(t, =, u) ~p}
ue

with (t,z,p, X) € (0,T) x RY x R? x S(d). It is supposed that :
1. U is a non empty compact subset of R? (q > 0).
2. b€ €([0,T] x R x U,RY) and o € €([0,T] x R? x U, R¥*™).
3. There exists Lo > 0 such that for any (s,t,z,y,u) € [0,T] x [0,T] x RY x R? x U,

’b(t7$7u> - b(S,y,U)‘ + ‘U(t,:{},u) - U(S7y7u)| < LO(’m - y’ + ’t - S’%)7

4. ¢ is a continuous real function and there exists a constant My > 0 such that :

|6(2)] < Mo(L+a]), (z €RY).

This PDE has a unique viscosity solution W in the space of functions with linear growth.
Let oy, (1 < k < m) denotes the k-th column of o and oy, (1 < k < 2m) be defined as follows :

6k(t7 x, U) = (_1)k\/ﬁg\_%J (t7 xz, U),

where |a] denotes the integer part of a € R.
Let h > 0 be a time step of a time grid (t,)o<n<n, XAz be a space grid and V" (0 <n < N)
be the solution of the scheme :

V() = (),
Vi) = SM(tp, x, V"),  for1<n <N,
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where for any t € [0,T], x € XA, and any function w : Za, — R,

2m
SM(t, z,w) = L max {Z[w](w + hb(t, z,u) + Vhay(t, x, u))} ,

2m ueU
k=1

where [w] denotes the linear interpolation of w on the grid Xa, having a grid step Azx.
V™ is completed on points which are not on the time and space grid by bilinear interpolation,
which gives the function V.

Assume that ¢ is a Lipschitz continuous function with a Lipschitz constant Lg. There
exists C > 0 depending only on T and Lg, such that for every R > 0, we have :

IV = Wilies < CLy <R7/4h1/4 + Ahx') ,

where ||wl| o (py,) Tepresents the supremum of |w(t,x)| for (t,x) € [0,T] x Bgr, Br being the
ball of center 0 and radius R.
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2.3 Probabilistic methods

Finite difference methods and Semi-Lagrangian methods need the discretization of the space
variable which leads to a storage and algorithmic complexity exponential in the space dimen-
sion and thus cannot be used in high dimension (greater or equal to 4). This problem is
known as the curse of dimensionality and was a major stepback in the resolution of many
PDEs problems numerically for many years. The introduction of the Feynman-Kac formula
in [42] in 1951 by Kac, was a major breakthrough in the numerical methods for solving PDE
problems. It related linear PDE problems to stochastic differential equations, requiring just
the computation of an expectation to solve them and allowing to use probabilistic methods
such as Monte Carlo method to solve these problems. This first article was only about linear
PDE problems. However, in the following years, a lot of works have been done to enhance
this result and be able to solve non linear partial differential equations in the same way. The
notion of Backward Stochastic Differential Equations has been introduced by Bismut [10] in
1973 in the linear case and by Pardoux and Peng [61] in 1990 in the general case. It al-
lowed to enlarge the class of PDE problems that can be solved using relations similar to the
Feynman-Kac formula from linear to quasi-linear PDE problems. In 2007, Cheridito, Soner,
Touzi and Victoir introduced in [17] the second order Backward Stochastic Differential Equa-
tions allowing to have a form of Feynman-Kac formula for fully non linear PDE problems
like those which arise in optimal control problems. Their work has been extended by Fahim,
Touzi and Warin in [25] who showed that the resulted scheme of [17] can be introduced like
a finite difference scheme where partial derivatives are approximated in a probabilistic way
instead of using finite differences. These developments introduced the need to compute a
conditional expectation. But, in the same time, probabilistic methods evolved to solve this
new difficulty. We can cite in this setting the introduction of the Longstaff and Schwartz
method in [51], the representation formulae based on Malliavin calculus ([30], [29], [12]) and
the quantization-based approach [6, 59]. Further studies followed like the paper of Bouchard
and Touzi [13] and the paper of Gobet, Lemor and Warin [36].

We are going firstly to define probabilistic methods and give a description of their different
variants introduced in the literature to deal with the computation of the conditional expecta-
tion. We will also present related notions such as Backward Stochastic Differential Equation
and second-order Backward Stochastic Differential Equation and the results which link them
to PDE problems. We will then present some particular probabilistic schemes [25, 40] that
we will improve in Section 3.1.

2.3.1 Description of probabilistic methods

When applied to a PDE problem, a probabilistic method needs generally a discretization
of the time variable if there is any. Then, it consists in simulating one or many stochastic
processes according to time-discretized equations on these processes forming the probabilistic
scheme, in order to compute in a backward method the solution of the PDE and sometimes its
derivatives. It may involve the approximation of an expectation or a conditional expectation.
The expectation is generally approximated by the mean of the simulated values which is known
to converge to the theoretical expectation when the number of simulated values increase (Law
of Large Numbers). The computation of the conditional expectation is more complicated. In
the literature, three main approaches have been developed for this calculus. We describe
them in the following subsections.
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2.3.1.a Longstaff and Schwartz method The Longstaff and Schwartz method is based on
the fact that the conditional expectation of a random variable Y with respect to a random
variable X verify the following condition : There exists a measurable function f from R to
R which is square integrable on o(X) such that for all measurable functions g from R to R
which are square integrable on o(X), E[(Y — f(X))g(X)] = 0 (¢(X) denotes the o-algebra
generated by X). Then, E[Y | X] = f(X). Solving this condition is equivalent to solve the
following problem : Find a measurable function f, square integrable on o(X) such that

f= arge{r,}inE (Y = g(X))?],

% being the set of measurable functions square integrable on o(X).

The Longstaff and Schwartz method consists in considering a particular space of finite
dimension instead of the set of measurable functions such that this problem can be solved with
the least squares method after replacing the expectation by a mean operator on a finite number
of simulations. The conditional expectation is then computed using a simple regression. The
space considered for ¢ is generally the space of polynomials with degrees smaller or equal to
a given value k. But, as shown by Gobet, Lemor and Warin in [36], the space generated by
indicator functions on hypercubes or on a Voronoi partition of the state space can also be
used.

2.3.1.b The Malliavin approach The Malliavin approach for the computation of the condi-
tional expectation of a random variable Y with respect to another random variable X consists
in expressing this conditional expectation as a weighted expectation of Y with the expression
of the weight obtained by Malliavin calculus. The obtained expectation can then be computed
as a mean value over the simulations which converge to the theoretical expectation according
to the law of large numbers.

The intuition here consists in using the fact that :

E[Yd.(X)]

BN == 5 )

where 0, is the Dirac function at the point x. Then in the above expectations, the Dirac
function is replaced by expectations with an Heaviside function H times an appropriate
weight 7, using Malliavin calculus integration by parts. For more details, see [29] and [12].

Bouchard and Touzi in [13] made an analysis of the error due to the use of the Malli-
avin approach to approximate the conditional expectation in the particular example of the
computation of the solution of a decoupled Forward-Backward stochastic differential equation
(presented further in this section). They found that this error grows exponentially with the
dimension of the state space. This can be considered as another manifestation of the curse of
dimensionality in the convergence of probabilistic method. However, on the contrary of grid
based methods such as finite difference methods and Semi-Lagrangian methods that cannot
even be implemented in high dimension, probabilistic methods have this advantage to be
implementable even in high dimension.

2.3.1.c The quantization approach This method is described or used in [6, 59, 33]. After a
discretization in time common to all the methods presented above, the quantization approach
uses also a discretization in space of the simulated stochastic processes. A space grid is built
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at any time step and a projection of the simulated stochastic processes is done on the grid.
The fact that the method uses a space grid can make it comparable to grid based methods
such as finite difference and semi-Lagrangian methods except that, in this case, the space grid
is stochastic as it is built using processes simulated values.

If we consider then a process (Ys)s and a process (Xs)s for which we want to compute the
conditional expectation E[Y;, ., | X,] at any time step s;,1 < i < N — 1 knowing Y, as a
function of X, , the quantization method will first apply a discretization of the state space
using simulations of X, 1 <4 < N and build functions ¢; known as quantizers which relate
any point in the space to a point of the grid corresponding to time s; (a Voronoi partition is
generally used here). Then, transitional probabilities from any point of the grid corresponding
to time s; to any point of the grid corresponding to time s;1 will be computed using statistics
on simulations of the process (X, )1<x<n. Afterwards, values of the conditional expectation
E[Ys, | Xsy_,] are then deduced as the sum of the values of Y, expressed at the points of
the grid corresponding to time sy weighted by the transitional probabilities. In the same
way, from the values of E[Y;, | Xs,_,] at the grid points corresponding to time sy_j, the
values of E[Y;, _, | Xs,_,] can be deduced and so on.

2.3.2 Backward Stochastic Differential Equations

The problem we presented above is a simple form of a problem of a Backward stochastic
differential equation. Let {By; t € [0,T]} be a standard d-dimensional Brownian process
defined on a probability space (€2, .%#, P), and let {.%#;} be its natural filtration. Let Y be a .71
measurable k-dimensional random variable. A Backward stochastic differential equation as
generalized by Pardoux and Peng in [61], consists in finding a .%#;- adapted pair of stochastic
processes (Y3, Zt)o<i<T with values respectively in R* and R**4 which verify the following
equation :

T T
Yt+/ f(s,Ys,Zs>ds+/ §(5.Ys, Z:)dB, = Y
t t

where f is a measurable function from Q x [0,T] x R¥ x RF*¢ to R* which is supposed to
be uniformly Lipschitz with respect to the two last variables, and ¢ is a measurable function
from Q x [0, 7] x RF x R¥¥4 to R¥*4 guch that the mapping z — g(s,y, z) is a bijection for
any (w, s,y).

This stochastic differential equation is generally linked to a forward stochastic differential
equation in order to obtain an equivalence with PDE. The result is a Forward Backward
Stochastic Differential Equation (FBSDE). The solution of the forward stochastic differential
equation enters then in the dynamics of the Backward stochastic differential equation. If on
the other hand, the solution of the Backward Stochastic Differential equation is included in
the terms of the forward stochastic differential equation, the FBSDE is coupled. Otherwise,
it is uncoupled.

Example of uncoupled FBSDE from [60]

AXY" = b(XE*)ds + o(XP)dBy, t <5 <T

t
X =ux

T T
vie =)= [ gtoxinvi iy [ zap, 1< o<
S S
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where b is a function from R” to R" of class C* with all its derivatives up to order 3 bounded,
o is a function from R" to R™*? of class C® with all its derivatives up to order 3 bounded,
reR" ge C’;’(R",Rk), f is defined from [0,7] x R™ x RF x R¥*4 to R¥ such that for any
s €[0,T), (z,y,2) = f(s,z,y,2) is of class C3, x + f(s,2,0,0) is of class C® and the first
partial derivative of f with respect to y and z are bounded on [0, T] x R™ x R* x R¥*? as well
as their derivatives of order one and two with respect to x, y, z. The unknown processes are
then the .Zs-adapted processes (X%, YI*, Zﬁ’x)se[oj].
The related PDE is then :

a;f(t,x) + LW (t,x)— f(t,z, W(t,x),(D;Wo)(t,z)) =0,

where W : [0, 7] x R — RF, (t,2) s (Wyi(t,),--- , Wi(t,z)), and

LW,
gw=1| : |,
LW,
d d
1 0? 0
L= T ig\by AR .
5 i;(aa )it @) 5 o, +;b (t2)5

W (t,z) is then identified to Y;*, if W is the viscosity solution of this PDE.
Example of coupled FBSDE from [9]

t t
Xt—a;—i—/ b(s,XS,YS)ds—i—/ o(s, Xs,Ys)dBs
0 0
T T
Yt:g(XT)—/ f(s,Xs,Ys,Zs)ds—/ Z,dBs, t € [0,T]
t t

where b: [0,T] x R xR = R4, 5 :[0,T] x R x R — R4 f:[0,T] x R? x R x R — R and
g : R? - R are deterministic and Lipschitz continuous functions of linear growth which are
additionally supposed to satisfy some weak coupling or monotonicity condition.

The related PDE is then :

%—Vf(t, :I;)+% Tr ((o0T)(t,, W (t,z))D2W (t, 7))
+D, W (t,x) b(t,x,W(t,x))— f(t,z, W(t,z), DyW (t,x)o(t,z, W(t,z))) =0,
W(T7x) :g(az),

and we have Y; = W(t, Xy) and Z; = D, W (t, Xy)o(t,x, W (t, Xy)), if W denotes the viscosity
solution of this PDE.

Uncoupled FBSDEs can be related to semilinear PDE problems while coupled FBSDEs
can be related to quasi-linear PDE problems (see [60], [62], [63]). However, the Hamilton-
Jacobi-Bellman equation and the Hamilton-Jacobi-Bellman-Isaacs equation encountered in
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Section 1.1 in the stochastic case are either semilinear when the diffusion coefficients do not
depend on the controls or fully nonlinear.

To be able to deal with fully nonlinear PDE problems, Cheridito, Soner, Touzi and
Victoir introduced the notion of second-order Backward Stochastic Differential Equation.
Let (F“T) = (F!)seppr) be the augmented filtration generated by (Bs — By)sepr]- One
example of this differential equation consists in finding a quadruple F“7-adapted process
(V" Z8% T8 ALY taking values in R x R% x S(d) x R? such that given functions f, g and
a process X%® strong solution to the forward stochastic differential equation :

dXL" = b(XE")ds + o(XE")d By
Xf’z =2z

with b: R? — R? and o : R — #2 (A2, : set of invertible matrices of R%*9) Lipschitz of

Lipschitz constant smaller or equal to K and such that
[b()] + lo ()] < K(1+ []™),

p1 € [0, 1], we have

1
QY55 — f(s, XU5 Y15 70 Tt5)qs 4 7% . 41 4 ;T (0(XL™)oT(XE5)TL) ds, s € [t,T),
dzb* = AL"ds + TY"dX0", s € [t,T),
Yr = g(Xr1).
(2.18)

where f:[0,T) x R x R x R x S(d) — R and g : R — R are continuous functions.
This stochastic differential equation is related to a fully nonlinear PDE problem according
to the following theorem of Cheridito, Soner, Touzi and Victoir in [17].

Theorem 2.3.1 ([17, Theorem 4.10]). Let us consider the second order Backward Stochastic
Differential Equation (2BSDE) (2.18) and the following PDE problem :

—a—vz/(s,x) + f(s,2, W (s, z), D;W (s, z), D)W (s,z)) =0, on[0,T) x R%, (2.19)
W(T,z) =g(z), =eR% (2.20)

Consider the class 5" ((t,x) € [0,T] x R% and m > 0) of processes (Zs)s such that :
S S
7y = z+/ Ardr—i—/ I.dXt*  selt,T],
t t
where z € R?, (As)sep,m) is an R?-valued, FtT -progressively measurable process, (Ls)sepe,) 1
an S(d)- valued, F“T -progressively measurable process such that :
max{|Zy|, |As|, [Ts[} < m(1+ | XP7[P), Vs e [t,T)

and

Ty = Dol < m(1+ [ Xp7[P + [ X7 [P) (Ir — ] + [ X7 = X7))

for allr,s € [t,T], where py and ps are fized positive constants.
Set o/b* = Umzo,szfﬁ{x and consider the following assumptions.
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o A1 : For every N > 1, there exists a constant F such that

[t 2y, 2,7) = f(t 2,9, 2,7)] < Fnly — 9
for all (t,z,y,7,2,7) €[0,T) x R x R x R x R% x S(d) with
max{|z[, [yl |9], 2], [7[} < N.
o A2 : There exists constants F and py > 0 such that
[f@,y, 2,7 < F(L+ |2 + |yl + (27 + [v[72)
for all (t,z,y,2,7) €[0,T) x R x R x RY x S(d).
o A3 : There exists constants G and ps > 0 such that
lg(z)| < G(1 + |z[**)
for all x € RY.
e A4 : Forall (t,z,y,2) € [0,T) x RY x R x R? and v,7 € S(d),
ft,z,y,2,7) > f(t,x,y,2,7)  whenever v < 7.

e A5 : Forallt €0,T), the PDE (2.19) with the terminal condition (2.20) satisfies the
comparison principle on [t,T| x R™ in the space of functions with a growth exponent
p = max{pa, 3, P2p4, P4+ 2p1}, this space of functions being the set of functions V' such
that :

V(s,z)| < C(A+|zP) Y(s,z)e[t,T) xR

If there exists (t,x) € [0,T) x R? such that the 2BSDE (2.18) corresponding to (X%, f,g)
has a solution (Y4%, Zb% THT ALY with Z4* € o/%®, then the PDE (2.19) with the terminal
condition (2.20) has a unique viscosity solution W on [t,T] x R? in the space of functions
with growth exponent p = max{pa, p3, papa, pa +2p1}y, W is continuous on [t, T] x R%, and the
process YT is almost surely of the form

YET =W(s, X0"), selt,T). (2.21)

In particular, (Y5, Z5% T'S% AST), is the only solution of the 2BSDE (2.18) corresponding
to (XB*, f, g) with Z5% € &/ 5*.

The above theorem is mainly used to compute the solution of a PDE problem using equal-
ity (2.21). A time discretization approximation of the process (Y&™) selt,] 1s then computed
by using a probabilistic scheme. Cheridito, Soner, Touzi and Victoir, proposed in [17] such a
probabilistic scheme that we present below.

Set

F(t,2,9,2,7) = [(t2,9,2,7) +b(z) = + 3 Trlo(@)o(x)T].

Let s, :=t+n(T —t)/N and (Y{),, (Z))n, (LY ), be approximations respectively of
yte, z4 TH® The probabilistic scheme in [17] consists in computing (YY), (ZN),, (TY),
using the following (implicit) equations :

Y i=g(X5"), 27 = Dg(X3")
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and forn=1,..., N,
VN =BV | X5 T4+ (s, XE7 YN 2N TN Y(sn — spo1)

Sn—1 Sn—17 " Spn—1" Sn—1
1 _
Zé\;_l = ﬁ(a(Xﬁ;f”_l)T) 'E[(Bs, — BSnfl)}/S]Z ‘ Xﬁf_l]a
n n—
1 _
Fé\;,1 = _7]E[Z£YL : (Bsn - Bsn—l) ’ X;;mel]o-(X‘i;il) 1‘
Sp — Spn—1

This probabilistic scheme has been the subject of a deeper study in [25]. This study will
be presented in the next subsection.

2.3.3 Probabilistic scheme for Fully NonLinear PDEs

Fahim, Touzi and Warin in [25] showed that the scheme described at the end of the previous
subsection, can be introduced like a finite difference scheme, where partial derivatives are
approximated by using probabilistic expressions. The convergence of the scheme can then be
proved without using the theory of second order Backward Stochastic Differential Equations,
but by using instead theorems related to finite difference schemes such as the Theorem 2.1.1
due to Barles and Souganidis.

Let us consider the PDE of equation (2.19)-(2.20) with the standard d-dimensional Brow-
nian motion and the probability space (€2,.#, P) introduced in the previous subsection.

As shown in [25], the first hidden step in the scheme of Cheridito and al in [17] is to
decompose the function f in two parts, a linear part and a nonlinear part such that the
PDE (2.19) can be written as :

—LXW — F(-,W, D,W, D>*W) = 0, (2.22)

with
X 0¢ 1 )
(L7 9)(t,x) := a(t,x) +b(t,x) - Dyo(t, x) + 3 Tr(a(t,x)aT(t,x)Dio(t, x)).

The scheme can then be introduced by using the fact that .ZX is the infinitesimal
generator of a computable diffusion process X and that by the PDE (2.22), ZXW =
—F(-,W,D,W, D2W). Tt remains to approximate the function W and its derivatives D, W,
D2W used with the function F. By using Hermite polynomials and a differentiation in the
sense of distributions, this is done in [25] through the result recalled in Lemma 2.3.1. We
introduce an Euler discretization X’ZJ” =+ b(t,x)h + o(t,x)(Beyn — Bt) of the process X
and for k =0, 1,2, the operators D’;W are replaced by the operators

DEW (¢, 2) = E[DEW (¢ + h, X)),

For a given function ¥ on R?, we let :

T0)(x) = B [w(X57)], (2.23)
Th[9(0) = B [0 a2 12 (224)
20)(w) = E [0 ot o) BB o 0y1]. .25

where B! = By}, — By, and [ is the identity d x d matrix.
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Lemma 2.3.1 ([25, Lemma 2.1]). For every function ¢ : (0,T] x R? — R with exponential
growth, we have :

Dhod(t,x) = Diyo(t + h,))(), (2.26)

Dnd(t,x) = Dig[o(t + h,))(), (2.27)

Tid(t,x) = Diple(t+ h, )] (), (2.28)
For a positive integer n, h := T /n, t; = ih, i = 0,--- ,n, the scheme is then :

Wh(tn,ac) =g(x), =€ ]Rd,
Wh(ti,$) = Tti7h[Wh(ti+1, -)](ti,l‘), T € Rd 7 = O, e, N — 1,
where T j, is defined by
Ty u[V](t, 2) = E[U(X;7)] + hE(t, 2, 204 [¥](2), 2} [¥](2), 22, [9)(2)), (2.29)

for U : R? — R with exponential growth.
Using, Barles and Souganidis theorem, Fahim, Touzi and Warin obtained the following
convergence result :

Theorem 2.3.2 (|25, Theorem 3.6]). Assume the following on F :

1. The nonlinearity F is Lipschitz continuous with respect to (x,r,p,~) uniformly in t and
‘F(> K] 07 07 0)‘0 < 005

2. F is elliptic and dominated by the diffusion of the linear operator £, that is :

D,F >0 (2.30)
Tr[(ca™) 'D,F] < 1 (2.31)

on [0,T) x R x R x RY x S(d), where D, F represents the partial gradient of F with
respect to its last variable v;

3. DpF € Image(D,F) and |DpFDyF~D,F|y < 0o where DpF is the partial gradient of
F with respect to its fourth variable and D F~ denotes the pseudo-inverse of D~ F'.

Assume also that |bl1,|c|1 < oo and g is invertible. Also, assume that the fully nonlinear
PDE (2.19) has a comparison principle for bounded functions. Then for every bounded Lips-
chitz function g, there exists a bounded function W such that W" — W locally uniformly. In
addition, W is the unique bounded viscosity solution of problem (2.19)- (2.20).

One of the most strong hypothesis in the above theorem is the second hypothesis on F.
It comes from the monotonicity requirement of the scheme.

1
D,F =—f, — §O'O'T,

where f, is the partial gradient of f from PDE 2.19 with respect to its last variable. So,

T(oe”) 0,7 < 16T (20 (-, ~ JoaT)| <1

< Tr {—(mﬂ)lf7 - ;I] < Tr [Clll] .
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The last inequality holds if
1 1
| nN1_Z7<=
o fy(aT) 5=
The inequalities here are to be understood in the sense of the Loewner order. As D, F' should
also be nonnegative,

I. (2.32)

1
0< -0 fy(a")t—-I< -

1
2
That give us
2
oo’ < =2f, < (1+ 8)@1-. (2.33)

The inequality (2.32) is necessary if all the eigenvalues of ¢! f,(a7)~! are equal.

When the dimension d increases, condition (2.33) reduces the non linearity character of f
with respect to its last variable v and makes the PDE more close to a quasi-linear PDE than
to a fully non linear PDE as encountered in optimal control problems.

Guo, Zhang and Zhuo tried to improve this condition in a subsequent work ([40]) by using
instead of a Brownian motion in the above scheme, a trinomial tree with a new kernel for the
Hessian approximation. They manage to allow greater variations in the diagonal terms of f,.
However, the other terms of f, must remain almost constant in great dimension.

We note that the probabilistic scheme of Fahim, Touzi and Warin in [25] is equivalent
if we replace the Brownian motion B by a binomial or trinomial random walk, to a finite
difference scheme. The condition (2.31) is then a stronger than the usual form of the CFL
condition which is materialized in dimension greater or equal to 2 by the need to have a
diffusion coefficient matrix diagonally dominant. We give more details about this observation
in the following discussion.

Discussion on the scheme of [25] and the condition (2.31)

Let us first show on examples the behavior of the discretization of [25]. For this, we shall
show what happen when the increments of the Brownian motion B;,; — B; are replaced by
any finite valued independent random variables with same law. This will allow us in particular
to compare the discretization of [25] with finite difference schemes. Similar comparisons were
done in [25] but here we shall discuss in addition the meaning of the constraint (2.31) in this
situation that we call here the critical constraint.

To simplify the comparison, we drop the dependence of PDE terms in ¢ and consider the
case where f is linear and depends only on ~:

fla,rp7) = =5 Tr (47)

where A is a d-dimensional symmetric positive definite matrix. We assume that A > I and
choose £~ (z,p,v) = 3 Tr (v), that is b= 0 and ¢ = I. Hence, F(z,7,p,7) = 3 Tr (4 — I)7).

Then denoting by N any d-dimensional normal random variable, we get that the operator
Ty of (2.29) satisfies:

Ten(¥)(2) = Z5(¥)(x) + h% Tr((A — 1)Z;(9)(2)))

_E <\Il(a: +VAN)(1 + %Tr((A _I)(NNT - I)))> . (2.34)
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This operator is linear, and it is thus order preserving if and only if for almost all values of NV
the coeficient of ¥(z +v/hN) inside the expectation, that is (1+ 1 Tr((A—I)(NNT —1))), is
nonnegative. The critical constraint Tr[(coT) D, F] < 1is equivalent here to 1 Tr(A—1) < 1.
This corresponds exactly to the condition that the coefficient of ¥(z) inside the expectation is
nonnegative. Thus, if N is replaced by any random variable taking a finite number of values
including 0, the critical constraint is necessary.

Consider the dimension d = 1 and a simple discretization of N by the random variable
taking the values v with probability 1/(2v?) and the value 0 with probability 1 — 1/v2,
where v > 1. Then, we obtain

Top(¥)(2) = U(z) + ( (z + Vhv) + U(z — Vhv) — 20(z )) , (2.35)

b
2 9,2
with b = 14 1(4;; — 1)(v? — 1). This scheme is equivalent to an explicit finite difference
discretization of (2.19) with a space step Az = +/hv, which is consistent with (2.19) if
and only if b = Aj; and so if and only if v = V3. 1In that case, the critical condition
%(AH — 1) <1 is necessary for the scheme to be monotone and it is equivalent to the CFL
condition A11h < (Ax)2.

For finite difference schemes, the CFL condition can be satisfied by increasing Az. How-
ever, here Ax is stongly connected to the possible values of N and since the probability of
large N is small, one cannot avoid the critical constraint if we keep the discretization (2.28)
of D2W.

We can note that in this case the expression of .@tl’ R (¥)(2) is

U(x + Vhv) — U(z — Vhv)
2\/EI/ ’

which corresponds to a centered finite discretization.

Now, consider the dimension d = 2, and the simple discretization of N where each entry
of N = (N;)i=1,.. 4 is replaced by a random variable as above, taking the values ++/3 with
probability 1/6 and the value 0 with probability 2/3. In that case, the critical constraint
%(AH + Agy — 2) < 1 is necessary and sufficient for the discretization to be monotone. We
have

Zin(9) (@) =

2
T (W) () =E | W+ VAN)(L+ 3 D (A = 5) (N — 6i)

ij=1

:\1:(:,;)3@ _Te(A - 1))

2
ZZ( (z + V3hee)(3(A Z—1)+2—Tr(A—I))>

1
T
+ %2 Z (\IJ(:U + \/?Th(elel + €2€2))

e1=*11,e0=+1

(3( i (Aij — 5ij)€i6j> +2—-Tr(A- I))) .

ij=1
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where (e1,e2) is the canonical basis of R?. This discretization can be rewritten as

2
To(W) () =0() +5 [ | D0 (A~ 500D ) | +oatu) |
ij=1

where b = (1 + Tr(A — 1))/3, D?j\If is the standard 5-point stencil discretization of the

partial derivative agjg\;; ~ on the grid with space step Az = v/3h (as above), and A"V is

the discretization of AW using the external vertices of the 9-point stencil (that is the points
x + Ax(te; + £eg)). We point out the similarity with the Kushner scheme here. Note also
that the critical constraint Tr(A — I') < 2 implies b < 1. Moreover, since A — [ is positive
semidefinite, then 2|Aj9| < Tr(A —I) <2 and A;; > 1, so |[A12| < Ay for i = 1,2. The latter
condition means that the matrix is diagonally dominant.

In general, we see that the critical condition (2.31) comes from the CFL condition. As the
ratio between the equivalent space grid step and the time grid step is fixed, the probabilistic
scheme cannot be applied in any case.

We saw that the scheme in [25] is similar to a centered finite difference discretization for
the gradient and a Kushner discretization for the Hessian. We improve it in Section 3.1 by
introducing a sort of probabilistic upwind scheme to deal with terms of the PDE (2.19) in
D,W and an equivalent in probabilistic world of large stencil schemes such as the scheme of
Bonnans and Zidani (see Section 2.1) to deal with terms in D2W. This scheme is used in a
general new technique combining probabilistic methods to max-plus methods which will be
presented in the next sections.
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2.4 Max-plus methods

Max-plus methods were introduced in the optimal control theory to exploit the max-plus
linearity of the semigroups associated to Hamilton-Jacobi-Bellman equations of the first order.
Indeed, even if the HJB equation is non linear, optimal control problems can be seen as linear
in the max-plus algebra. The first methods proposed in the literature were subject to the
curse of dimensionality because they needed the construction of a basis of functions over the
state space as in finite element method and thus needed a discretization in space. A basis of
functions over the state space was fixed and the value function was projected on this basis at
each time step using various techniques.

In 2007, McEneaney proposed in the paper [52] a new max-plus approach where there is
no need to project the value function on a fixed basis of functions at each time step. In fact,
the value function is still expressed as a linear combination of functions in the max-plus sense,
but these functions appear naturally at each time step. The curse of dimensionality of old
max-plus approaches disappeared but a new curse appeared called the curse of complexity.
This new approach was later extended to the stochastic case with the resolution of HJB
equations of the second order ([43, 54, 44]).

We will first define what the max-plus algebra is, then give a brief description of old
max-plus approaches before presenting in the deterministic and the stochastic case the curse-
of-dimensionality free max-plus approach developed by McEneaney.

2.4.1 Definition of Max-plus algebra

The max-plus algebra consists in defining on R the max operator or a min operator as an
addition and the usual addition as a multiplication. The properties of these operators on R
make that they can be used to build a new structure of semi-ring. Indeed, the set RU {—o00}
denoted as Ry,ax equipped with the max operator and the usual addition respectively as
”addition” and ”"multiplication” operators is a semiring called the maz-plus semiring in the
same way as the set R U {400} denoted by Ry, equipped with the min operator and the
usual addition respectively as ”addition” and ”multiplication” operators. The last one is
called the min-plus semiring. The set of functions (resp. upper bounded, continuous, lower
semicontinuous, lower semicontinuous and convex) from a subset Q of RY to Ry is then
a Rpax- semimodule while the set of functions (resp. lower bounded, continuous, upper
semicontinuous, upper semicontinuous and concave) from 2 to Ryin is a Ryip-semimodule.
Using this, the scalar product is redefined on these semimodules in the following way :

< f.g>= sugf(x) +g(x) for f,g € Ry s,
fAS

< f,g>= igg f(x) +g(z) for f,g e RS, .

2.4.2 Max-plus finite element type approaches

The max-plus approaches for solving first order HJB equations rely on the max-plus linearity
of the related Lax-Oleinik semigroup or evolution semigroup. For a deterministic optimal
control problem with finite horizon, the Lax-Oleinik semigroup or evolution semigroup is the
operator which maps for each horizon 7', the terminal payoff function ¥ to the value function
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at time 0. Its expression for a maximization goal is given by

St[¥](x) = sup {/OT L(x(s), u(s))ds + ‘I’(fB(T))}

dx(s)
ds

It is a semigroup as for any ¢, s > 0, S;1s = S;o0Ss, using the Dynamic Programming Principle.
This property allows to write for a maximization problem, that for a given small time horizon
0, W(t—19,-) = Ss(W(t,-)) where W is the value function.

As we said in the introduction of this subsection, another good property of the Lax-Oleinik
semigroup is its max-plus linearity. In fact :

Stlsup{f, g}] = sup{Sr[f], Stlgl}; Srlf+ A =Srlfl+X A€ Ryaa,

where f,g are 2 functions from RY to Rpax, sup{f,g} is the function obtained by taking
the pointwise maximum of f and g, and f 4+ X is defined on R? such that for z € R
(f+A)(z) = f(z)+\. The same observations can be made for a problem with a minimization
goal where the max operator and R,,x are replaced by a min operator and R,j;,.

One approach presented by Fleming and McEneaney in [27] consisted in approximating
the terminal payoff function as a linear max-plus combination of some basis functions (g;);.
Then, the value function was computed inductively by using Ss for small time horizon 4§,
considered as the time step. Sy is approximated by a max-plus linear operator over the max-
plus semimodule generated by basis functions (g;);. The expression of the value function after
each time step J, needed then only the max-plus projection of (Ss(g;)); on the basis functions
(9i)i and a max-plus matrix multiplication.

Another approach presented by Akian, Gaubert and Lakhoua in [4] improved the approach
presented above by introducing another basis of test functions (z;); such that the following
conditions are satisfied :

= f(x(s),u(s)), z(0)==z, zeR’ wu(s)el.

<zj, W(t—10,-) ><< 25, Ss(W(t,)) >, Vj, (2.36)

where W is the approximated value function in this approach.

The highest function W satisfying these conditions is chosen. These conditions introduce
a new requirement in the computation of the value function W when the basis functions (z;);
are different from the basis functions (g;);. It then helps to improve the approximation error
of the method. The drawback of this method is that when the functions (g;); and (z;); are
not Dirac functions, the condition (2.36) can be interpreted as a zero-sum deterministic game
which is not max-plus linear anymore.

All these approaches rely on the choice of basis functions which requires a discretization
of the state space as in finite difference methods. It is thus impossible to avoid the curse of
dimensionality.

2.4.3 Curse of dimensionality free approach of McEneaney in deterministic case

The use of max-plus basis functions in the max-plus methods presented in the above subsec-
tion, leads to a particular type of max-plus methods called the max-plus basis methods.
McEneaney introduced a new category of max-plus methods by exploiting the good prop-
erties of linear quadratic deterministic optimal control problems which are among the few type
of deterministic optimal control problems having a classical solution analytically computable.
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Let consider an Hamilton-Jacobi-Bellman equation in the deterministic case with an
Hamiltonian .## such that the PDE is written as follows :
ow
—ﬁ(t,x) + 7(t,x, D,W(t,x)) =0 (2.37)
W(T,z) = ¥(x) (2.38)

Let us suppose that the objective of the related optimal control problem is to maximize an
overall functional payoff so that —7(t,x, D,W (¢, z)) is a maximum of terms. The first step
in the McEneaney approach is to decompose —57 in a max-plus sum as follows :
—H(t,x, D ;W (t,z)) = max {=H"(t,z,D,W(t,x))} (2.39)
me{l,...,.M}
where each ™ (m € {1,..., M}) is the Hamiltonian of a linear quadratic optimal control
problem and M is called the complexity of the Hamiltonian 7.

Let (St44n)i>0 that we will denote also by (S} )i>0 be the backward evolution operator
of the PDE (2.37) from time ¢ + h to time ¢t and in the same way, let (Si’m)tzo be the
backward evolution operator of the PDE (2.37) where the Hamiltonian .7 is replaced by the
Hamiltonian 5™ for m € {1, ..., M'}. By the dynamic programming principle used to obtain
the Hamilton-Jacobi-Bellman equation,

SEW(t+h,-) —W(t,z) N {8W ]

h o (t.2) = A (t, 2, Dy W(t, 7))

(2.40)
Sy (W(t+h,-) — W(t
(Wt }; ) (¢, 2) ~ [a;;/(t,x) —%m(t,m,DxW(t,$))] , whenh—0
Using equalities (2.39) and (2.40), one deduces that
SEW(t+h, )~ max SP™W(t+h,-)]  when h — 0. (2.41)
meql,...,

As for an horizon T, So.7 = Son 0 -+ 0 Sp—_p,r Where h is chosen small enough and such that
T'/h is an integer, the approximation (2.41) allows one to deduce that

S9 ~ ( max S,?’m)o~--o( max S;Lh’m)-no( max b

me{l,...,M} me{l,...,.M} me{l,...,M}

Let N = T/h. Each S;Lh’m m € {1,..,M}, i€ {0,..., N — 1} being max-plus linear, the
composition operator in the above equality is distributive with respect to the max operator.
So

59~ max Sg’mil 0.0 S,(LNil)h’miN.
(Mg ooy ) E{Lyerry MYV

The number of terms in this last max-plus summation is exponential with the complexity
M. So, even if the curse of dimensionality has disappeared, a curse of complexity appears due
to the exponential growth with M of the number of terms to compute in order to obtain the
final result S%. Pruning algorithms have been proposed to eliminate unnecessary functions
in this final max-plus summation (see [53], [34], [35]).

Linear quadratic evolution operators operate on quadratic functions. They transform
quadratic functions into quadratic functions. So for the method described above to work, the
terminal payoff function must be quadratic or a pointwize maximum of quadratic functions.
The value function will then also be a pointwize maximum of quadratic functions. The method
is said to be idempotent as it preserves the form of the terminal payoff.
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2.4.4 Curse of dimensionality free approach of McEneaney in stochastic case

In the stochastic case, the evolution operator of the Hamilton-Jacobi-Bellman equation is no
more max-plus linear. This complicates the application of the curse of dimensionality free
approach of McEneaney as it is applied to the deterministic case.

To see this, let us consider a stochastic optimal control problem with finite horizon T'
defined as in section 1.1.3 with trajectories (g;i“) s in R™. We drop the dependence on the
time variable and we consider a maximization problem instead of a minimization problem in
order to use the max-plus algebra Ry,ax. The evolution semigroup is (S7)r>o such that :

S7[®](z) = sup {E [ /O U L@ (s), u(s))ds + cp(xx»U(T))} } .

Because of the expectation operator, the equality Sr[sup{f, g}] = sup{Sr[f], STlg]} may
not be true for any function f and g. This fact compromises the max-plus linearity of the
semigroup (S7)7>0-

In [43, 54], McEneaney, Kaise and Han propose another approach specific to the stochastic
case. It uses a sort of max-plus distributivity of the expectation operator over the max
operator which is summarized in the equality below :

E [I?Gazx O (w, z)} = I;leaZXE [D(w, Z(w))], (2.42)

where w represents here a random variable which lives in a subset W of R¢, Z is a possible
continuum set and Z denotes the set of measurable functions from W to Z.

We can see that like the expectation operator, the evolution semigroup in the stochastic
case has this property. It is generalized in Theorem 4.1 to any monotone additively a-
subhomogeneous operator .7 in the following way :

g [max O (w, z)} = max .7 [®(w, Z(w))].
zeZ ZeZ

On the contrary of the max-plus linearity, this distributivity property of the evolution
semigroup which we will call the probabilistic distributivity, does not maintain the cardinal-
ity of elements present in the initial max operator, but it makes it grows at the power of a
functional space. The same algorithm as in the deterministic case presented in the previous
subsection, can then be applied here except that the probabilistic distributivity of the evo-
lution operators which replace the max-plus linearity, will make the number of terms in the
final maximum or minimum very high. This makes the use of a pruning algorithm critical
here, but very hard to implement in practice as the set of elements to which is applied this
pruning algorithm is a continuum set. In [54], McEneaney, Kaise and Han propose a prun-
ing algorithm based on a first discretization of this continuum set by a finite set using the
properties of compact sets. However they do not explicitly explain how to make this first
discretization.

In Chapter 4, we will propose a method which uses the above probabilistic max-plus
distributivity property mixed with probabilistic methods. This mix removes the need to do
this difficult pruning operation.



CHAPTER 3

New probabilistic schemes for
stochastic control problems

In this chapter, we describe two new probabilistic monotone schemes for the resolution of an
Hamilton-Jacobi-Bellman equation in the stochastic case. The first scheme which is simpler,
was introduced in [2] while the second, more complex was introduced in [3]. We make the
proof of the convergence of these schemes and obtain related error estimates in a bounded
setting first by using the results of Barles and Jakobsen (Theorem 2.1.2). We then present
our method and the related results to obtain the convergence of the second scheme in an
unbounded quadratic growth setting.
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3.1 New probabilistic monotone schemes in bounded setting

Let us consider the following Hamilton-Jacobi-Bellman equation :

_a(;/;/ = inf {LW](t,2) + (&, )W + f(t,2)} = 0 in Qr = [0,T) x RY, (3.1)
W(T,z) = ¥(z) in RY, (3.2)

where o7 is a complete metric space, and
1
LYW](t,x) = B Tr[a®(t, ) D2W (t, )] + b*(t, ) - D,W (¢, z).

The coefficients a®, b®, c¢®, f* and ¥ take values respectively in S(d), R?, R, R and R.

Let {By; t € [0,T]} be a standard d-dimensional Brownian process defined on a probability
space (92, #, P).

As Fahim, Touzi and Warin in [25] (see also Section 2.3.3), we introduce functions b :
[0, 7] x R? — R? and ¢ : [0,T] x R — R¥4 such that the PDE (3.1) is written as :

—LXW — F(-,W, D,W, D*W) = 0, (3.3)
with

2% 0)(t,) = O2(t) 4 b(t,2) - Daolt,2) + 5 Te(a{t,2)oT (1, ) D261, ).

#X is the infinitesimal generator of a diffusion process X solution of the stochastic differential
equation

dXs =b(s,Xs)ds + o(s, Xs)dBs.

The Hamiltonian F' of (3.3) is then :
F(t,z,W,D,W,D2W) = jnf {G[W](t,x) + *(t, )W + f*(t,z)}, (3.4)
where
GoIWI(t, z) = % Tr [(a® — oo")(t, &) D2W (t,2)] + (07 — b) (t,2) - DaW(t,2). (3.5

In the following subsection, we build schemes by replacing W, D, W, D2W by conditional
expectations in the same spirit as in [25]. The resulted schemes are monotone with simple
assumptions on the initial PDE (3.1). The results of the following subsection were presented
in [2, 3]. We consider a time discretization .73, = {0, h, 2h, ..., (n — 1)k} with h = T'/n and the
Euler discretization X of the diffusion process X given by :

X(t+h) = X(t) + b(t, X(0)h + a(t, X (1) (Be+n — Br) (3.6)

We denote by .7, the set {0, h,2h, ...,nh}.
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3.1.1 Probabilistic approximation of differential operators and their estimates

We first describe the approximation of the second order derivatives proposed in [2] and esti-
mated in [3]. Consider any matrix > € R%** with ¢ € N and let us denote by ¥, j = 1,...¢,
its columns. We recall that €*([0,T] x R?) is the subset of functions of €*([0,T] x R?) with
bounded derivatives up to order k. For any W € €2([0,T] x RY), we have

l
1 1
3 Tr(o(t, z)X8" o (t,2) D2W (t,z)) = 5 > uTal (t,z) D2W(t,z)a(t,z)S; . (3.7)
j=1

For any integer k, consider the polynomial:

l 4k+2
2 () 12 (e (Elwl) " X

with
1 1

%= hroEnE 0 T g

(3.8)

where NV is a one dimensional normal random variable, and where we use the convention that
the jth term of the sum is zero when ||X j|l2 = 0. This is the sum of Q%J_Jg(w) defined for

each column ¥ ; in the same way as @%k(w)

Let W € ([0, T] x R%), and X as in (3.6), then, under some conditions, the following
expression is an approximation of (3.7) with an error in O(h) uniform in ¢ and x [2, Th. 3.1]:

h'E W (t+ h, X (t+h) P (W2 (B — By) | X(t) = 2| . (3.9)

In order to obtain error estimates for the scheme, we need the more precise following result
(Th. 3.1.1).
For p and ¢ two integers and ¢ a function from [0, 7] x R? to R with partial derivatives up to
order p in t and ¢ in x, we introduce the following notation :

oP+ag
otPox|" .. .8:65‘1

0y D1¢| = sup
(t,x)€[0,T]xR?
(B:)i€N.Y, Bi=q

(t,z)|.

Theorem 3.1.1. Let X be as in (3.6), and denote BZ = Byip — By, Consider any matriz
Y € R with ¢ < d and any integer k € N. Assume that b and o are bounded by some

constant C uniformly in t and x, and let M be an upper bound of \ZET |. Then, there ezists
K = K(C,M) > 0 such that, for all W € €}([0,T] x RY), we have, for all (t,z) € T}, x R%,

hlE [W(t +h, X (E+h) P2, (k2B | X () = x]

_ % Tr(a(t, )25 o' (t,2) DIW (¢, ff))|

< K(1+vVh) [h(ya§D2W\ + 100 D3W | + |00 DW))+

Wh|OF D3W | + h2|82D*W| + h2Vh|32 D*W | + k3| DOW || .
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To do the proof of this theorem, we will need the following results.

Lemma 3.1.1. Let A € S(d). Let UTDU be the decomposition of A after diagonalization,
with U being an orthogonal matrix and D a diagonal matrix. Let k be a positive integer. Let
us define ¢, > 0 as in (3.8b) and Op € R?, K4 € R, and the polynomial ¢4 as follows :

o [0pli == ck[Dl]i; fori=1,...,d,

o o4 RIS R Z s L ([UZ])*+2[0p]; — Ka.
The map ¢4 satisfies, for allp € RY, R € S(d) and j € {1,...,d},

E :¢A(§%)] =0, (3.10a)
E }Aﬁ%)pwﬂ =0, (3.10b)
E :BZTRBWA(%)} = hTr(RA) , (3.10c)
E :[Bi]jBZTRBZm(i’%)] =0. (3.10d)

t
Proof. For t > 0, as % is a Gaussian vector with independent standard normal random

t
coordinates and the matrix U is orthogonal, U % is still a Gaussian vector with independent

. B! . : .
standard normal random coordinates. So [U \/—%]z ~ N, N being a zero-mean, one dimensional

normal random variable with identity covariance.
We thus have :

d
=K [N4k+2} Ci Z[D]“ - 2;:1_4)2

1=

From (3.8b), we have ¢, E [N4*+2] = 1 and since Tr(D) = Tr(A), we deduce that

= T%t2
By ] _
E oa(5h)] =0
which shows (3.10a).
Let p € R?, we have
Bt Bt B!
E [y Bloa(oh)| ~ViE [ Thoa k|

=VhE

t d t
<Up>T<U5%> (Z[Uﬁ%}?k“wmiﬂ

— KAE [\/E(Up)T(U

SLY;

=0 ,
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as each of the terms of this difference can be written as a sum of monomials of odd degree in
[U B—%]Z (1 < i < d) which are independent random variables with standard normal law. This
shows (3.10Db).

Then, we have to notice that using the formula E [N%] = ;2!12)2,! , we have ¢, = (E [N4k+1 — NAk+2]) =1,

So, given R € S(d), we have

E |B.TRB! ¢A( —hE

>

t d ¢
wyururw Sy Z[Uﬁﬂ?k“[emi]

— K4E [B}"RB})]

)

d
=hY [URUT|EIN**2][0p]; + 1Y [URUT]EN*4[0,];

i i=1

— K4hTr(R)

d
=1 Y [URUTEN"2]0p); + h S [URUT); [E[N‘“Hﬂ —E[N*+2]] [9p],
.3 i=1

— KAhTr(R)
=hE[N*+2]¢;, Tr(A) Te(R) + h Te(URUTD) — K 4h Tr(R)
_h Tr(A)
T Tr(A) Tr(R) + h Te(URUTD) — T 2hTr(R)
=hTr(RA) ,

which shows (3.10c).

For j € {1,...,d}, [B}]; = €] B, = (Ue;)TU B}, where ¢; is the vector of R? with 1 at index
7 and 0 everywhere else.

So :

E|[(BL; B, RBlga(2L) | =hv/AE

&) we Wy Biyvrrw Btzd; o Bhysssarg )

vh Vh Vh' h
— K4E [[B}]; B, RBj]
=0,

Bt

i (1<
i < d) which are independent random variables with standard normal law. It shows (3.10d).
O

as this expression can be written as a sum of monomials of odd degree in [B}]; or [U

Corollary 3.1.1. Let A € S(d) be written as A = X7, with ¥ € R%. Let k, ¢, and K4 be
as in Lemma 3.1.1, and define ¢4 : R* = R by

$A(Z) = ex(STZ) M2 /|2)3F - Ka
Then (3.10) holds for this definition of ¢4.

Proof. Let U be any orthogonal matrix such that the first row of U is equal to ([|S|2) 12T
and let D be the diagonal matrix with the first diagonal term being equal to ||X||3 and the
others beeing 0. Then, we have A = UTDU and in this case, the map ¢4 of Lemma 3.1.1
coincides with the one of Corollary 3.1.1. So, the corollary follows. O
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Corollary 3.1.2. Let A € S(d) be written as A = Zle NEET, with A € R, 8, € R and
¢>1. Let k, ¢, and K4 be as in Lemma 3.1.1, and define ¢4 : RY = R by

¢
0a(Z) = cr Yy N(E]Z) P2 /|ISillR — Ka
i=1
Then (3.10) holds for this definition of ¢ 4.
Proof. From the linearity of K4 with respect to A, we get that ¢4 = Zle Ai¢; where ¢; is

defined as in Corollary 3.1.1 with 3J; instead of ¥. Applying Corollary 3.1.1 to each matrix
A; = %,%], and taking the linear combination, A = Ele AiA;, we deduce (3.10) for ¢p4. [

Corollary 3.1.3. The equations (3.10a)-(3.10d) hold for ¢4 = ‘@%,k where A = XXT, with
Y eR™E 1 >1.

Proof. Apply Corollary 3.1.2 to the expression A = Z§:1 DIPII O
Now, we can prove Theorem 3.1.1.
Proof of Theorem 3.1.1. Let X’ff =2+ b(t,x)h+ a(t,z)BL.
E [W(t +h, X (¢4 ) P2 (B | X (1) = x} - E [W(t +h, XET) P2 (V2 BY)

By applying the Taylor formula to order 3 to the function W at point (¢, z), we obtain :

W(t+h,X;") =W(t,z) + 8—W(t, 2)h 4 D W (t,2)T(b(t, 2)h + o(t,z) BE)

ot
+ 300t 2+ a(t, ) BT D2 (1,2)(b(t, )b + o, ) BY)
1 1\ DLW 1,0°W
+ 2h(b(t, x)h + o(t,x)By) Fy (t,z) + 2h 52 (t, )
1
+3 > [bt, 2)h + o(t, ) Byli[b(t, x)h + o(t, x) By;[b(t, 2)h + o(t, z) By
1,7,k
PW
8xza$]a$k (t’ :E)
+ 257 hb(t, )k + ot ) BLLlb(t, )b + ot 7) By _OW
9 — oL, x alt,x hlilO\L, T alt,x h]ataxlaxj » T
1 9 g W 1, 503w
+3 Z R2[b(t, z)h + g(t,x)Bh]lm(t, v) + b (b )

+ M*Y(W,t,z,h,B) .
(3.11)

where M* can be interpreted as the remainder in an integral form of the Taylor formula and
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is a continuous function with respect to its last argument and such that
h4

B3 G
t Z 07 D'W||[b(t, 2)h + o(t, ) By ]|

i=1
h2
T > |07 D*W|[b(t, x)h + a(t, x) Bhli|[[b(t, x)h + o(t, ) B} ]|
i?j
h
t5 > 10FDPW|[b(t, )k + o (t, 2) Byil|[b(t, 2)h + o(t, z) Bh]
4,J,p
|[b(t, 2)h + o (t, 2) B},
1
+ 55 > 1P D W |[b(t, )k + o (t, 2) By il [b(t, 2)h + o(t, z) B
,J:0,q

[b(t, ) + o (t, 2) ByJpll[b(t, 2)h + o (t, 2) Bylg| -

By using Corollary 3.1.3, the term

%(b(t, z)h + a(t,z)BL)TD2W (t,z)(b(t, z)h + o(t,z)B) = h;b(t, ) TD2W (t, 2)b(t, x)

+ hb(t, x)TD2W (t,z)a(t, z) B},
1
+ 5(B)Ta(t, )T D W (¢, 2)a(t, 2) B,

when multiplied by
W 25 (P BY),

has an expectation equal to
1
3 Tr (XXTo(t, ) TD2W (t, z)o(t, z)) .

The other terms in
hlE [W(t + h,Xg7x)<@§k(h*1/ZBg)} ,

are null except terms coming from the product of monomials of degree 2 in [Bf]; (1 <14 < d)
by W%7k(h_1/2B}i) and h'E [M4(W,t,m,h,BZ)e@%k(h_l/QBﬁ)}. This last term is bounded
by a sum of terms of the form

KhP~Y(h 4+ Vh)1PDIW| < KhP~Y(1 + V) (Vh)1)0P DIW|,
where K is a constant function of C' and M and p + ¢ = 4. The other terms are bounded by
Kh(|o} D*>W |+ 8P D*W ) < Kh(1 + Vh) (|0} D*W | + |8Y D3W)).

In this way, we obtain the result of Theorem 3.1.1. O
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Remark 3.1.1. When the second order derivatives approzimation (3.9) will be used in prob-
abilistic schemes in the next subsections, a value of k high enough will be required for these
schemes to be monotone. We can see that a high value of k tends to increase the weight of the
values of the function W at points far from (t,x) and decrease the weight of the values of the
function W at points close to (t,z) in the approximation of the second order derivatives. In
this way, approzimation (3.9) is analogous to a large-stencil finite difference approximation
of the second order derivatives. This analogy will be used in the next subsection to name the
resulted schemes.

Let us also introduce the following approximation of the first order derivatives. For any
vector g € R, consider the piecewise linear function g@; on R? :

Py (w) =2(g4 - wy +9--w_) (3.12)

where for any vector i € R?, i, u_ € R? are defined such that [p,]; = max([u];,0), [p_]; =
— min([4];,0). Note that 2; is nonnegative. We shall show that

E[(W(t +h, X5 — W (t,2) 2L (h ' BY) (3.13)
is a monotone approximation of
(a(x)g) - DLW (t, ) .
Before this, let us note that if o(x) = 1, b(z) = 1 and h~Y/2B! is discretized by a ran-

dom variable taking the values 1 and —1 with probability 1/2, then the discretization (3.13)
corresponds to the Kushner (upwind) discretization found in [48]

d W (t—+h,x+ hY/2e;) — W(t, z) W(t+h,z — h'/%e;) — W(t, z)
Z l9i]+ Rl/2 +[9i]- Bl/2
=1

Theorem 3.1.2. Let Xflw =z + b(t,z)h + o(t,x)(Bitn — Bi) and denote B, = By, — B;.
Consider any vector g € R%. Assume that b and o are bounded by some constant C' uniformly
int and x, and let M be an upper bound of |g|. Then, there exists K = K(C,M) > 0 such
that, for all W € €2([0,T] x RY), we have, for all (t,z) € F, x RY,

(a(t,z)g) - DaW(t,z) — E [(W(t +h, XY - W, m)),@gl(h—lB,g)} ‘
< K(1+ VR [VR(0} D°W| + [0 D'W| + |00 D*W )
+h(|at101W|)+h\/E|a§D0W|] .

Proof. By applying Taylor formula to order 1 to the function W at point (¢, x), we obtain :

Wt -+ h, X)W () =21+ DLW (1, )T (bt 2)h + o1, ) BY)

+ M?*(W,t,z, h, B}),

(3.14)
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where M? can be interpreted as the remainder in an integral form of the Taylor formula and
is a continuous function with respect to its last argument and such that :

1
|M*(W, t,2, h, B})| <3 Y 1P D*W[b(t, 2)h + o(t, 2) BYLil [b(t, @)k + o (t, @) By
ij

1
+ 0 YR DWWt )b + o(t, 2) Bl + 5h0DOW]

E [D,W (t,x)Ta(t,x) Bl 2L (h "' BY)]

2B [D,W () Ta(t,2) Bl (o (B« + 9 (B1))]

= %E (Z[DxW(t,w)]i[a(t,ﬂf)]ij[BZ]j) (Z[gAk[(BZMk + [g]k[(BZ)]k)]

i, k

= %E > DLW (t2)ila(t, )i (Bl (l9+);((Bi)+; + [9-151(Bf)-1;)

i

B %Z[DIW(t’ o)ila(t, 2)]ij (l9+;E [[(BL)+13] — [9-1E [[(BR)-17]) -

2%
E[[(B})+]3] = hE Bi 2l =hE N0 ="
H( h)+]j] = [(ﬁ)-ﬁ-]j = [max(N,0)7] = BX
where N is a Gaussian one dimensional variable. In the same way,
h
E[((B) 1] = 2.

So

E [D,W(t, x)Ta(t, x) B, 2y (h ' B})| = Y [DaW (¢, )lila(t, 2)]i (945 — l9-15) _
i,j 3.15
=D, W(t,z) - (a(t,x)g).

The terms of E [(W(t +h, X)) — W(t, x))e@gl(hleZ)} involving the partial derivatives
of order 2 (through M?(W,t,z,h, B!)) can be bounded by terms of the form
KhP~Y2(h 4+ Vh)10P DIW | < KRP~Y2(1 + VR)2(VR)1|aP DIW |,

where K is function of C' and M, p+ q = 2.
The other terms can be bounded by

KVh(|0} DWW | +18°D'W|) < KVh(1 + Vh)2(|0} D°W| + |80 D'W)).
In this way, we prove Theorem 3.1.2. O

In addition to the approximation of the first and second derivatives, we will need a prob-
abilistic approximation of .ZXW.
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Lemma 3.1.2. Let Xix = x+b(t,x)h+a(t,z)(Biyy—Bt). Assume thatb and o are bounded
by some constant C uniformly in t and x. Then, there exists K = K(C) > 0 such that, for
all W € €40, T] x RY), we have, for all (t,z) € T}, x RY,

’h*l <E [W(t + h,X;f;’”)} - W(t,:c)) - .,%XW‘
< K(1+ VR)* |00 D*W]| + |0} D'W| + |97 D°W | + |60 D*W]| + |9} D*W| + [0 D*W|)
+hVh|O} D3W |+ W2 (|82 D*W | + |82 D'W | 4 |8, D°W|) + h2Vh|8; D' W |
+h3ya;*DOW@ .
Proof. We consider the Taylor development (3.11) of W (t + h, Xff) that was used to prove

Theorem 3.1.1. From this development, we can notice that .ZX W appears naturally in the
expression of

Bl (E [W(t +h, X,tff)] W, x)) :

The other terms involving the derivatives of order 4 through M*(W,t, x, h, BZ) are bounded
by expressions of the form

KhP~Y (h+Vh)1|8P DIW| < KhP~ (1 + V) (Vh)1|8P DI | (3.16)

and K function of C, and p + ¢ = 4.
The terms left from the Taylor development of W (t+h, X}th) are bounded by the following
expression :

Kh(|0PD*W | + |8} D'W | + [02D°W | + (1 4+ VR)2(|0° D*W | + |8} D*W )
+Kh*(|0?D'W | + |02 D°W )

< K1+ Vh)*n(|oPD*W | + |0} D'W | + |02D°W | + |8° D*W | + |8} D*W|)
+Kh*(|0; D'W| + |97 D'W|)

In this way, we obtain the result of Lemma 3.1.2. O

We add to these results, the estimates of the probabilistic approximation of D,W (t,x)
used by Fahim, Touzi and Warin in [25]. Let for any vector g € RY, 9;’0 be the linear
function on R such that :

@gl’o(w) =g-w. (3.17)

Lemma 3.1.3. Let X}tf and BZ be as in Theorem 3.1.2. Consider any vector g € R, Assume
that b and o are bounded by some constant C uniformly in t and x, and let M be an upper

bound of |g|. Then, there exists K = K(C, M) > 0 such that, for all W € €2([0,T] x R?), we
have for all (t,z) € T, x RY,

(a(t,z)g) - DWW (t,z) — E [W(t +h, X,ﬁv”)@gl’ﬂ(h—lBg)] ] (3.18)

< K(1+ Vi) [VRIOP D*W |+ b0} D'W| + n/RIo; D°W || (3.19)
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Proof. We use the same Taylor development (3.14) of W at point (¢,z) as in the proof of
Theorem 3.1.2. The terms

E [W(t,x)ﬁgﬁo(hleg)] ,
oW _
B |G 200 B

E [D.W (t,2)Tb(t, x)h 2, (' B})]
are all null as E [Qg’o(hlefl)} =0.

E [D.W (t,x)To(t, ) B}, 2,°(h~ ' B})]

= %E > DLW (t,2)ilo(t, 2))i; (B (Z[Q]k[BZ]k)
i,j k
_ %E oD (¢ )t )y B3 o)

=D, W(t,x) (a(t,x)g).

The other terms of E [W(t + h,f(}i’x),@;’o(hqBﬁ)} coming from M?*(W,t,x,h, B!) can be
bounded as in the proof of Theorem 3.1.2. This gives the result of the lemma. O

3.1.2 Monotone probabilistic schemes and convergence

We will prove the convergence of two different schemes here under some simple assumptions
on the PDE (3.1)-(3.2). The first scheme presented in [2] uses a mix between second order
derivatives approximation (3.9) and the scheme of Fahim, touzi and Warin found in [25]. We
will call it large stencil probabilistic scheme. The second scheme presented in [3], is a better
version of the first scheme where the upwind first order derivatives approximation (3.13) is
used with the second order derivatives approximation (3.9). We will call it upwind large
stencil probabilistic scheme.

3.1.2.a Large stencil probabilistic scheme The scheme is very similar to the one of Fahim,
Touzi and Warin detailed in Section 2.3.3 except that we use approximation (3.9) for the
second order derivatives. As this approximation depends on the coefficient matrix by which
is multiplied the Hessian D2W, it can not be used just as an input of the Hamiltonian F
of (3.3). We need the decomposition of F' as a infimum of Hamiltonians which are affine in
W, D,W and D2W. This decomposition is given by (3.4).

For each o € &7, we suppose that there exists a function 3 : [0, 7] x R — R for ¢ < d
such that for any (t,z) € [0,7] x R%:

(@® — goT)(t,z) = (aXT°TaT)(¢, z). (3.20)

One may use for instance the Cholesky factorisation of the matrix (¢~ (a®—oaT)(aT) 1) (¢, x).
To ensure the existence of this Cholesky factorisation, we suppose that

a®(t,z) > (ea’)(t, x),
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and ¢(t, ) is invertible for any a € & and (t,z) € [0,T] x R<.
The scheme is then, with the notations introduced previously:

{ Wh(t,z) = TQ ,[Wh(t + h,)](t, ), (t,z) € T x R,

h 7 d (3.21)
WHT,x) :=¥(x), xe€R?
with

T ,[0](t,2) == E [cp(f(;f)} +h inf {IE [(I)(be’x)h‘lg@a(t’x)’k(h‘l/zB};)}

FE DX 200 e (B (3:22)
+ c(t,x)E [@()A(,tlz)} + f(t, x)}

We now establish the conditions under which this scheme is convergent.
Lemma 3.1.4 (Consistency). Assume :

e g and b are bounded in t and x;

e g0 is lower bounded by a positive matriz uniformly in t and x;

e a%, b® and c® are bounded in t, x uniformly in o;

o the left hand element of PDE (3.3) is continuous in t and x.
Then, for ¢ € €([0,T] x RY),

o s ) ~Thllet s +h))(s.w)

(8,y)—(t,2) h
(h,c)—(0,0)
s+h<T

= —(ZLX(t,2) + F(t,2,6(t,x), Ded(t, ), D2g(t, x))).

Proof. In the conditions of Lemma 3.1.4, Theorem 3.1.1, Lemma 3.1.2 and Lemma 3.1.3 can
be applied. Indeed, the second condition on goT implies that ¢~ ! is bounded. So with the
others conditions, ¥ and o~ (¢, z)(b* — b)(t, ) are bounded.

Let ¢ € €4([0,7] x RY) and (s,y) € [0,T] x R? and ¢, h > 0 small such that s + h < T

(c+)(s,y) — TP ,l(c+ @) (s +h,)](s,y)  @(s,y) —E [0(s+h, X3)]
h N h

. S, - - s S, 1,0 - s
B o}é{; {E [(b(s B, Xy )h 1‘@%0‘(87y)7k(h 1/23’1)} +E [¢(S Xy y)‘@fl(syy)(bafb)(s,y)(h lBh)}

+ (s, y)E [¢(s n h,X;’y)] + s, y) + cE [h—l,@ga(s,y)yk(h—lﬂz@g) + 0 (h—lB;)}

o1 (5,9) (b—b) (s.,y)
+ cc?(s, y)}
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By Theorem 3.1.1 and the definition of X%,

5 T (0 — 00) (s, 9)D20(5,9)] — O(h) < B [8(s + b, Xp")h™ Py 1 (07 B7)]
1

IN
N |

Tr [(a® — ga")(s,y)D3¢(s,y)] + O(h),

where O(h) is uniform in s, y and «.
In the same way, by Lemma 3.1.3,

(ba - Q)(S, y) : Dx¢(5> y) - O(\/E) <E |:¢(S + h, X}?y)yéi)l(S’y)(ba,@(sjy)(hilBiSL)}
< (0" = b)(s,9) - Dxd(s,y) + O(Vh),

where O(v/h) is uniform in s, y and a.
By Lemma 3.1.2, we have :

6(s,y) ~ E [o(s + b, X;)
h

+O(h) < —LX¢(s,y)

6(s,9) — E [¢(s + b, X

<
- h

+ O(h),

where O(h) is uniform in s, y and a. As band g are bounded in s and y and ¢ € 6;*([0, T]|xR?),
LXp(s,y) = O(1). This allows us to deduce that :

6(s,9) = O(h) < E [o(s + h, X;")| < 6(s,9) + O(h).
Then as ¢ is bounded in s, y uniformly in «, we have :
¢ (5,4)8(5,) — O(h) < (5, 9)E [6(s + b, ;)] < *(5,9)0(s5,9) + O(h),

where in all these inequalities, O(h) is uniform in s, y and o.

2 —1/2 ps 1,0 —1psy\|
cE [@Ea(s’y),k(h B+ P2 oo Bh)} ~0 (3.23)

and cc®(s,y) = O(c) with O(c) uniform in s,y,a as ¢® is bounded. All these observations
allow us to deduce that

o (et 9)s.w) ~ Tl 6)(s +h )]s y)

(h,e)—(0,0) h
s+h<T

= —(LX6(s,y) + F(s,y,0(5,9), Dud(s,y), D26(s,)))
— = (LY¢(t,x) + F(t,z,¢(t,x), D2g(t, x), Dig(t, ))).

(s,:y)=(t,z)

O]

Before giving results related to the monotonicity, we are going first to define what we call
a monotone operator.
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Definition 3.1.1. An operator T is monotone on a space 9 of functions if for any couple of
functions ¢ and ¢ in P,
¢ < =Tl¢] <T[Y).

Lemma 3.1.5 (Monotonicity). Assume that :
e 0 and b are bounded in t and x;
e 00T is lower bounded by a positive matriz uniformly in t and x;
e a%, b® and c® are bounded in t, x uniformly in «;
e There exists a bounded map g : [0,T] x R? — R? such that
oL (1) (6 = b) (1) = 2Ot 2)g° (1, ).
Then for k > ko to compute, there exists hg such that Tg,h is monotone for h < hg over the

set of bounded functions R® — R and there exists C1 such that T%h is C1h-almost monotone
for all h > 0 which means that for ¢ and v bounded functions in R — R

¢ < tp = T}, [¢] < T}, [W] + Cihsup(v — ¢). (3.24)

Proof. Let ¢,7 : R = R be bounded such that ¢ < ¢, h > 0 and k € N. Let ¢ be a
bounded map [0, 7] x R? — R? such that

o (t,2) (6 — )(t,2) = (L, 2)g" (1, ).

T 4l0](t2) = inf {E[p(X;") 27 b0 2BL)| + hf*(t o)}

acd

where
Wt’x’o"k’h(w) =1+ z@%a(t,x%k(w) + h:@é’g(m)ga(m)(h_l/Qw) + he(t, ).
We now use the inequality :
inf d* — inf €® > inf {d* — €%}

for (d“), and (€)q, two families of real numbers indexed by the parameter «. This allows
us to deduce that :

(T8[0) = TRl 2) = inf {E | —o)(Xf") 2t bh(n=1/2))] |
Let C be a bound of ¢* and g* in ¢, x uniformly in a.
PErekh () > 1 = BPO|SY(E 2) w2 — hC + Py i)

In the following development, we use the inequality

/4 q
de<® i@ (3.25)
p q
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for d,e > 0 and % + % = 1. For any matrix ¥ € R w € R?%, and €, > 0, we have

€ 1
»T < IuT w2+ =
127 w2 < 2|| wl[3 + P

0 T 2
€ R w]j) 2 1
=512 1Z5l2 ) + 52
2 \i= ( =0z ) ") T e
ok ¢ T 4k+2 ¢
€n [ w]j) 9 2ke 9 1
= ile |+ e Sila |+ 5
< 32;1(124“2 1505 ) + Gy | 2219 | +
2k T
€n 1 Tr(XX") 2ke T 1
k-2 ( Sk T T ) T ey ) T

with ¢, > 0 as in (3.8). At the first line, we wrote |ET w||z as Le| ST w||s and used (3.25)
with p = ¢ = 2 and d = €[|X7 w|| and e = 1. We used this operation at the third line too
by writing ([ET w]j>2 as <7 ([ET w]j)Q and using inequality (3.25) with p = 2k +1, ¢ = 2£H1
1% .51l2 n 1X5ll2 ) ) 2%
d:n(M>2 and e = 1.
125112

In the conditions of Lemma 3.1.5, ¥ is bounded, so is Tr(X%(¢,z)%%(¢,z)" ). Let @ be a
bound of Tr(X(t, z)2%(t,z)7).

Taking n = €2 such that hl/zCﬁj; ¢’ =1 and using that Tr(3(t,z)2%(t,2)7) < @, we
obtain

a RY20 2k 1

t,x,ok,h >1_ o o — - )
= (w) 21 =hC' = = (2%t 3)

We can observe that

h1/2 -1_9q
“ +27k
(4k + 2)cg \ @D
- Chl/2
1
By letting C}, = <%) @D we thus have
1/2
W70 _ C ity
€ C’,i
_ C 24
Ci
Since hl/# is a multiple of A(2k+1)/(#k+1) "there exists a constant Cj, depending on k and a,
such that

gzt,x,a,k,h(w) ZLk,h =1—hC — 4];3_ 5 _ Ckh(2k+l)/(4k+l) 7

for all w € R% Let us choose k such that ﬁ < 1. We get that the lower bound Ly of
ptrakh is nonnegative for h < hqg for some hg > 0, which implies that T% 5 1s monotone.

Then, for h > hg, CpxhPkFHD/(4k+1) /< C' for some constant C! > 0, which implies that
Ly, > —h(C+C') for all h > 0. This shows that Tg}h satisfies (3.24) with C; = (C+C"). O
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Remark 3.1.2. In the condition of Lemma 3.1.5, the existence of the bounded map g can
be ensured by the fact that a® — oo™ is uniformly lower bounded by a positive matriz.

We will need the following definition in what follows.

Definition 3.1.2. We say that an operator T between any sets F and F' of partially ordered
sets of real valued functions, which are stable by the addition of a constant function (identified
to a real number), is additively a-subhomogeneous if

AERAN>0, 0¥ = T(p+ ) <T(p)+al . (3.26)

Lemma 3.1.6. Assume c® is upper bounded in t, x uniformly in a. Then, Tg p 45 additively

ay, subhomogeneous over the set of bounded continuous functions R* — R, for some constant
ap =14+ Ch with C > 0.

Proof. Let ¢ be a bounded continuous function from RétoR and A\ > 0. Let C > 0 be a
constant such that ¢® < C. Let (t,z) € [0,7] x R%. As :

o E [‘@%a(t,x),k(h_l/zBZ)} =0;
1,0 - —_N-
© B[220 oy ey (T BR)| = 00

Definition 3.22, implies that Tg}h[qb—i—)\] < Tg’h[qﬁ]—l—(l—i—(}’h))\. Hence, the result of lemma. [

Lemma 3.1.7 (Stability). Let assumptions of Lemma 3.1.5 and Lemma 3.1.6 hold. Assume
that f® is bounded in t, x uniformly in o and let W" be the solution of the scheme (3.21)
where U is a bounded function. Then W is bounded, meaning that the scheme is stable.

Proof. f*bounded uniformly in ¢, z and « implies that there exists C' > 0 such that |T2’ ,10]] <
Ch. The assumptions of Lemma 3.1.5 imply that there exists Cy such that T% p is Crh-almost
monotone. We can take C; = C. As assumptions of Lemma 3.1.6 also hold, we can also take
C' such that T%h is additively (1 + Ch)-subhomogeneous. Let us suppose that |[W"(t + h, -)|
(t € J,) is bounded by a constant Ky p. Then, by the C'h-almost monotonicity

Wh(t,-) < TP [Kien] + Ch(2K 1)
The (1 + Ch)-subhomogeneity of T9 , implies that

T Kern] < TL,0]+ (1 + Ch) Ky,
< Ch+ (14 Ch)Ky.
Hence,

Wh(t,-) < Ch+ (14 3Ch) Ky 4.

By symmetry, we obtain that |W"(t,-)| is bounded by K; = Ch + (1 4+ 3Ch)K;.,. We
suppose also that the bound of ¥ is C. We deduce by induction that [W"| is bounded by
(1+3Ch)T/"(1+3Ch+C) < 3T (1+ C + 3Chy). O

Theorem 3.1.3 (Convergence). Assume that :
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o a%, b, %, f% W are bounded in t, x uniformly in o and Lipschitz continuous with
respect x with a Lipschitz constant independent of o and t;

e 0:[0,T] xR = R¥> gnd b:[0,T] x R? = R? are continuous functions and such that

— a% — oo is lower bounded by a positive matrix uniformly in t, x and «;
— o0oT is lower bounded by a positive matrix uniformly in t and x;

— b and o are bounded;

Then, the PDE (3.1)-(3.2) has a unique bounded continuous viscosity solution and the scheme (3.21)
converges to this solution.

Proof. The fact that the PDE (3.1)-(3.2) has a unique bounded continuous viscosity solution
comes from the first assumption and Theorem 1.2.2 due to Barles and Jakobsen, which gives
us also the fact that the PDE (3.1)-(3.2) satisfies a comparison principle in the space of
continuous bounded functions. This first assumption with the other allow the assumptions
of Lemma 3.1.4, Lemma 3.1.5, Lemma 3.1.7 to hold. Theorem 2.1.1 due to Barles and
Souganidis allow us to conclude that the scheme defined by (3.21) converges to the viscosity
solution of (3.1)-(3.2). O

3.1.2.b Upwind large stencil probabilistic scheme In this scheme, we use the upwind
first order derivatives approximation (3.13) instead of the approximation of Lemma 3.1.3.
Moreover, we do not approximate W by .@gh[W] in the Hamiltonian as Fahim, Touzi and
Warin in [25].
In the sequel, we will first obtain a raw form of the discretized equation before writing it
in the form of a scheme. We will use the notations X;x and B}, introduced in Section 3.1.1.
Let us define ¥* as in the previous subsection ((3.20)) and g such that

(0% = b)(t, z) = a(t, x)g" (L, ). (3.27)

In the PDE (3.3) where the Hamilonan F' is given by (3.4), we approximate for (¢,z) €
Th x R,

LEXW(t, x)

E [W(t + h,f(;ﬁ} Wt z)
- .

We also approximate for a € <7, (t,z) € 7, x RY,

5 T [(® — a6, 2) D2W (1, 2)]

1 e B
EE |:W(t + I, X]tz, )@%a(t,z),k(h I/ZBItz)i| )
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and

(b = b)(t,z) - DLW (t,x)

E[(W(t+h X57) = W(E2) P (0B

This gives us the following equation as an approximation of (3.3).

E [W(t +h, X;;"”)} —W(t,x) )
_ 9 . Atva" 2 —1/2 t
h J?ﬁ/{ BE W+ X35 PR (072 B))|

+E [(W(t +h, X5y — Wt :r))@gla(t,x)(h_leL)}

+ c*(t, )W (t, x) + fA(t, x)} =0,

(3.28)
which is equivalent to :
sup { —E [W(t + 1, Xp ) (14 Py (BB + h'@;a(t,x)(h‘_lB;L))}
' (3.29)

+W(tz)(1 + hE [@;a(t’x)(h_lBZ)] ~ he(t,z)) — hfO(t, x)} ~0.

Let
TP, 5(t,x) := 1+ hE [y;a(t,r)(hle,g)} ~ he(t, z),
and
T an(t:) =1+ Pea y (W PBL) + WPy (W BY).

Lemma 3.1.8. If TP 5(t,x) is lower bounded by a positive constant uniformly in o (which
happens if ¢ is lower bounded uniformly in o and h is small enough), then equation (3.29)
implies that

E [W(t +h, XE)TY, o 5t 2)| + hfo(t, )
W(t,z) = inf

3.30
acd ThDoc 5(t, ) ( )

Proof. Let suppose that equation (3.29) holds. Let M (¢, z) > 0 be a lower bound of T,fa’B (t, ).
Then for any € > 0, there exists a, such that :

E W (t+ h, X3 ") T 00 5t ar)] +hfoe(t, @) — W(t2) T, pt,o) <e
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This gives us :

E [W(t +h XEDVTN, o, a;)} Fhfoe(t, x) )

< + W(t, r)
TlLDaE,B(t7x) ThDamB(t, x)
E [W(t n h,Xt@)T,th%B(t,x)} Fhfee(t, ) .
= < Wt x).
TP, () S M) TVE2)

By letting € go to 0, we obtain that :

E [W(t +h, XETY, st x)] Rt z)
inf

acd ThDa B(t, x)

E [W(t + b, XETY, o s, x)} +hfe(t, x)
<lim )
e—0 Th,ae,B (t7 aj)
<W(t,z).
On the other hand, for o € & :
O0<E |:W(t + ha X}t{z)Tlﬁ\,fh,a,B(t CL’):| + hfa(t7 l’) - W(ta x)Tffa,B(ta $>

E [W(t +h, XEOVTY, 5t a;)} +hfo(t,z)

=W(t,z) <

ThDa B(t,x)
E [W(t +h, XTI, Lt x)} +hfot,z)
=W(t,z) < inf D’ -
acd T}y o p(t, @)
Hence the result of the lemma. O

Lemma 3.1.9. If ThDaB(t,x) 1s lower bounded by a positive constant and upper bounded

uniformly in o (which happens if g¢ and ¢ are bounded), then equation (3.29) is equivalent
0 (3.30).

Proof. The implication (3.29) = (3.30) has been proved in the previous lemma.
We now suppose that equation (3.30) holds and T,fa’B(t,a:) > M(t,x) > 0. Let N(t,x)

be an upper bound of T£a73(t, x). Then for any € > 0 there exists a, such that :

E [W(t + b, XETY, o st x)} Fhfe(t, x)
Tf{h (t,z)

<W(t,x)+e.

This gives us

[ (t+ h, Xy )VT 0o p(t2) | + RO (L x) S W ()T, p(t,o) + €T, p(t, )
~E W

SE (Wt + b, X T,

t+h, X)) Tkh% (t, ) } + hfoe(t,x) < W(t,2)T)2,, p(t,z) + eN(t, z)
)| + bt ) = Wt o) T, 5t o) < eN(t7)
B

= inf [ (t+h, X”)Tkha( >}+hfa(t z) — W(t,w)T£a7B(t,x)}geN(t,x).
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By letting € goes to 0, we then obtain

inf {]E [W(t +h, XEYTN, st x)} + ROt ) = Wt ) TP, s, x)} <0.

acd
On the other hand, for a € & :
E [W(t + h, X}t;x)Té\fm’B(:ﬁ, :z:)] + hfo(t, z)
T,f%B(t, x)

=E |:W(t + h7 X;L,x)TIf:\,[h,a,B(ta .'L‘)] + h‘fa(ta .I‘) = W(t7 $)T£Q,B(t7 .’E)

> W(t, )

SE W+ hy X T 0,6(t2)] + RS (@) = W 2) T 5t 2) = 0

= inf {E[W(t+h X, 05t 2)] + 0 (1a) = Wt )T, gt a) | = 0.
[e7SX o T

Hence, in the conditions of the lemma, equation (3.30) implies (3.29). Hence, the result of

the lemma. O
Now, let us consider the following scheme :
Wt 2) :=Tp, Wt +h))(t2), (t2) € T xR (3.31)
WhT,z) =V (z), zeRY, '
where
E [@(X;;@)Tghw(t, )| + hfe(t, 2)
T,Lh[(l)](t,x) = inf (3.32)

acd ThDa B(t’ $)

We are going to give the conditions under which this scheme is convergent.

Lemma 3.1.10 (Consistency). Assume that :
e g and b are uniformly bounded in t and x;
e g0 is lower bounded by a positive matriz uniformly in t and x;
e a%, b and c® are bounded in t, x uniformly in «;
o the left hand part of PDE (3.3) is continuous;
Then, the scheme (3.31) is consistent with PDE (3.3).

Proof. In the conditions of the lemma, ¢! is bounded, so is g%, £¢. ¢ is also bounded. Then
by Lemma 3.1.9, the scheme (3.31) is equivalent to the discretized equation (3.30) which is
equivalent to equation (3.28). Moreover, Theorem 3.1.1, Theorem 3.1.2 and Lemma 3.1.2 can

be applied.
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By using these results and letting S(h,t,z, W(t,z), W(t 4+ h,-)) be the left hand side of
equation (3.28) for W € £2([0,T] x R%), we have :

S(ha s, Y, W(Svy) + C7W(S =+ h7 ) + C) = _gXW(Say) + O(h)_

inf {; Tr [(a® — oo™ (s,y) D2W (s,9)] + O(h)

+ (0% = b)(t, x) - DLW (t, ) + O(VR) + c(t, x)W (t,z)

+ [ w) + CO‘(t,fL’)C},

for (s,y) € [O,T] x R? such that s + h < T. We can notice that ¢ disapear everywhere
in the expression of S(h,s,y, W(s,y) + ¢, W(s + h,-) + ¢) except as a factor of ¢“(t,x) as

E ,@%a(m)’k(hﬂﬂB}i)] —0.

As ¢® is bounded uniformly in ¢, z, a, ¢*(t,x)c = O(c). So :
li S(h W W h,-
a0 (h,s,y.W(s,y) + ¢, W(s+h,-) +c)
= _EXW(Sv y) - F(S, Y, W(S? y)7 DxW(Sa y)7 D:?:W(Sv y))

T L W) = (b, Wt 2), DaW(t,2), DEW (1)),
s,y)—(t,x

because of the continuity of —ZXW(.,-) — F(-,-,W(-,-), D;W(-,-), D2W(-,-)) which is an
assumption of the lemma. Hence, the consistency of the scheme (3.31) with PDE (3.3). O

Lemma 3.1.11 (Monotonicity). Assume that :
e 00T is lower bounded by a positive matriz uniformly in t and x;
e 0 is bounded in t and x;
e a® is bounded in t and x uniformly in «o;
There exists ko € N such that for k > ko, the scheme (3.31) is monotone.

Proof. The conditions of the lemma ensure that X% is bounded in ¢, £ uniformly in «. Let C
be a bound of .

¥e(t, z)|?
TN t >1— |7’
k,h,a,B( ,T) > ik + 2
02
>1— .
- 4k + 2

Let ko be such that ;S < 1. Then for k > ko,

1
Té\,fh,a,B(t7 .%') > 5 > 0

Hence the monotonicity of the scheme. O
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Lemma 3.1.12. If ¢ is bounded in t and x uniformly in o, then there exists hyg > 0 such
that for h < hy, T}Ch is additively ap-subhomogeneous over the set of bounded continuous

functions R* = R for some oy, = 1 + Ch with C > 0.

Proof. As E ﬁga(t 2) k(hfl/QB,tL)} = 0, for ® a bounded function from R? to R and A > 0,

we have

1 E [@(X;f)T,gYMB(t, x)} +hfot, z)

1+
acd TP gt )

+ A

he?(t, x) ]

T,me(t, x)

As ¢ is bounded in ¢ and x uniformly in «, there exists ho such that for h < ho, TP, 5(t,x) >
M > 0. In this setting, there exists C' > 0 such that

c*(t,x) <C
Tfa’B(t,x) -

hence the result of the lemma. O

Lemma 3.1.13 (Stability). Let the assumptions of Lemma 3.1.11 and Lemma 3.1.12 hold.
Assume that f is bounded in t and x uniformly in o and let W" be the solution of the
scheme (3.31) where ¥ is a bounded function. Then there exists ko € N and hg > 0 such that
for k > ko and h < hg, W" is bounded, meaning that the scheme is stable.

Proof. The assumptions of Lemma 3.1.12 imply that there exists hg such that for A < hy,
the operator T} , is additively (1 + Ch)-subhomogeneous for C > 0 and T2, 5(t, ) is lower
bounded by a positive constant M.

T, [0](t, x) = h inf {W}

acd T}Pa B(t’ :E)

As f% is bounded and T, ,?a g is lower bounded in ¢ and z uniformly in «, inf,c {M}
n h,a,B\"

is bounded. We can take C' also as its bound.
Let us suppose that |[W"(t+h,-)| (t € Z3,) is bounded by a constant K;,. By Lemma 3.1.11,
there exists kg € N such that for & > kg, the scheme (3.31) is monotone. So for k > ko,

Tin[—Kien] < WL, ) < Thp [Kign].
By the (1 4+ Ch)-subhomogeneity of the operator T,%/,yh, we have :
T[0] < Th = Kign] + Ky (1+ Ch)
= — Ch - Kt+h(1 + Ch) S Tllg7h[_Kt+h]7
and
TinlKisn] < Th 0] + Kipn(1+ Ch)
=T 1 [Kirn] < Ch+ Ky (14 Ch).

Hence, [W"(t,-)| is bounded by Ch + K;,4(1 4+ Ch). If C is also a bound of ¥, then by
induction (we can also use the Gronwall Lemma), we obtain that |[IW"| is bounded by (1 +
Ch)T/M1+ Ch+C) < €T (14 C + Chy). O
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Theorem 3.1.4 (Convergence). Assume that :

e a%, b, ¢, f* W are bounded in t, x uniformly in o and Lipschitz continuous with
respect x with a Lipschitz constant independent of o and t;

e 0:[0,7] xR — R4 gnd b:[0,T] x R = R? are continuous functions and such that

—a*>gal
— o007 is lower bounded by a positive matrix uniformly in t and x;

— b and o are bounded;

Then, the PDE (3.1)-(3.2) has a unique bounded continuous viscosity solution and the scheme (3.31)
converges to this solution.

Proof. We use Theorem 1.2.2 to obtain the existence and unicity of the viscosity solution of
PDE (3.1)-(3.2). The convergence of the scheme (3.31) is then deduced from Theorem 2.1.1
as a consequence of Lemma 3.1.10, Lemma 3.1.11, Lemma 3.1.13 and the comparison prin-
ciple of the PDE (3.1)-(3.2) in the space of bounded continuous functions obtained from
Theorem 1.2.2. O

Remark 3.1.3. We can notice that the convergence of this second probabilistic scheme re-
quires less restrictive conditions than the first one presented in Section 3.1.2.a as a® — go’
should not necessarily be lower bounded by a positive matrixz uniformly in t, x and o, but is
just required to be nonnegative.

3.1.3 Error estimates of probabilistic schemes
We now use Theorem 2.1.2 to obtain error estimates of each scheme presented in the previous
subsection. For that, we will need a few lemma to be able to apply Theorem 2.1.2.

3.1.3.a Large stencil probabilistic scheme We start by the large stencil probabilistic scheme.

Lemma 3.1.14. Under the conditions of Lemma 3.1.5, there exists A\, > 0, hg > 0 such
that if h < hg, W < V are continuous and bounded functions on 5, x R%, and ¢(t) =
eMT=D(q +b(T —t)) + ¢ for a,b,c >0, then :

SY(h,t,z,r+ ot), [W + ¢|(t + h,-)) > SY(h,t,z, 7, V(t+h,)) +b/2 = Xe in Tj, x RY,
where

r— Tg,h[q)] (tv :C)
h )

S(h,t,xz,r ®) = (3.33)

(t,2) € T, xR, r € R, ® bounded function on R?.

Proof. Let pu,a,b,c > 0, and ¢ be defined as in the lemma. Let W < V be two continuous
and bounded functions on %, x R?. Under the conditions of Lemma 3.1.5, ¢® is bounded and
there exists hg > 0 such that for h < hy, T,g 5, is monotone. Let M be a bound of ¢*. By
using a development similar to the one of the yproof of Lemma 3.1.4, we obtain that :

o(t) — (1 + Mh)p(t+ h)

SY(h,t,z,r + o(t), [W + ¢|(t + h,-)) >S (b, t,z,r, W(t + h,-)) + .
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For h < hy,

Sl(h,t,x,r,W(t—l- h: )) > Sl(h,t,x,r,V(t—i— h> ))

d(t) — (1+ MR)(t + h) = e T=(1 — (1 + Mh)e ™) (a + b(T —t)) — Mhe
+ eMT=t=h) (1 4 Mh)bh
For 4 high enough (> M), 1 — (14 Mh)e ™ > 0 for h < hy. So by taking A\ = M,

o(t) — (1 + Mh)op(t + h)
h

Hence the result of the lemma. O

>b—Ac>b/2— Ac

Lemma 3.1.15. Under the conditions of Theorem 3.1.83, for every h > 0 and continuous
and bounded function ® on F, x RY, the function (t,z) — S(h,t,x, ®(t,x), ®(t + h,-)) is
bounded and continuous on F, x R% and the function r — S'(h,t,x,r,®(t+h,-)) is uniformly
continuous for bounded r, uniformly in (t,z) € 5, x R% with S given by equation (3.33).

Proof. Let h > 0 and @ be a continuous and bounded function on .7, x R%. As .7}, is finite,
to prove that (¢,z) — S'(h,t,z,®(t, ), ®(t+h,-)) is bounded and continuous on .7, x R?, it
is sufficient to prove that for any t € %, x + S'(h,t,z, ®(t,x), ®(t + h,-)) is continuous and
bounded.

o(t,2) — E [@(t + h,Xff)]
h

St(h,t,z, ®(t, z),®(t + h,-)) =

— inf {E[@(tJrh, Xy ( Py (W ?BY)

acd
+ ‘@i’—ol(t,x)(ba_g)(t,x)(hile) + (¢, 90))} + f(t, 33)}

In the conditions of Theorem 3.1.3, a®(t, -), b*(t,-), ¢*(t,-) and f*(t,-) are bounded and
Lipschitz continuous with a Lipschitz constant uniform in ¢t and «. ¢ and b are also continuous
and bounded and such that 3¢(¢, 2)X(¢, z)T is lower and upper bounded by a positive matrix
uniformly in ¢,  and o and ¢! is bounded.

P2 (h_l/ 2B}fl) being the result of polynomial and fractional operations on columns

Ea(t7x)7k
of X%, it is then continuous in z uniformly in a. So is z +— 901_’_01( ) for t € .

t,x)(b>—b)(t,z)
We then have that for t € 9}, the function
% t,:B — 1,0 — (6]
2 Bt + h, R0 (PR oy 1 (h7V2BE) + P2 iy ey (B BR) + x))}

is continuous uniformly in « as ® is continuous. It is also bounded uniformly in ¢, x and « by
an integrable random variable. So by the dominated convergence theorem, the expectation of
this function is continuous in z uniformly in «. This allows us to conclude that all the part
of S which is in the infimum on o € & is continuous in z uniformly in o and bounded. So
this infimum is continuous in z and bounded.
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By the dominated convergence theorem, we also obtain that z — E |®(t + h, XZJC)] is

continuous in x. So, for any t € %, z — SY(h,t,z,®(t,z),®(t + h,-)) is continuous and
bounded.

From the expression of S', we can see that r + S*(h,t,z,r, ®(t+h,-)) is an affine function
with the coefficient of r being 1/h and such that for » = 0, it is finite and bounded uniformly
in t and x. This function is then uniformly continuous, uniformly in (¢, z) € 95, x R%. O

Lemma 3.1.16. Under the conditions of Theorem 5.1.3, if W € Cg°([0, T) x R?) is such that
P DIW| < Ke™2P79 Vp geN
with 0 < e <1, K > 0, then, when h is small enough :
(S (0, Wt 2), Wt + D, ) + LX[W(t,2) + (b, W(t, 2), DaW(t, ), DEW (2, )|
< E(K,h,e)

for all t € F, and x € R with

B(K, hye) = KK (he (14 VR (1 + VR ) 4+ Vae ™ (14+ VA1 + Vae)?),

where K depends on bounds of o, b, a1 (b* — b) and £ and S* is given by (3.33).

Proof. We will use the elements of the proof of Theorem 3.1.1, Lemma 3.1.3 and Lemma 3.1.2.
We consider W as in the lemma.

From the proof of Theorem 3.1.1, the S'(h,t,z, W(t,z),W(t + h,-)) approximates the
second order term in F uniformly with a residual error having two components. The first
component is

Kih(1+Vh)Y(|0} D*W | + |0} D3 W)
which, considering the conditions of Lemma 3.1.16, gives the following expression
KihK(1+ Vh) (e 3 4+ €2) < 2K, K (1 4+ Vh) he ™3,

K71 being a constant depending on the bounds of o, b, %.
The second component is a sum of terms of the form

Fih? =Y (h+ VRO DIW| < Kih?~ (1 + VR) (V)| 9P DWW |
< K1(1 + \/E)4hp—1(\/fl)q[}'61—2p—q7

for p + g = 4. This gives us the following expression

4
KKi(1+ \/E)‘%h*l(e% + \?)4 — KK (1 + VR)ten™ (\?) (Vhe ! + 1)}
= KK1(1+ Vh)*he *(1 + Vhe 1)?

So the residual error between the second order term of F' and its approximation in S! is
bounded by :

2K K(1+ Vh)*he 3 (1 + Vhe ).
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Using the elements of the proof of Lemma 3.1.3, we also have the first order terms of F'
that are approximated in S! uniformly with a residual error being a sum of terms of the form

KohP~Y2(1 4+ Vh)2(VR)1YOPDIW | < Koh™/2(1 + VR)2hP(VR)IK el =271,
for p + ¢ = 2, and K being a constant depending on the bounds of ¢~1(b% — b), o, b.

Z WP (VRh)IKe =79 < Ke(he 2 + Vhe 1)?
p+g=2
< Khe Y14 Vhe 1)?

So the error estimate in S for the first order term of F , is bounded by Kg.f( \/Ee_l(l +
Vh) (1 + Vhe )2,
Using the elements of the proof of Lemma 3.1.2, we have that ZXW is approximated in
S! with a residual error having a first component of the form :
K3(1+Vh)*h(|8) D*W | + 9} D'W | + |9 D°W | + |9 D*W | + |9, D*W|)
<K3(1+Vh)*hE(e ' +e? e+ e24e7d)
<K3(1+ Vh)*5Khe 3,
K3 being a constant dependent on the bounds of ¢ and b.
The second component is exactly as the second error component seen for the approxima-

tion of the second order term of F' above with K73 instead of K. This gives us an error bound
approximation of ZXW of

5K3K(1+Vh)*he 3(1 + Vhe 1)*

The third component which is the residual of the form Kgh?(|0?D'W| + |07 D°W]) can be
bounded by

OKsh?Ke™® < 2KeKhe (1 + vVhe ),

K being a constant dependent on the bounds of ¢ and b.
The approximation of W in F by E |W (¢ + h, X}th)} in S! is then bounded by

5K3K(1+ Vh)*h2e 3 (1 + Vhe D) + h|| LXW|| o,
where || ZXW || is the supremum of |.ZX W | which is bounded by K (1+2¢~1) = Ke (e+2).

As 5ESK (14 Vh)*h?e 3(1+ vVhe 1) < KyK (14 vVh)*he 3(1+ Vhe 1)* and hEKe ! (e+
2) < KsK(1 + vVh)*he 3(1 + vhe 1)* for h small, we deduce the result of the lemma. O

We consider the following assumption.
A 3.1.1. For every § > 0, there are M € N and {o;}, C o such that for any o € o :

inf (|0 — 0% + B — b%[o + [ — ¢ o + | f* — F%i[g) < 0.
131%]\/[(]0 o% o+ lo+ [c¢* — o+ | f f%o) <
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Theorem 3.1.5. Under the conditions of Theorem 3.1.3 and considering Assumption A 3.1.1,
if Wh is the solution of the scheme (3.21) and W is the solution of (3.1)- (3.2), then there
exists Cy,Cy functions of W1 (|- |1 being defined in Section 0.1), such that, for all (t,z) €
Th x RY,

—C1RMO < (Wh — W)(t, ) < CohM4,

Under the conditions of Theorem 3.1.3, the assumption 3.1.1 can be verified if & is
compact.

Proof. Using Lemma 3.1.14, Lemma 3.1.15, Lemma 3.1.16, we can see that under the condi-
tions of Theorem 3.1.3 and with the assumption A 3.1.1, all the assumptions needed to apply
Theorem 2.1.2 of Barles and Jakobsen are verified.

Indeed, by taking e = h'/* in the min expression of the upper bound of the result of
Theorem 2.1.2 and € = h3/19 in the lower bound, we obtain the bounds given above.

This gives us the result of the Theorem. O

The bounds we obtain in this case are the same as in Corollary 2.1.1 giving the error
bounds estimates for finite difference schemes.

3.1.3.b Upwind large stencil probabilistic scheme We are going to obtain in the same
way as above, error estimates for the second probabilistic scheme. We will consider S as the
operator defined by :

1 Sb o
S(hotar, @()) = 5 sup {—E [@(X;; VT st 2)| +1TP, p(t,x) — hf (t,x)}.

This operator has already been used in the proof of Lemma 3.1.10.

Lemma 3.1.17. Under the conditions of Lemma 3.1.11 and Lemma 3.1.12, there exists
A >0, hg > 0 such that if h < hg, W < V are functions continuous and bounded on
T x RE, and ¢(t) = e TN (a4 b(T —t)) + ¢ for a,b,c >0, then :

S(h,t, v+ ¢(t), [W +¢l(t + h, ) = S(h,t,z, 7, V(t+ h,-)) +b/2 = Ae in Fj, x RY.

Proof. Let u,a,b,c > 0, and ¢ be defined as in the lemma. Let W < V be two continuous
and bounded functions on .7, x R? and (t,z) € %, x RY.

S(h,t,x,r+ ¢(t),[W + ¢](t + h,-))

1 . 1
= sup { - E [W(t +h, X TN, B(t,x)} + —rTP 5(t,x)
aeﬂ h LIS ) h f1e %)

— J )+ 3 (Bl + R)E [T, p(6 )] + ST Pa ()}

From the expressions of T 5(t,z) and T}, , 5(t, z) and using the fact that ¢(t)—¢(t+h) > 0,
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E [L@gla(m)(h_lBZ)] >0 and |c¢%| is bounded by M,

~6(t + WE [T 0.5(t,2)] + 60T 5t 2) = (6() = 6(t + 1)) (14 E | P,y (0B )
— & (t, 2)ho ()
> (6(t) = 6(t + ) = (1) ho (1)

T (@ 4+ b(T — t))(1 — e " — hM)

et T=1=1ph — Mhe.

Y

+

By taking 1 > M, there exists hg such that for h < hg, 1 — e ™*» — hM > 0. We then have:

S(h, by, + (1), (W + G1(t + by )) =S(h t,,7, Wt + D))
+ et T=t=h)p _ pre
> S(h,t,x,r,V(t+h,-))
+b/2 - Me,

by Lemma 3.1.11. Hence we obtain the result of the lemma for A = M. O

Lemma 3.1.18. Under the conditions of Theorem 3.1.3 which are stronger than the con-
ditions of Theorem 3.1.4, for every h and continuous and bounded function ® on 7, x RY,
the function (t,z) — S(h,t,z, ®(t,z), ®(t + h,-)) is bounded and continuous on T, x R? and
the function r — S(h,t,z,r,®(t + h,-)) is uniformly continuous for bounded r, uniformly in
(t,z) € T, x R,

Proof. Let ® be a bounded continuous function on .7, x R¢. Using the same kind of arguments
as in Lemma 3.1.15, we obtain that under conditions of Theorem 3.1.3, TlﬁYh,a,B(t’x) and
T,?a p(t,x) are continuous in z uniformly in o and bounded for any ¢t € .73,. Then, by
usin;g the properties of ® and f“ and the dominated convergence theorem, we conclude that
the part of S(h,t,z, ®(t,z), ®(t + h,-)) which is in the supremum on « is continuous in x
for any t € 7}, uniformly in « and bounded. So, the supremum over « is continuous in x
for any t € 7}, and bounded. This allows us to conclude the continuity and boundness of
(t,x) — S(h,t,z, ®(t,x), ®(t + h,-)) on .F, x R%, .}, being discrete.

S(h,t,z,r,®(t + h,-)) is the supremum of affine functions of r which are bounded for
bounded r and such that the coefficient (T2, (¢, z) ) of r is bounded. So it is Lipschitz
continuous with respect to r bounded, so un{fc;rmly continuous for bounded r, uniformly in
(t,z) € F x R, O

Lemma 3.1.19. Under the conditions of Theorem 3.1.4, if W € C°([0,T] x RY) is such
that :

PDIW| < K™%, VYp,qgeN

with 0 < € <1, K > 0, then, when h is small enough :

|S(h,t, 2, W(t,z), W(t+h,-) +.LXW](t,z)+ F(t,z, W(t,z), D;W (t, z), D2W (¢, 3))|
< E(K,h, €)
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for allt € F, and x € R with
E(K,h,e)= KK (he‘?’(l +VR) 1+ Vhe ) + Vhe 11+ VR)H(1 + x/Ee—l)2> ,

where K depends on the bounds of o, b, g% and X°.

Proof. We use exactly the same arguments as in the proof of Lemma 3.1.16. The only
difference here is that W (t,z) in F(t,z, W(t,x), D,W (t,x), D2W (t,z)) is not approximated
in S(h,t,x, W(t,x), W(t+ h,-)) and the approximation of the first order derivative term of
F(t,x,W(t,z), D;W (t,z), D?W (t,z)) in S(h,t,z, W (t,z), W (t+h, -)) results in an additional
error (see the proof Theorem 3.1.2) which is :

KeVh(|0t DO + 109 DY)) < KgVhK(1 + ¢ h)
< K¢KVhe Y(e+1)
< K7 KvVhe Y14+ Vh)2(1 + Vhe )2,

where Kg and K7 depend on the bounds of g, b and g“. Hence we obtain the result of the
lemma. O

Theorem 3.1.6. Under the conditions of Theorem 3.1.3 (which are stronger than the con-
ditions of Theorem 3.1.4) and considering the assumption A 3.1.1, if W" is the solution of
the scheme (3.31) and W is the solution of (3.1)- (3.2), then there exists C1,Cy functions of
W1 (|- |1 defined in Section 0.1), such that, for all (t,z) € F x R4,

—C1RY1O < (WP — W)(t, ) < CohM4.

Proof. Using Lemma 3.1.17, Lemma 3.1.18, Lemma 3.1.19, we can see that under the con-
ditions of Theorem 3.1.3 and with the assumption A 3.1.1, all the assumptions needed to
apply Theorem 2.1.2 of Barles and Jakobsen are verified. By the same arguments as for
Theorem 3.1.5, we obtain the result of the theorem. ]
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3.2 Extension to PDE with unbounded coefficients

We tried to show that the upwind large stencil probabilistic scheme still converges when the
coefficients of the PDE and the terminal function have growth similar to those of a linear
quadratic optimal control PDE, but we did not succed. However, we want to present the
method and results we obtained in this attempt. We also outline a method used by Assellaou,
Bokanowksi and Zidani in [5] to obtain error estimates of a Semi-Lagrangian scheme when the
PDE has Lipschitz coefficients with linear growth and the terminal function is also Lipschitz
with a linear growth. Indeed, it allows them to obtain the same lower and upper bound of
the error, unlike Barles and Jakobsen. Their method relies then on the Lipschitz character
not only of the viscosity solution of the PDE but also of the approximated solution obtained
with their scheme.

In the following, we present the method and the results that we obtained when trying
to show the convergence of the upwind large stencil probabilistic scheme when the PDE
coefficients and terminal functions are unbounded and satisfy some conditions (alike linear
quadratic optimal control problems conditions).

Let us consider the PDE (3.1)-(3.2) with the following conditions on the coefficients :

A 3.2.1. There exists positive constants C,v,Cq,Ca, Chip such that :
e o/ is unbounded;
e c“=0
e The function (t,x, ) — b*(t,x) is continuous and for x,y € R?, t € [0,T], a € &,
el (3.34a)
(T+ ||+ |o); (3.34Db)
e The function (t,z,a) — f@(t,x) is continuous and for x € R, ¢t € [0,T], a € o,
g|oz|2 + lo(t,z,0) < fo(t,z) <C(1+ |z|? + |a|?) with by(t,z, o) > Cy|z|> = C
f(tz) = fo(ty)] <CA A+ Jz| + [yl + |a]) |z — yl.

6+2+8C)CT ~
(6+ 5 +80)

CQ+1)€ C)Q

where Cy > 2(

v

e There exists o which does not depend on a such that a = oo and o € C([0,T] x
R, R and for every t € [0,T], z,y € RY,

(3.35a)
[z —yl. (3.35h)

e U c C(R%LR) and for z,y € R,

|0 ()| <Ca(1+ [a]?),
U (x) = W(y)| <Cuip(1 + |2]* + [y[*)|z — y|
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We can notice that from Corollary 1.2.1 and Lemma 1.2.2, the PDE (3.1)-(3.2) has a
unique continuous viscosity solution in the space of functions with quadratic growth in this
setting.

We first give error estimates for the approximations (3.9) and (3.13) in this setting.

We consider the space Gqua([0,T] x R?) of € functions on [0,7] x R? with quadratic
growth in z such that for any p € N, ¢ > 2 and ¢ € % ua, we have with the notations of
Section 3.1 :

107 D2(t, x)| <Cpo.6(1+ |2%) (3.36)
0F D' o(t, )| <Cp1 (1 + |2]) (3.37)
07 D(t, )| <Chp g (3.38)

We hereby, define the constants C,. s for r,s € N and ¢ € Gyua([0, 7] x RY).

Theorem 3.2.1. Let X as in (3.6), and denote B = By — By. Consider any matriz
Y € R with ¢ < d and any integer k € N. Assume that b and o are such that there
exists a constant C uniform in t and x such that |b(t,z)| < C(1 + |z|) and |g| < C, and
let M be an upper bound of |SXT|. Then, there exists K = K(C, M) > 0 such that, for all
W € Gqual([0,T] x RY), we have, for all (t,x) € T}, x RY,

holE [W(t +h, X (¢4 ) P2, (W 2BL) | X (1) = x]

_ % Tr(g(t, x)ZET QT (t; l‘) Diw(t, x))

< K(1+ VR (1 + ol [R(Craw + Cogw + Coaw)+

h\/ﬁCL&W + h20272,w + h2\/E0371,W + h30470,W] .

Proof. The proof is very similar to the proof of Theorem 3.1.1. We use a Taylor formula to
order 3 of W(t+ h, Xflx) at point (¢,z). As seen in the proof of Theorem 3.1.1, by using this

Taylor formula, the terms left in E [W(t + h, XZ’x)ngk(h—l/Qbe)} are

% Tr(a(t,2)EX" o (t,2) D2W(t, )

o [V, B 7, ()

and the terms coming from the product of monomials of degree 2 in [B}]; (1 < i < d) by
P k(hl/ 2B!). The difference is in the way of bounding terms in this formula, coming from
the bound of b(t,z) which is now C(1 + |z|) and the bound of the derivatives. The latter
terms are bounded by :

Kh(Craw + (14 z)Cosw) < Kh(1 + VR)A(1 + |2[*)(Crow + Cosw).

By replacing the derivatives which appear in M*(W, t, z, h, B!) by their bounds on the interval
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between (t,z) and (t + h, X;*), we obtain that M*(W,t,z,h, BY) is now bounded by :

h4
|M* (W, t, 2, h, B})| <57 C1ow3(1+ |[? + [b(t, 2)h|* + |a(t, z) B}, [*)

R
+5 > Caaw (L + || + [b(t, 2)h| + |o(t, x) BL)[b(E, )k + o(t, x) Bf ]
=1
h2 t t
+or > Coowlb(t, x)h + alt, ) Bilil|[b(t, 2)h + o(t, x) By
irj
h i t
+ 5 Z Crawlb(t, z)h + a(t, =) Bylil|[b(t, x)h + a(t, ) Bl
4,5,P
|[b(t, 2)h + o (t,z) Byl

1
+ o4 > Coawllb(t,z)h + o(t, ) Bilill[b(t, x)h + o(t, z) Byl
4,J,P:q

[b(t, 2)h + a(t, ) Bylpl|[b(t, @)k + a(t, 2) Byl -
So
W (MW, B PR (T B] < 30 a1+ fa e Crathy(1 g pymest-at)et
pHq=4
(h(1 + [2]) + VR)1Cp g
< Y KL [a)(1+ h))EEEON (1 4 2]y 7hP
ptq=4
1+ \/E)q(\/g)qcp,q,w
< Y K@+ [zHR 7 1+ VRV ICp g,
ptq=4
with K71, K depending only on C' and M. Hence the result of the theorem. O

Theorem 3.2.2. Let X" := x + b(t,x)h + a(t,2)(Byyn, — By) and denote B, = Byp, — By.
Consider any map g* : [0, T] x R — R? such that |g®(t, z)| < C(1+ |z|+|a|), with C uniform
int and x. Assume that b and g are such that [b(t,z)| < C(1+ |z|) and |a(t,x)| < C. Then,

there erists K = K(C) > 0 such that, for all W € Gqua([0,T] x RY), we have, for all
(t,x) € T, x RY,

(a(t,)g° (t,2)) - DWW (t,2) = E[(W(t+ b £17) = W (t,2)) Z4a (b B} |
< K1+ V)1 + [2[)(1 + |2] + |o) [\/E(me + Cow + Co2w)
+hC11w + WVACo0w] -
Proof. A Taylor formula applied to W (¢ + h,XZ"r) to order 1 at (t,x) and a development
similar to the one of the proof of Theorem 3.1.2 give that :
- _ ow _

E[(W(t 4+ h, XE7) = W(t,2)) P (0™ BY)] = A (8,2) + DWW (2, )b, 2))E [ 20 (' B})]
+ (Q(tﬂ x)ga (t, .%')) : DﬂCW(t? .I')
+E [M*(W,t, 2, h, B}) P (k' B},)]
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We have :
8W T 1 —1 pt
h(—at (t,x) + Do W (t,2)Tb(t, 2))E [P 4a (b B})]

that is smaller than
C(1+ [2[)VR(Crow + Conw)lg” (t,7)|
which is smaller than
C(L+[2*) (1 + VR)* (1 + |2] + |a)VR(Crow + Coaw)-

By replacing the derivatives involved in M?(W,t,z, h, BZ) by their bounds over the interval
between (t,x) and (t + h, X;'"), we also have

1
|M?(W, t, 2, h, By)| <5 > Cozwlb(t,a)h+ alt, ) Bilil|[b(t, 2)h + a(t, 2) B |
i.j
+hY Craw(L+ e+ b(t,2)h| + |o(t,2) Bf|)|[b(t, 2)h + o(t, ) Bf ;|

)

1
+ §h23C’2,0,W(1 + |zf* 4 [b(t, 2)|* + |a(t, z) B} *)
So

E [M?*(W,t,2,h, By) Zga(h'B})] <Y, 0y Ki(1+ |zoxE2m00h) (1 4 pymax{2=a0dpp=1/2
(h(1+ [2]) + VR) Cp g (1 + |2] + |
<Y prgms Ka((U+|)) (14 h)ymxCe0d (1 4 |z])2pp~1/2
(14 Vh)U(VR)ICp qw (1 + 2] + )
<Y prgms K+ [2[) (1 +VR) W2 (V)
Cpqw (1 + [z| + |al),

where K1, K are constants depending only on C'. Hence the result of the theorem. O

Lemma 3.2.1. Let Xfl’x = x + b(t,x)h + a(t,x)(Biyn — Bt). Assume that b and o are
such that |b(t,z)| < C(1 + |z|) and |a(t,z)| < C for some constant C' uniform in t and x.
Then, there exists K = K(C) > 0 such that, for all W € €aua([0,T] x R?), we have, for all
(t,r) € T, x RY,

‘h‘l ( [W(t +h, X,?x)] U ZXW‘

< K1+ Vh)*(1+|z[*) [h(00,2,w +Criw + Caow + Cosw + Crow + Coaw)

+ WhCLaw + h2(Cosw + Corw + Csow) + h2VACs 1w + h3C470,W} .

Proof. We use also here for the proof a Taylor development of W (t+h, Xflx) to order 3 at (¢, z)
which gives us the same result as in the proof of Theorem 3.1.1. The terms which are monomi-

als of degree 1 in h, give us h.ZXW in the expression of E |W (¢ + h, X'Zm) — W(t, x)] Using
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the expression of M*(W, t,,h, B}) of the proof of Theorem 3.2.1, h'E [M*(W,t,z, h, B})]
can be bounded by
> K(1+[al )R 1+ VR (VR) Cpr-

ptg=4

The other terms of h~'E {W(t + h, XZ$) — W(t, x)] which are not null, are bounded by the

following terms

1
(Ko + gh\b(t, 2)|H)Coaw < (1+h)K1(1+|z))Coow < hK(1 + V) (1 + |z Coow

Koh|b(t, z)|[1 + |z[|Craiw < hK1(1+ |2[*)Criw < BE (1 +|z[")Crw
Koh|1 + [2*|Coow < hE(1+ |z|*)Co0w

1
(Ko + chlb(t, 2))hlb(t, 2)|Cosw < hEy(1+h) (1 + [2)(1+ |2))Cosw < h(1+ V) K1+ [2]")Cosw
1
(Ko + ghlb(t, 2))hCrow < K1+ VR)'(1+[2]")Craw,
1
5 (L4 [2D2b(t @) Cow < Ka(1+[al ) Cow < KWL+ [2]) o,

1
6( + |22 Cs 0w < KB*(1 + |z|M)Cs 0w

where Ky, K1, K are constants depending only at most on C. Hence the result of the Lemma.
O

We tried to show the convergence of the upwind large stencil probabilistic scheme in the
unbounded setting given by Assumption A 3.2.1 by using the improvement of the Barles and
Souganidis Theorem that we presented and proved in Section 2.1 (Theorem 2.1.3). However,
we did not get all the elements needed to prove the stability of the scheme in this setting. We
give below the different results that we obtained.

We consider the assumption :

A 3.2.2. ¢ is bounded and b has a linear growth with respect to x.

g® and X¢ are defined as in Section 3.1.2.b meaning that for o' uniformly greater than

a postive matrix My € S(d) and a(t,z) > oo, X is well defined and bounded and g¢® is
of linear growth in z and a. We consider as functionnal space, B2([0,T] x R%) which is the
space of functions with quadratic growth in .

The result of monotonicity of Lemma 3.1.11 still holds in this setting. However, we need
to obtain a consistency and a stability result. We will start by the consistency result. We
saw in Section 3.1.2.b that the use of the upwind large stencil probabilistic scheme results in
the following discretized equation.

S(hyt,x, W(t,x),W(t+h,-)) =0, (t,x)€ F xR
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where

E [W(t + h,X;*;”")] —W(tx)
h

S(h,t,z, W(t,z), W(t+h,-)) = — (3.39)

. 1 STy 2 —1/2 pt
— O}g’; {hE |:W(t + h, Xh )‘@E&(t,x),k(h Bh)i| (340)

FE[(W(t+hX57) = W(t2) P (T BY)| - (3.41)

+ ()W (t,x) + fa(t,m)}. (3.42)

Theorem 3.2.3 (Consistency result in the unbounded setting). Let u : x +— (1 + |z|?) and
W € Gqua([0,T] x RY). If o is uniformly greater than a postive matriz My € S(d) and
a(t,z) > oo’ with o and a bounded, then

lim  S(hy 5,4, W(s,y) +cpy), W (s + h,-) + cn)
(s,9)—(t,x)
c—0

= —LXW(t,z) — F(t,z, W(t,z), D, W (t,z), D2W (t,z)),

F being the Hamiltonian given in Equation (3.3).

Proof. Let h,c > 0 small enough and y € R? Using Theorem 3.2.1, Theorem 3.2.2 and
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Lemma 3.2.1, we have
E[W(s+h ") - W(s,y)
h

: 1 &S YN op2 —1/2 ot
_O}S;{hE [W(S+h,Xh )L@Ea(s’y),k(h Bh)]

S(h,s,y, W(s,y)+eu(y), W(s+h,-) +cp) = —

FE[(W(s+h X3) = W(s,9)) o) (07 B
+/%(s,9)

c As _
+ 2E [(1+ X5 P 1 (2B

B [(IX3Y2 = [y2) Py (0 B }
o E VY12 2
ZE [0 - ]
= — LXW(t.y) + O(Ch(L +|yl")) - in;{
a7 X
1
5 T [(@2(5)T ) (s, 9) D2W (s, )| + Kh(1 + [y]*)

+ (s, 9)9%(s,y) - DaW (s, y) + K1+ [y*)(1 + [y] + o)V

c As _
+ [ (s,y) + T E {(1 XY Py gy elh 1/23,3)}

B (X3 = |y?) P has (0B }
+ TR [| X5 — |yl?]
h h '
K being a constant proportional to the constant K of Theorem 3.2.1, Theorem 3.2.2 and
Lemma 3.2.1.
|X27y|2 :Xz,y(szy)T
=ly*> + B2lb(s,9)[* + (B})T (¢ o) (s,9)B},
+2(hy" b(s,y) +y" a(s,y)B}, + hb(s,y)" a(s,y)By).

From the properties of 32%&(3 Y) k(hfl/ 23}2) deduced in Corollary 3.1.3, we then have

E (14 1X32) Pa (i~ *B)]
—h T [(eX*(2) e )(s,9)] |
and we can show using same reasoning as in the proof of Theorem 3.1.2 that :
E (K371 = [42) P sy (B B
=(h1b(s, 9)I* + 2hy T bls, Y))E | P,y (B

+2(y + hb(s,y) - (29°)(5,9) + E [(BD)T (@7 0)(s,9) B P s (B B
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so that

c|E | (1X}"

2 Y[2) Py (0B | <KL+ P )Whe + Ki(1+ fylP)et
Ki((L+ [y)Vh + 1+ [yl)elal,

K being proportional to the constant K introduced above. We also have

B[1%0E - ] | <h+ Iy Ko,

K> proportional to K. So,
c

h

E[IX7E ~ ]| < el + yP) Ko,

We thus have :

S(hys,y, W (s,y) + culy), W(s +h, ) + cp) = — LXW(s,y) — inf, {

3 Tr[(@= (=T o7 ). ) D2 (s.0)
+ Q(sa y)ga(& y) : DxW($7 y) + fa(57 y)

+ 47 (e, b, \y!,a)} + (e, b lyl),

with .#! having a linear growth in « such that it converges to 0 when ¢ and h go to 0 for
a = «q and its growth coefficient with respect to a goes to 0 with ¢ and h. We also have
2 2(c, h, |y|) that converges to 0 when ¢ and h go to zero.

These observations with the fact that f¢ is strictly convex in o according to Assumption
A 3.2.1, allows us to conclude that :

Jim S (s, 5, W (s, ) + enly), W (s + o) -+ op)
c—0

= _XXW(S’ y) — F(s,y, W(s,y), D:W(s,y), D?:W(Sa Y)),
with a convergence uniform in s and y for s,y bounded. Hence,

lim  S(h, s,y, W(s,y) +cply), W(s + h, ) +cp)
cj(]
(s,y)—(t,z)

= —LXW(t,z) — F(t,x, W(t,x), D, W (t,z), D2W (t,z)).
Hence the result of the theorem. O

For the stability, we tried to use a modified version of the additive a- subhomogeneity
given in Definition 3.1.2.

Definition 3.2.1. We say that an operator T defined on functions with quadratic growth is
additively a-subhomogeneous if for p: x +— 1+ |z|?, for any function with quadratic growth ¢
and for any A > 0

T(¢+ ) < T(¢) + arp.
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We obtained the following result.

Proposition 3.2.1. Considering assumptions A 3.2.1 and A 3.2.2, the operator T,{, 5 defined
by (3.32) is additively oy, subhomogeneous over the set of functions with quadratic growth, for
some constant a, = 1 + CVh with C > 0.

Proof. Let ¢ be a function with quadratic growth and g be defined as in Definition 3.2.1. Let
A>0.

E [Tli\,[h,a,B(tv x)(¢ + Au)(f(f;’“)} + hfo(t, z)
Th[,)a,B(t? .%')

B [Whastno G ) BT, 000+ 1K)
Tat TP, (. 7) N TP, (%) ’

Tjulé + Ml(t, 2) = inf {

acd

Using the development made in the proof of Theorem 3.2.3, we have :

E [T3%05(t2)(1+1X07R)| =B [1+ %57 2) + B [(1+ [£]72) P80 (b2}
+RE (14 X5 1) P o1y (07 B
=1+ |z|* + h?|b(t,z)|* + h Tr [(@T )(t,x)} + 2ha T b(t, x)
+hTr [(aza(za)T o, :g)}
(14 [aP)RE | P}y (0B
+ (R2[b(t, )| + 2ha T b(t, z))hE [32192( )(h—lB;)}
+2(z + hb(t,x))h - (ag®)(t, ) +E |(B)T (¢ o)(t,2) B} 2L, (m)(h—le)]
=(1+ [af? + 2Jb(t, 2)|? + 20T b(t, @) (1 + KE | P,y (R B)])
+2(z + hb(t, 2))h - (0g®)(t, z) + h T [(aza(zaﬂ T, x)]

4T [(@T )(t,x)] .

[12[b(t, @) + 2ha™ b(t, 2)| < Kh(1+ |2]?)

K depending only on the linear growth coefficient of b in z.

2z + hb(t, 2))h - (0g®)(t,z) + hTr [(e2(ZY) T o " )(¢, :r)]

+ T (0" )(t, )] '

<hK(1 4+ h)(1+ |x|)|g*(t, z)| + kh,



3.2. EXTENSION TO PDE WITH UNBOUNDED COEFFICIENTS 97
# depending on the bounds of X%(X*)T and oo’ . We thus have :

-1,
E | T30, 0,5t 2) (1 + X% , RE (1 + h)(1 + |2])g® (¢, )| + wh
= <(1 4 |z[2)(1 + Kh) + _
Th,a,B(t7$) 1 +K\/E|ga(t7$)‘

K
<(1+|z)(1 4 (K + x)h) + ?(1 + |z))(1 + h)Vh
<1+ 21 + CVh).

Thus the result of the proposition. O

To obtain the stability of the scheme, it would have been preferable to obtain the a-

subhomogeneity of the scheme operator with a constant « = (1 + Ch) for some C' > 0.
As

(0%
t
TL,[0] = inf _[te) ,
’ =4 T,?QB(t, x)

with f¢ bounded from above and below by convex functions in « plus functions in x with
quadratic growth, T,lC »10] is of quadratic growth and a proof similar to the one done in
Section 3.1.2.b would have allowed us to obtain the stability of the scheme.
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CHAPTER 4

New probabilistic max-plus method

We present in this chapter a new method for solving stochastic control problem that we called
a probabilistic max-plus method. It has been introduced in [1] where it was used with the
probabilistic scheme of Fahim, Touzi and Warin presented in Section 2.3.3. It has then been
applied to the schemes presented in Section 3.1.2.a and Section 3.1.2.b respectively in [2]
and [3]. The originality of the method is the use of a low number of basis functions in the
regression needed to compute the conditional expectation in a probabilistic scheme, while
keeping a good approximation of the function solution we try to approximate. In particular,
the non linearity of this function is well taken into account. The idea is that, if a probabilistic
scheme used with the method keep stable a given space of functions with low dimension, then
the method can be used with this scheme with terminal functions expressed as supremum or
infimum of these functions depending on the goal of the underlying optimal control problem.
We consider here as functionnal space with low dimension, the space of quadratic functions.

We give the theoretical results in the setting of each of the probabilistic schemes de-
scribed in Section 3.1 and then present the different versions of the algorithm that we have
implemented.
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4.1 Theoretical results

The originality of the method in [1] is that instead of applying a regression estimation to
compute @;h(Wh (t+ h,-)) as proposed in [25] by Fahim, Touzi and Warin, we approximate
W by a max-plus linear combination of basic functions (namely quadratic forms) and use the
distributivity property stated in Theorem 4.1 which generalizes Theorem 3.1 of McEneaney,
Kaise and Han [54, 44]. It also generalizes a more old result stated in Theorem 14.60 of [65]
by Rockafellar and Wets along with another result stated in Proposition 6.1 of [66] by Shapiro
and Ruszczyniski. This allows us to keep a non linearity in the expression of W" in adequation
with the non linearity of the related stochastic control problem.

In the sequel, we denote # = R% and 2 the set of measurable functions from # to R
with at most some given growth or growth rate (for instance with at most exponential growth
rate), assuming that it contains the constant functions.

Theorem 4.1. Let # = R% and 2 be the set of measurable functions from # to R with at
most some given growth or growth rate (for instance with at most exponential growth rate),
containing the constant functions, and let G be a monotone additively a-subhomogeneous
operator from 9 to R, for some constant o > 0. Let (Z,47) be a measurable space, and let W
be endowed with its Borel o-algebra. Let ¢ : W x Z — R be a measurable map such that for all
z€Z, ¢(-,2) is continuous and belongs to 7. Let v € 9 be such that v(w) = sup,cz p(w, 2).
Assume that v is continuous and bounded. Then,

G(v) = sup G(¢%)

zeZ
where ¢ : W — R, w > d(w, zZ(w)), and
Z ={z : W — Z, measurable and such that ¢ € Z}.

Proof. Since v belongs to 2, G(v) is well defined. Similarly, by definition, for all zZ € Z, ¢?
belongs to Z, so that G(¢?) is well defined.

Let € > 0. By definition of v, for all w € #, there exists 2z € Z such that ¢(w,z") >
v(w) — €. Then, since w’ — ¢(w’, 2%) and w’ — v(w') are continuous maps # — R, there
exists 0% > 0 such that for all w’ € B(w, ") (the open ball centered at w with radius 6*),
lp(w', 2%) — p(w, 2¥)| < € and |v(w') — v(w)| < €. Then, for w’ € B(w,§"), we have

d(w', 2") > p(w, 2%) — e > v(w) — 2e > v(w') — 3¢ .

As W is the countable union of compact metric spaces, there exists a sequence (w;);>o of
# such that # = U;>0B(w;,0""). Let us denote, for all i > 0, #; = B(w;,0"") and #; =
Wi\ (Uj<i#;). Define the function z; such that, for all i > 0, z;(w’) = 2", for w’ € #;. Since
(#)i>0 is a countable partition of # composed of Borel sets, the map z; is well defined on
# and measurable. Since ¢ is measurable, this implies that ¢! is also measurable. Moreover,

by the above properties and the definition of v, we have
v(w) > 7 (w) = $(w, 21(w)) = v(w) — 36, Ve e W .

Since v € 7, and 7 is the set of measurable functions from %" to R with at most some given
growth or growth rate and containing the constant functions, we get that ¢*' has also this
growth or growth rate, which implies that ¢*! € &, so z; belongs to Z.
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Since G is monotone and additively a-subhomogeneous from & to R, and € > 0, we get
that
G(v) > G(¢™) > G(v — 3¢) > G(v) — 3ae .

Then
sup G(¢%) > G(v) — 3ae .

ze

N

On the other hand, for any z € Z, ¢* < v. So G(¢*) < G(v). We then have

G(v) >

IS{Ine)!

uEG(q_SZ) > G(v) — 3ae .
€Z

and since this property holds for all € > 0, we obtain the equality, which shows the assertion
of the theorem. ]

We will consider in the following a Hamilton-Jacobi-Bellman PDE more general than the
one seen previously (PDE (3.1)), with a control « represented by a couple (m,u) where m is
a discrete control and u is a control living in a continuum set. We will also suppose without
loss of generality, that the PDE coefficients do not depend on the time variable and we will
be interested in a maximization problem. The PDE we consider is the following :

_867‘/;/ — A (2, W(t, ), DW(t,z), D*W(t,2)) =0, xR’ te0,T), (4.1a)

W(T,z)=U(z), xR (4.1b)

where the Hamiltonian 7 : R x R x R? x S(d) — R of the above control problem is defined
as:

H(x,r,p,T) ::nr?ezij/(/%m(x,r,p,F) , (4.2a)
with
A (x,ryp, ) = sgg Az, p, T (4.2b)
Ay, T) =3 T (@ )T) + 62 (2)
+ o (@) + £ (2) (4.2¢)

ayt = oM(oy)T, b, ar, fit taking the place of a®, b, ¢*, f of Section 3.1. It can be
seen that the modifications made here to the initial problem (3.1)-(3.2) of Section 3.1 do not
change the validity of the results obtained in Section 3.1.

We rewrite each 7 (m € ) in the form (3.3) where the diffusion X and the Hamilto-
nian F' depends now on the discrete control m. b becomes b and o becomes ™.

We consider then the backward operator 1" related to any probabilistic scheme encountered

previously in this document as :

Ti.n(9)(x) = max Ty [6](x) (4.3)
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with
T [8)(x) = G o (D7) (4.3b)
where
Sih: R x # — R, (x,w) — Sin(z,w) =z + f"(x)h + ™ (v)w , (4.3c)
O =0(STh(2,) €2 ifpeD . (4.3d)

For the probabilistic scheme of Fahim, Touzi and Warin ([25]), G}, . is the operator from
2 to R given by

Th,z((g) = D?,h,m,m(é)
+h Zne%; (glmﬂt('% D?,h,m,z((b)? Dtl,h,m,x(gb)ﬂ Dz%,h,m,x(¢))) ) (4'36)

D} hma(®) = E(&(Biyn — By) (@™ ()" ) 'h™ By — Br))

D 3)@) 1= 1B [ 3B — B (o (ayry - Bt = Bl Bren = BT = ]

o™ (x)7H
where

G (@, r,p,T) = % Tr[(ay'(z) = g™ (2)a™ (2) )] + (b (x) = 0™ (@) - p+ &' (@)r + [ (z).

Indeed, the Euler discretization X™ of the diffusion with generator .ZX" satisfies
X™(t+h) = S7H(X™(t), Wi, — W) (4.4)

We will redefine these operators in the following subsections to adapt them to the proba-
bilistic scheme considered.

4.1.1 Method in the large stencil probabilistic scheme setting

To explain the algorithm, assume that the final reward ¥ of the control problem can be
written as the supremum of a finite number of quadratic forms. Denote 2; = S(d) x R? x R
and let

1
q(zx, z) = §ZCT Qr+b-z+ec, with z=(Q,b,c) € 2y, (4.5)

be the quadratic form with parameter z applied to the vector z € R?. Then for g7 = ¢, we
have
Wh(Tvx) = VU(z) = sup gr(z,z)
22T

where Zr is a finite subset of 2; and W is the approximated solution of the PDE (4.1)
computed using a scheme.

We rewrite each "™ (m € ) in the form (3.3) where the diffusion X and the Hamil-
tonian F' depends now on the discrete control m. b becomes b™ and o becomes ¢™. The
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function W can then be computed by a scheme operator defined as the maximum over
m of the large stencil probabilistic scheme operators for Hamilton-Jacobi-Bellman equation
with ™ as Hamiltonian. So the operator T9 , defined by (3.22) in Section 3.1.2.a, can be
replaced in this setting by : 7

T} u[®](t, 2) := max T} [@](t, @) (4.6)

meA
where each Tg’f}? is defined by :
T [®)(t,) := E [@(X,tfvm)} +hsup {]E [@(X;%m)h—l@%W)ﬁk(h—l/ng)}

o-t,x,m 1,0 -1
FE B P gy B BR)

+ (@B [ e(XF")] + f;”(af)},

where X;"™ = x + b™(z)h + o™ (x)B} and X1 is the equivalent of X defined in Sec-
tion 3.1.2.a.

In the following, we introduce some notations. Let us consider a continuous function
¢:RY = R,z ¢(z) and define

T lo)(@) = T, 0] (¢, ), (4.72)

Thel(x) == Ty [g)(t, x). (4.7b)

Let G, . be the operator from 2 to R given by

zTh,x (QZ)) = Dto,h,m,:c (gg)

Hhsup (G (0 Di o (B): D @) + Dipspan®) - (470)
with
DY n(6) = E(G(Brar, — BY)) .
D} pnr(9) = E(G(Bren = B (" (@) )™ ™ (Ben — By))
D)5 4(@)(x) = h'E [ $(Bin — B) Psr(h™ (B — BY)|
and :

G, p) = (0 (2) = 0™ (@) - p + o (2)r + [ ().

Then we have

Tihlel(@) = G oD 2) (4.8)

with ng”hx and S}, as in (4.3d) and (4.3c).

Using the same arguments as for Lemma 3.1.5 and Lemma 3.1.6, one can obtain the
stronger property that for h < ho, all the operators G}, , belong to the class of monotone
additively ap-subhomogeneous operators from & to R if the conditions of these lemma are
satisfied. This allows us to apply Theorem 4.1 and thus have the following result.
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Theorem 4.2 ([1, Theorem 2], compare with [54, Theorem 5.1]). Consider the control prob-
lem equivalent to the Hamilton-Jacobi-Bellman equation (4.1). Assume that % = RP and
that for each m € A, ' and al' are constant, a;' is nonsingular, bl is affine with respect
to (xz,u), fI* is quadratic with respect to (x,u) and strictly concave with respect to u, and
that U is the supremum of a finite number of quadratic forms. Consider the scheme (3.21),
with T, as in (4.6) and let G be as in (4.7). Assume that c™ constant and nonsingu-
lar, EZ"constant and nonsz’ngulgn"’ and b™ affine. Assume that P is the set of functions with
at most quadratic growth. Assume that the operators G}, . belong to the class of monotone
additively ap-subhomogeneous operators from 2 to R, fér’ some constant ap, = 1 + Ch with
C > 0. Assume also that the value function W" of (3.21) belongs to 9 and is locally Lip-
schitz continuous with respect to x. Then, for all t € T}, there exists a set Z; and a map
gt : R x Z; — R such that for all z € Zy, (-, 2) is a quadratic form and

Wh(t,z) = sup gi(z, 2) . (4.9)
2EZ¢

Moreover, the sets Z; satisfy Zy = M X {Ziyp : W — Zpyp | Borel measurable}.

Theorem 4.2 uses the following property which was stated in [1, Lemma 3] without proof,
and without the upper bound assumption mentioned in it. We give here the proof of the
lemma.

Lemma 4.3 (Compare with [1, Lemma 3]). Let us consider the notations and assumptions of
Theorem 4.2. Let Z be a measurable function from W to 24 and let §, denotes the measurable
map W — R, w — q(S7},(z,w), 2(w)), with q as in (4.5). Assume that there exists z € 2q
such that q(x, 2(w)) < q(x,2) for all z € RY, and almost all w € #, and that G, belongs to
9, for all x € R%. Then, the function x — G7y .(4z) is a quadratic function that is, it can be
written as q(x, Z) for some Z € 24. o

Proof. Since Stmﬁ is linear with respect to x, ¢,(w) is a quadratic function of x the coeffi-
cients of which depend on w. Then, due to the assumptions that ¢™ and X' are constant
and nonsingular, we get that D}, . () with i = 0,1, and DtQhEm(x) (dz) are quadratic

functions of z. Let ;nhuz(q;) denotes the expression in (4.7c) without the maximization in

u. We get that G} (Gy) is of the form K(z,u) + (Az + Bu) - D}, . (G;), where K is a
quadratic function of (z,u), strictly concave with respect to u and A and B are matrices.
This also holds if we replace Z(w) by z, that is if we replace ¢, by ijfh@ Cw q(SZT;l (z,w), 2)
with Q(z) = q(z,z). However in that case, since @) is deterministic, Dtlhmx(Q;”hx) =
.@t{h’m(Q)(aﬁ) = E(DQ(S{},(z, Bt+n — Bt))) which is an affine function of z, since DQ is affine.

Therefore ;nhi;( N;’fh,x) is a quadratic function of (z,u), strictly concave with respect to u,
S0 its maximum over u € % is a quadratic function of x, that we shall denote by P(x).

Since G}}, . is assumed to be monotone from & to R, we get that G}, (qz) < G;”hx(Qthm) =
P(z). Therefore for all z € R? and u € % = RP, we obtain that K(z,u) + (Az + Bu) -
D} jyma(e) = G (G:) < P(x). So (Az + Bu) - D}, . () is a polynomial of degree at
most 3 in the variables x1,...,24,u1,...,u, upper bounded by a polynomial of degree at
most 2. Taking the limit when the x; and u; go to +00, we deduce that all the monomials of
degree 3 have zero as coefficients, so that (Az + Bu) - Dg,h,m,x(qx) is a quadratic function of
(z,u). Dtl,h,m,x(qx) does not depend on u. So (Ax + Bu) - Dtl,h,m,z
GT,Z‘I (Gz) is a quadratic function of (z,w), strictly concave with respect to w, which implies
that its maximum over u € %, Gy}, , (qz), is a quadratic function of x. O

(qx) is linear in u. Hence,
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Proof of Theorem 4.2. Lemma 4.3 shows in particular the property that each operator Tg’”h
such that T}7 [¢](x) = G}, x(g?);”h ,) with G} as in (4.7c), sends a deterministic quadratic
form into a 7quadratic form. Since for any finite number of quadratic forms, there exists a
quadratic form which dominate them, the assumptions of Theorem 4.2 imply that ¥ and then
all the functions W"(t,-) are upper bounded by a quadratic form (recall that ./ is a finite
set). Then, applying Theorem 4.1 to the maps W"(¢,-) and using Lemma 4.3, we get the
representation formula (4.9). O

In Theorem 4.2, as in [54, 44, Theorem 5.1], the sets Z; are infinite for ¢ < T. If the
Brownian process is discretized in space, the set # can be replaced by a finite subset, and
the sets Z; become finite. Nevertheless, their cardinality increases at each time step as
#HZ = #M X (#Zs11)P where p is the cardinality of the discretization of #. Then, if all
the quadratic functions generated in this way were different, we would obtain that #75 =
o~ (=1 (#///1/(1’_1)#ZT)7)T/}L is doubly exponential with respect to the number of time
discretization points and more than exponential with respect to p. Since the Brownian process
is d-dimensional, one may need to discretize it with a number p of values which is exponential
in the dimension d. Hence, the computational time of the resulting method would be worst
than the one of a usual grid discretization. In [54], McEneaney, Kaise and Han proposed to
apply a pruning method at each time step t € 7}, to reduce the cardinality of Z;. For this,
they assume already that the function W" is represented as the supremum of the quadratic
functions parameterized by a finite set Z; of 2;. They show that pruning (that is eliminating
elements of Z;) is optimal if one looks for a subset of 2; with given size representing W" as
the supremum of the corresponding quadratic functions with a minimal measure of the error.
There, the measure of the error is the maximum of the integral of the difference of functions
with respect to any probabilistic measure on R?. Then, restricting the set of probabilistic
measures to the set of normal distributions, they propose to use LMI techniques to find
the elements of Z; that can be eliminated. However, whatever the number N of quadratic
functions used at the end to represent W" at each time step is, the computational time of
the pruning method is at least in the order of the cardinal of the initial set Z;. Hence, if Z;
is computed as above using a discretization of the Brownian process and the representation
of W" at time t + h already uses N quadratic forms, then #7, = #.# x NP, so that it
is exponential with respect to p and can then be doubly exponential with respect to the
dimension d.

In [1], we proposed to compute the expression of the maps W"(¢,-) as a maximum of
quadratic forms by using simulations of the processes X™. These simulations are not only
used for regression estimations of conditional expectations, which are computed there only in
the case of random quadratic forms, leading to quadratic forms, but they are also used to fix
the “discretization points” x at which the optimal quadratic forms in the expression (4.9) are
computed. We will explicitly give the algorithm in Section 4.2 but first let us make the same
analysis as above in the upwind large stencil probabilistic scheme setting.

4.1.2 Method in the upwind large stencil probabilistic scheme setting

By the same reasoning as in the previous subsection, the following version of the upwind large
stencil probabilistic scheme operator T,lf’ , can be used to solve PDE (4.1).

T}, ,[®](t, ) = max T,/7'[®](t, ),

meA
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with :
E [@(X5"" ) T 5 (t:2)] + AL (@)
T,i’;?[q)](t,x) = sup T a— ,
’ ueU Th,m,u,B (t’ .CC)
where :
T 5t ) = 14 E | P ) (07 BY)| = hell (@),
and

Tlg\,[h,m,u,B(tv r) =1+ «@231(95)713(71_1/232) + h‘@glg’b(t,x)(h’_lB;L)7
3 and g;* being such that :

(@ —a™(@™)")(t, x) = (" E7 () (™)), ), (4.10)
(bT _bm)(tvx) :Q(ta x)qu(t>$)v (4'11)

2, and @%k being defined as in (3.12) and (3.8) and Xflzm =z + b™(z)h + o™ (z)B}.
As in the previous subsection, we define some operators by considering for a continuous
function ¢ : R? — R, x > ¢(x) :

Ty n[¢)(z) = T} p0)(t, ), (4.12a)
T3 [6)(x) = T 6]t ). (4.12b)
Let G;’fh@ be given by
m 7 _ Givh z,m, u(qg)
Lh,:c(qb) = 525 m ) (4.13)
with
Gi\,fh@,m,u(gz)) = D ) +h{fm +Dthgm(x)(¢) +Dth2m( )k(gg)} ’ (414)
where

D} ,($) = E(¢(Byn — By))
Dthg( 5) = E(¢(Byn — By) 2, J (WY (Byyn — By))

D}y 5 1(8)(2) := h'E |¢(Byyn — Bi) P& 1 (W /*(Byyp — Bt))]
Then, we have :

Tﬁ[qﬂ(m) thm(¢thx) ) (4.15)

with ngnhx and 57, as in (4.3d) and (4.3c).
Using the same arguments as for Lemma 3.1.11 and Lemma 3.1.12; one can obtain the
property that for h < hg, all the operators G} . belong to the class of monotone additively
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ap-subhomogeneous operators from & to R if the conditions of these lemma are satisfied. This
allows us to apply Theorem 4.1. However, we do not have a result similar to Theorem 4.2
here as in this case, the expressions g and ¢~ in the value of Dt17h7 g(qg) prevent the operator
G, . from sending a convex random quadratic form that is upper bounded by a deterministic
quﬁdratic form into a quadratic form.

Despite this fact, one can still obtain the following result.

Theorem 4.1.1. Let us consider the notations and assumptions of Theorem 4.2, except that
T%h is replaced by the operator Tllc,h' Let us use the notations and properties of (4.12)
and (4.13). Let z be a measurable function from # to 24 and Z € 24 be such that
q(z,2(W)) < q(x,Z) for all x € R? and w € W, where q is as in (4.5). Let G, be the map
W — R, w q(ST(x,w),Z(w)), Then, the function q : x — G}, ,(4) is upper bounded by
a quadratic map. The same property holds for lower bounds. o

Moreover, there exists C > 0, independent of h such that if the map Z is constant, that
is deterministic, and ||Z|| < K for some norm on 2,4. Then, there exists z € 24 such that
llz—z|| < C(K +1)2h and

(z) — q(z, 2)| < C(K + 13032 (|z|> +1)*2,  for allz € R? .

Proof. Let ft,h and ﬁ"}z, C:’:”hm denote respectively the operators T p, T}, and G;f‘h@ defined
in (4.7). The notations T} 5, 1} and G, . will then refer to Definition (4.12). We introduce

Gt.hzmu and Dtlhg such that :

NZZh,x(gb) = Iglea%}/( ét,h,x,m,u(‘ﬁ) ’ (416)
ét,h,x,m,u(&) = D?,h(‘%)(l + ¢y (z)h)
+R{ (%) + D} g () (D) + D pos () 1(0)} (4.17)

D}y o) = E(3(Birn— Bg- (h™ (Biyn — By)) -

Let zZ be a measurable function from # to 2, and Z € 2, be such that ¢(z, z(w)) < q(z, Z)
for all x € R? and w € #, where ¢ is as in (4.5). Consider the map ¢(x) = q(z,Z). It
satisfies —CK (1 + |z|?) < ¢(x) < CK(1 + |z|?) as soon as ||Z|| < K. Here and below || - ||

denotes a norm on Z; and C is any positive constant independent of h < 1. Since G,

is monotone, we get that g(x) < G7% (¢ ) = T/ (¢)(z) and a similar result holds for a
lower bound. Due to the assumptioflé on the pararﬁeters of the problem, it is easy to show
that for any (deterministic) quadratic form, ﬁ”}L(qﬁ) is a quadratic form. Hence, to obtain
the two assertions of the theorem, it is sufficient to show that, for any quadratic form ¢ with
norm K, 1}"}1(@ is bounded above and below by quadratic forms, the norm of which depend

on K, i"ﬁ(qb) is a quadratic form such that the norm of its difference with ¢ is bounded by
C(K + 1)%h, and that we have

T () (2) — Ty (¢)(2)] < C(K + 1)°1%(|z> +1)%2, for allz € R .

Using that 22} (w) = g-w + |g| - (|w] — E(Jw|) + |g| - E(Jw|), we deduce

Gﬁh,x,m,u(q;) 0 (~) o ét,h,x,m,u(é) - Dgh((z)) + Rt,h,gg@(x) ((5)

- Mth -
Tif,)m,u,B (.T) Tffm,u,B (Z‘) ’

(4.18)
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where . .
Rupo(d) =E [3(BL)lgl - (1B ~E(BLI)]  with B = B — By .

and | B} | representing the absolute value term by term of BY.

Due to the assumptions on the coefficients and on the scheme, Si (x,w) is affine with
respect to (z,w), (z,u) — X7'(z) is constant and nonsingular, (:r,u)7»—> g () is affine in
(z,u), and (x,u) — c'(x) is constant. Hence the map g?)?hx(w) is a quadratic function
of (z,w). Applying expectations with appropriate factors, we obtain that Dg h(d;;”hx) is a
quadratic form, such that the norm of Dg h(qggnhz) — ¢(x) is bounded by CKh, and that
D?,h,Eum(z),k(é??h,x) is a constant (in = and u) which can be bounded by CK.

Since the coordinates of Bh are independent and with zero expectation, we also get that
the first order term Dt hog™ (2,0)

is affine in (z,u), with an affine function of x, the norm of which is bounded by CK. We
deduce that

(qSt ) 0 (4.17) is equal to the scalar product of g;'(x), which

ét,h,x,m,u(&?ﬁh,x) - Dgh(&?h,w) = h(f;n(l‘) + ‘11(55, u)) ) (419)

where ¥ is quadratic in z and u with second order derivatives in u equal to 0, with a norm
bounded by CK and that D0 ((;;%”h ) is quadratic in x, and that their norms are bounded
by CK. Taking the supremum with respect to u in the previous expression, we deduce that
ﬂ"}L(qﬁ) G;"h x(gbt h.) 18 quadratic in z, and that the norm of its difference with ¢ is bounded
by C(K + 1)2h

Since ¢ : (z,u) — ¢;'(x) has linear growth,

| Re g () (91h2)] < C(L+ [ul + [2)|[E |64, . (BF) (| B —E(\Bil))“-

Again due to the properties of g?);”h , and B}, we get that the second factor in the former

inequality is constant and is bounded by CKh3/2.
All together, we deduce that

Groma Ol o o h(fm(z) + U(z, u))+C’Kh3/2(1+|u|+|x])
TthuB( ) _Dt,h<¢t,h,x) S TthuB( )

Then, using CKhY?|u| < |u|?¢/2 + C2K?h/(2¢), for € > 0 small enough, and similarly for
|z|, and using that TP o(z) > 1 — hc(x) > 1/2 for h small enough, we deduce that the
right hand side of the above inequality is bounded above by a quadratic form in x, so does
the supremum with respect to u of the left hand side. Since D?,h( ~?fh7$) is a quadratic form,

we deduce that G?Lhz(é;”hx) = T},(¢)(z) is bounded above by a quadratic form. Moreover
the norm of this quadratic form is bounded by K + C(K + 1)?h. A similar lower bound can
be obtained.

To obtain the second assertion of the lemma, we shall now use the following equation

Clroma® =~ Gungmu(®) = Gy (@) + Ry pgi (o) ()
T G0 = = 5 ——

, (4.20)
h,m,u,B hmuB( )

where N ) . N ) }
Ry pgm(@) () = (D21 (8) = Gl (O T3 (@) = 1) + Ry gy gm () (D) -
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Using (4.19), we get that for ¢ = &Th’x, ét,h,x,m,u(éf;) _éTh,x(@ can be written in the form
—h(u— L(z))TQ(u— L(z)) where L is affine with a norm bounded by CK and Q is a positive
definite matrix, independent of K, so there exists § > 0 such that this expression is bounded
above by —Bh|u— L(z)|%. Using (4.19) again, we obtain that D?,h((;ﬁ) —GY}, () is a quadratic
form, the norm of which is bounded by C(K + 1)2h. Moreover, T}?m wp(®) —1=—ci(x)h+
CvVh|g™(z)| for some norm (the I-norm) on R? and |R, g (2)(@ )| < CKh3?|gm™(z)|. We
deduce that |}~3t hygm(a;)(ggﬂ < Ch*(K+1)*(1+|z)?) + C(K + 1)2h3/2(1 +|2[?)|g™(z)|. Then,
using that 7, th mu(®) = 146™h > 1/2 for h small enough, and that y — y/(a+y) is increasing
with respect to y > 0, for any a > 0, we obtain

Fongr @] _ e s 12er s ooy o CUS+ D22 Jaf?) i)
e R W TprTos]
< 0K +17 1+ [of?) + CEE DO DAY

for any bound A(z,u) of h'/2|g"(z)|. Since |ng( )| < C(K+41)(1+]|z|)+|u—L(x)|, we can take
Az, u) = CUR+ DRV (1+10) V4 oo fu— Do) P+ SO
0. Then, bounding above separatly the three terms of the sum in A(z,u)/(1+A(z,u)) by lower
bounding 1+ A(z, u), and using the same upper bound A(z, u) of h'/2||g™(z)| in the expression
of the first summand in (4.20), and that éthwmu(gg) - é?hm(qz;) < —Bhlu — L(x)|> <0, we
deduce for € = 2B%:

for any € >

szfvh T m,u((g) ~m

— MYth,
Tl?m U, B(x) !

Then, taking the supremum over u, we obtain

Tha(®) = Gl o(@) < C(K + 1 [h(1+ |2)]P2 .

() <C(K +17°[h(1 +[o)]/2 .

For the reverse inequality, using that éthxmu(qg) — é;”hm(q;) = 0 for v = L(x), and
applying the above bound of }NBt,mgmx)(gg) to u = L(z), we get directly that

Tha(9) = G o(9) = —C(K + 1P [h(1 + |2)]P/ .
O

If the last inequality of Lemma 4.1.1 were true for random maps z, then one may expect
to obtain Equation (4.9) of Theorem 4.2 up to an error in O(v/h(1+ ||z||?)?/?). Note that, for
this bound to be true, one would also need to show the following Lipschitz property for T; p:
if p(z) — ¢ (x) < K(1+ ||x[?)%/? for all z € R, and ¢ and ¢ have a given quadratic growth,
then Ty 5, (¢)(z) — Ty p(¢)(z) < (1 4+ Ch)K (1 + |2]|2)3/? for all z € R%.

4.2 Description of the algorithm and complexity

4.2.1 Description of the algorithm presented in [1]

Using the notations T’} and G}, ; introduced in the previous section whose meaning should
be understood depending on the scheme that is used, the first description of the max-plus
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probabilistic algorithm introduced in [1] was the following. (Some notations were introduced
in Section 3.1).

Algorithm 4.2.1.

Input: A constant € giving the precision, and a 5-uple N = (Nin, Nyg, Ny, Ny, Nm) of integers
giving the sizes of the samples and the “method of sampling” Ny, € {1,...,5} described
below. A finite subset Z of 24 such that |¥(z) — max,cz, q(z,2)| < €, for all x € RY, and
#Zp < M X Ny, and the operators T, h and Gt:c b

Qutput: The subsets Z; of 24, for t € F, U{T}, and the approzimate value function W
(7, U{T}) x R? - R.

e Initialization: Let X™(0) = X(0), for all m € .4, where X(0) is random and independent
of the Brownian process. Consider a sample of (X (0), (Byin — Bi)ic 7,) of size Nin indexed
by w € Qn,, == {1,..., Nin}, and denote, for each t € 7, U{T} cmd w € Qp,,, Xm(t w) the
value of X™(t) mduced by this sample and satisfying X (t + h) == X" (t) + 0™ (X™(t))h +
o™ (X™(t))(Byyn— By). Define the function W"N(T,-) by WhN(T, ) = max.cz, q(z, z), for
r € RY, with q as in (4.5).

e Fort=T—h,T —2h,...,0 apply the following 3 steps:

(1) For each w € Q. and m € #, construct a sample (wl,wi),...,(rig,wf\,rg) of
elements of Qn,, X Qpn,, , using the method described below in item named ”Method Ny,” and
using possibly the constants N, and Ny,. Induce the sample X™(t,w;) (resp. (Bryn — Bi)(w)))
fori € Qn, of X"™(t) (resp. Biyn — Bt). Denote by #,N C W the set of (Byy, — By)(w)) for
1€ QNrg'

(2) For each w € Qy,, and m € M, construct z; € 24 depending on w and m as follows:

Let Zoyp - WN — Ziyn, C 24 be such that, for all i € Qn,, we have

WN (4 b STL(X™ (8, w), (Bian — Bi) (@)
=q( t,h(Xm(tvw) (Bivn — Bt) (i), Zen(Ben — By)(w)))) -

Extend Ziyp, as a measurable map on # . Let qm R be the map W — R, w — q(z+b™(2)h+

o™ (z)w, Zpn(w)). Compute an approximation ofx > Gtwh(cj:r;z,i*h) by a linear regression

estimation on the set of quadratic forms using the sample (X™(t,w;), (Brin — Bi)(w))), with
i € Qn,,. We obtain z; € 24 such that q(x, z;) ~ GZ;’h((jZZfI’;“L).

(8) Denote by Z; the set of all the z; € 24 obtained in this way, and define the function
WhN(t, ) by :

WhN(t,2) = maxq(z,2) VereR? .
ZEZt

Let us precise now the different choices Ny, of the “method of sampling” used in the
algorithm:

e Method 1 : Assume N,z = Nj, and take w; = wi =i forie Qn,,, which means that
we take the initial sampling.

e Method 2 : Assume N,z = N; x IV, with NV, < Nj,, and choose once for all w € Qn;,
and m € .# in the algorithm: a random sampling w;1, ¢ = 1,..., N, among the
elements of Q. and independently a random sampling wid 7 =1,...,N, among

the elements of (2, , then take the product of samplings, leading to (wm,wi’j) for

i =1,...,Ny and j = 1,...,N,. Reindexing the sampling, we obtain (w;,w;) for

i=1,..., Npy.



4.2. DESCRIPTION OF THE ALGORITHM AND COMPLEXITY 111

e Method 3 : Do as in Method 2, but choose different samplings for each w € Qy, and
m € ./ in the algorithm, independently.

e Method 4 : Assume N,z = N, x N, and N,, = Ny, and do as in Method 2, but take
the fixed sampling w’L ; = J instead of random sampling.

e Method 5 : Assume N, = an and do as in Method 2, but take the fixed samplings
w1 =4 and wy ; = j instead of random samplings.

4.2.2 Complexity of the algorithm presented in [1]

Note that no computation is done at Step (3), which gives only a formula (or procedure) to be
able to compute the value function at each time step ¢ and point z € R? as a function of the
sets Z;. This is what is done for instance to obtain plots. In particular, the algorithm only
stores the elements of Z; which are elements of 2. It is easy to see that the sets Z; of the
above algorithm satisfy #Z; < M x Nj, for all t € .73, and 2 has dimension (d+1)(d+2)/2.
The memory space to store the value function at a time step is in the order M x Nj, x d2,
so the maximum space complexity of the algorithm is O(M x Ni, x d? x T'/h). The number
of computations at each time step for the optimization (computation of the z; ) will be
at most in the order of (M x Ni,)? x Ni, in methods 1 and 5 and at most in the order of
(M x Nin)2 X N, when using methods 2,3,4. Moreover, the number of computations at each
time step for the regression estimation will be at most in the order of M x Nj, x Nz so will
be dominated by the number of computations of the optimization step.

4.2.3 Description of the algorithm presented in [2]

A particular case of the algorithm described previously was presented in [2], where we added
the possibility of having the same operator .ZX" for different m, in which case we choose
to simulate the process xm only one time for each possible ZX™. Then the number of
simulations and quadratic forms decreases. To formalize this, we considered in the algorithm
the projection map 7 which sends an element m of .Z to a particular element of its equivalence

class for the equivalence relation “m ~ m/ if ZX" = #X™ ?. The algorithm is described in
the following.

Algorithm 4.2.2. Input: A constant € giving the precision, a time step h and a horizon time
T such that T/h is an integer, a 3-uple N = (Nin, Nz, Ny) of integers giving the sizes of the
samples, such that N, < Nin, a subset .4 C # and a projection map 7 : M — M. A finite
subset Z of Qg such that [¢(z) —max,cz, q(x,2)| < ¢, for allx € RY, and # 27 < #.4 x Ny.
The operators Ty, S} and G, for t € T, and m € M, with LX" (and thus S
depending only on 7r(m> o ’
Output: The subsets Z; of 24, fort € T, U{T}, and the approximate value function whN .
(7, U{T}) x R? = R.

e Initialization: Let X™(0) = X(0), for all m € A, where X(0) is random and independent
of the Brownian process. Consider a sample of (X (0), (Beyn — Bi)ieg,) of size Niy indexed by
w €y, :={1,..., Nin}, and denote, for eacht € Z,U{T}, w € A, andm € M, Xm(t,w)
the value of Xm(t) induced by this sample satisfying (4.4). Define the function WmN (T, -) by
WhN(T, x) = max,ecz, q(z,2), for v € RY, with q as in (4.5).

o Fort=T —h,T —2h,...,0 apply the following 3 steps:
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(1) Choose a random sampling w1, i =1,..., Ny among the elements of Qn,, and inde-
pendently a random sampling W/1,j Jj=1,...,Ny among the elements of Qn;, , then take the
product of samplings, that is consider w(; jy = wi1 and wEi = wij for all i and j, leading to
(we,wp) for €€ Qn,, :={1,...,No} x {1,..., Ny }. B

Induce the sample X™ (t,wy) (resp. (Biyn — Bt)(wy)) for £ € Qn,, of X™(t) with m € A
(resp. Biyn — By). Denote by #;N 57/ the set of (ABH'h — By)(wy) for £ € Qn,,.

(2) For eachw € Q. andm € # , denote x; = X™(t,w) and construct z; € 24 depending
on w and m as follows:

(a) Choose Ziyp, : W,N — Ziin, C 2q such that, for all £ € QOn,,, we have

WhN (¢ + b, S (w4, (Bpan — Be)(wyp)))
= q(Sh (e, (Bewn — B)(wp))s Zevn((Begn — Bt)(wp))) -

Extend Zi1p as a measurable map from W to 2q. Let Gip . be the element of & given by
w e W — q(S, (2, w), Zepn(w)). )

(b) For each m € M such that m(m) = m, compute an approximation of x — G} (Ghz)
by a linear regression estimation on the set of quadratic forms using the sample (Xm(t, we), (Byysp—
By)(wyp)), with £ € Qn,,, and denote by z* € 2q the parameter of the resulting quadratic form.

(¢c) Choose z; € 24 optimal among the 2" € 24 at the point x, that is such that q(z¢, z) =
mMaXz(m)=m q<$t7 Z?)

(8) Denote by Z; the set of all the z; € 24 obtained in this way, and define the function
WhN(t,-) by :

WhN(t z) = maxq(z,2) VzeR? .
2E€E7Z4

The same algorithm has been given in [3].

4.2.4 Complexity of the algorithm presented in [2]

The same remark about the representation of W that has been done in Section 4.2.2,
still holds here. Since Z; satisfy #7; < #.# x Ny, for all t € .7, and 2, has dimension
(d+1)(d+2)/2, the memory space to store the value function at a time step is in the order of
#. x Ny x d?, so the maximum space complexity of the algorithm is O(#.4 x Ny, x d> xT'/h).
Before computing the value function, one need to store the values of all the processes, with a
memory space in O(#.# x Ny xdxT/h). Moreover, the total number of computations at each
time step is in the order of (#.4 x Nin)? X Ny X d? +#.# x Nip X (N X Ny x d? + N x d° +d°),
where the first term corresponds to step (a) and the second one to step (b). Note also that
N, can be chosen to be in the order of a polynomial in d since the regression is done on the
set of quadratic forms, so in general the second term is negligible, and it is also worth to take

# .4 small.



CHAPTER 5

Numerical Results

We present in this chapter our numerical results that we group in two parts. The first
section present numerical results of the test of the different options of the new probabilistic
max-plus method described in Algorithm 4.2.1 when applied with the probabilistic scheme
of Fahim, Touzi and Warin. The second section presents numerical results of the test of
Algorithm 4.2.2 with the large stencil probabilistic scheme described in Section 3.1.2.a. In
all these tests, we are interested in finding the superhedging price of a basket option in an
uncertain correlation model. To test the new probabilistic max-plus method with the upwind
large stencil probabilistic scheme presented in Section 3.1.2.b, we looked at a problem of
dynamic optimization of a portfolio with transaction costs. However, the characteristics of
the problem (utility function) caused us important numerical problems which did not allow
us to obtain relevant results.
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5.1 Test of Algorithm 4.2.1 with the probabilistic scheme of [25]

To test our algorithm, we consider the problem of pricing and hedging an option with uncertain
volatility and two underlying processes, studied as an example in Section 3.2 of [45]. There
the method proposed is based on a regression on a process involving not only the state but
also the (discrete) control.

With the notations of Chapter 4, we consider the case where d = 2, .# = {pmin, Pmax }
with —1 < pmin, Pmaz < 1, and there is no continuum control, so u is omitted. The dynamics
of the controlled processes are given, for all m € ., by b™ = 0, and for & = (&1, &) € R?,

m o 0—151 0
(&) = gom&s ooV 1 —m2&s

with 01,09 > 0. The parameters of the overall functional payoff satisfy ¢™ = 0, f™ =0, and,
for &= (fl,fz) € RQ,

VO =G -&L-—K)"— (G —&—Ky)*

with 2 = max(z,0), K1 < Ks.

The two coordinates of the controlled process stay in R, the set of positive real numbers.
To be in the conditions of Theorem 4.2, we approximate the function ¥ with a supremum of
a finite number of concave quadratic forms on a large subset of Ri, typically on the subset of
¢ such that & — & € [—100, 100]. Note that since the second derivative of ¥ is —oco in some
points, it is not c-semiconvex for any ¢ > 0 and bounded domain, so the approximation need
to use some quadratic forms with a large negative curvature, and so the algorithm proposed
in [54] may not work. The maps ¢ for m € .# are not constant but they are linear. In this
setting, the conditions of Theorem 4.2 are not fully satisfied. However, as we are going to see,
we still obtain satisfactory results.

We take the same constants as in [45]: 01 = 0.4, 02 = 0.3, K; = =5, Ky =5, T = 0.25,
Pmin = —0.8, pmax = 0.8. We fix the time discretization step to h = 0.01.

We first tested our algorithm in the case where .# is the singleton {pmin} Or {pmax},
which means that there is no action on the process, so that the true value function can
be computed analytically, and compared with the solution obtained by our algorithm. The
method Ny, = 1 gives very bad results even at time 7" — h. The method Ny, = 5 need too
much space and time even for Ny, = 1000. In Table 5.1, we present for different values of
N = (Nin, Nig, Ny, Ny, Ni), with N, = 2, 3,4, the norm of the error on the value function
at time ¢ = 0 and states & = 50 and &; € [20,80]. We see that the best method is the second
one, and that Method 3 gives very bad results. This may be explained by the introduction of
a bias due to the maximization of independent random variables. Note also that the errors
for Method 2 are comparable to the standard deviations obtained in [36] by Gobet, Lemor
and Warin in the case of similar option problems with a usual regression estimation of the
value function.

In view of these results, we present in Figure 5.1 the result obtained for the control problem
tested in [45], that is with .# = {pmin, Pmax}, and Ny = 1000, Nyg = Ny X Ny, N, = 10,
N, = 1000 and Ny, = 2. The result is very similar to the one presented in [45].
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4 Nin Nrg N, Ny Ny €oco €1
-0.8 | 1000 | 10000 | 10 | 1000 | 2 | 0.521 | 0.173
0.8 | 1000 | 10000 | 10 | 1000 | 2 | 0.157 | 0.074
-0.8 | 1000 | 1000 | 10 | 100 2 0.75 | 0.41
0.8 | 1000 | 1000 | 10 | 100 2 0.36 | 0.11
-0.8 | 1000 | 1000 | 10 | 100 3 3.48 1.92
0.8 | 1000 | 1000 | 10 | 100 3 3.06 | 0.81
-0.8 | 100 1000 | 10 | 100 2 1.95 | 0.46
0.8 | 100 1000 | 10 | 100 2 1.81 0.33
-0.8 | 100 | 10000 | 10 | 1000 | 2 2.09 | 0.53
0.8 | 100 | 10000 | 10 | 1000 | 2 1.79 | 0.36
-0.8 | 100 | 1000 | 10 | 100 4 2.15 | 0.55
0.8 | 100 1000 | 10 | 100 4 1.80 | 0.39

Table 5.1: Sup-norm and normalized ¢! norm of the error, on the value function with constant
p, at time t = 0, and states {; = 50 and &; € [20, 80], denoted e~ and e; resp.

Figure 5.1: Value function obtained at t = 0, and & = 50 as a function of & € [20, 80]. Here
Nin = 1000, Nyg = Ny X Ny, N =10, Ny, = 1000 and Ny, = 2. In blue, p is constant equal
to —0.8, in green p is constant equal to 0.8, and in black p € {—0.8,0.8}.
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5.2 Test of Algorithm 4.2.2 with the probabilistic scheme of Sec-
tion 3.1.2.a

To illustrate our algorithm, we consider the problem of evaluating the superhedging price of
an option under uncertain correlation model with several underlying stocks (the number of
which determines the dimension of the problem), with changing sign cross gamma. As we saw
in the previous section, the case with two underlying stocks was studied first as an example in
Section 3.2 of [45], where the method proposed is based on a regression on a process involving
not only the state but also the (discrete) control. In the previous section, we presented our
algorithm tests with .# = .# on the same 2-dimensional example as [45]. Here we shall
consider the same example with .# reduced to one element and then consider a similar one
with 5 stocks (so in dimension 5). Illustrations are obtained from a C++ implementation of
Algorithm 4.2.2, which can easily be adapted to any model.

With the notations of the introduction, the problem has no continuum control, so u is
omitted, and for all m € .#, b™ =0 and ¢™ = 0 = f™. So it reduces to maximize

J(t,x,p) =E[¥(&r) | & = ]

The dynamics is given by d§; s = 0;&; sdB; s where the B; are Brownians with uncertain cor-
relations: < dB; s, dBj s >= [ps]ijds with ps € Cor, a subset of the set of positive symmetric
matrices with 1 on the diagonal. This is equivalent to the condition that

(0™ (x)o™(x) " |;j = osziojzymy;,  form € Cor .

Here we assume that Cor is the convex hull of a finite set .#. Since the Hamiltonian of the
problem is linear with respect to m, the maximum over Cor is the same as the maximum over
M, so we can assume that the correlations satisfy us € .#. We consider the following final
payoft:

U(z) = ¥y (maxz; — min z;), z € R,

i odd J even P
Uy (z) = (¢ — K1)" — (- K2)", z €R,
7 = max(z,0),

K < Ks.

Ky Ko

Since ¥, is nondecreasing, we have ¥(x) > Wy (z; — z;), for all ¢ odd and j even. Then,
we can lower bound the value function in dimension d by the application of the value function
of dimension 2 with volatilities (o4, 0;) and set .# = {—p, p} with p = max{m;;, m € Cor}.
Indeed if we denote by vgi’ o, the value function of the 2-dimensional problem with volatilities
oy, 05 with .# = {—p, p} and by U(E;,Cor the value function of the 5-dimensional problem, then
vgcor(t, x) > supE [W1((&r)i, (§7);) | & = x]. Since this depends on (&7)i, (§7); only and that
these processes do not depend on the other coordinates ({7)r with k # 4,7, we get that
vg,Cor(t7 33) > 'Ugi,a'j,p(t? i CU]‘).

Note that all the coordinates of the controlled process stay in R,, the set of positive
real numbers. To be in the conditions of Theorem 4.2, we approximate the function Wy

with a supremum of a finite number of quadratic forms on a large subset of R, typically on
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[—1000, 1000], so that ¥ is approximated with a supremum of a finite number of quadratic
forms on the z € Ri such that z; —x; € [-1000, 1000]. Note that since the second derivative
of ¥y is —oo in some points, it is not c-semiconvex for any ¢ > 0 and bounded domain, so
the approximation need to use some quadratic forms with a large negative curvature, and so
we are not under the conditions of [54]. Moreover, since the state space is unbounded, one
cannot approximate ¥ as a supremum of a finite number of quadratic forms on all the state
space as assumed in Algorithm 4.2.2. However, due to stability considerations, the simulated
process stays with almost probability one in a ball around the initial point, so that one may
expect the value function to be well approximated in a bounded subset of R?. The maps o™
for m € .# are not constant but they are linear, and one can choose ¢ such that o(x)~'o™(z)
is constant and b = 0, and get that the result of Theorem 4.2 still holds.

In the illustration below, we choose K1 = —5, K9 =5, T = 0.25, the time step h = 0.01,
the volatilities o1 = 0.4, 09 = 0.3, 03 = 0.2,04 = 0.3, 05 = 0.4 and the following correlations
sets:

_ _ 1 mi2 _
M={m =], 2] |m=+£p} for 2 stocks,
and

1 mi20 0 0

mi2 1 0 O 0
M={m=1|0 010 0 |]|ma==xp my==Ep} for 5 stocks.

0 0 0 1 mus
0 0 Omys 1

In dimension 2, we choose N, = 10, N,, = 1000 and test several values of simulation
size Ni,, and compare our results with the true solutions that can be computed analytically
when # is a singleton, see Figures 5.2 and 5.3. For p = 0 or p = 0.4, kK = 0 is sufficient
in Lemma 3.1.5 (indeed the nonlinearity of the PDE F' = 0 for p = 0, so there is no second
derivative to discretize), whereas for p = 0.8, one need to take £ = 2 to obtain the mono-
tonicity of the scheme. This may explain why a greater sampling size Ny, is needed to obtain
the convergence for p = 0.8.

In dimension 5, we choose N, = 50, N, = 1000 and N;, = 3000, and compare our
results with a lower bound obtained from the results in dimension 2, as explained above, see
Figure 5.4. Although, the lower bound appears to be above the value function computed
from the Hamilton-Jacobi-Bellman equation in dimension 5, the difference between the value
function and the lower bound is small and of the same amount as the difference observed in
Figure 5.3 between the value functions computed in dimension 2 with the simulation sizes
Nin = 2000 and N;, = 3000. This indicates that the size of the simulations N, = 3000 is
not enough to attain the convergence of the approximation, although the results give already
the correct shape of the value function. Such a result would be difficult to obtain with
finite difference schemes, and at least will take much more memory space. For instance, the
computing time for one time step of a finite difference scheme on a regular grid over [0, 100]°
with 100 steps by coordinate is in 10' and is thus comparable with the computing time of
Algorithm 4.2.2, N2 x N,, x d*, with the above parameters, whereas the memory space needed
for the finite difference scheme at each time step is similar to the computing time and is thus
much larger than the one needed in Algorithm 4.2.2 (in Ny, x d* = 7.510°).

The computation of the value function in dimension 5 took ~ 19h with the C++ program
compiled with “OpenMP” on a 12 core Intel(R) Xeon(R) CPU E5 — 2667 - 2.90GHz with
192Go of RAM (each time iteration taking ~ 2500s). The main part of the computation time
is taken by the optimization part (a) of Algorithm 4.2.2, with a time in O(N2 x Ny, x d?). The
bottleneck here is in the computation, for each given state x at time t 4+ h, of the quadratic
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form which is maximal in the expression of W'V (¢t 4 h, ). Therefore, a better understanding
of this maximization problem is necessary in order to decrease the total computing time. This
would allow us to obtain better approximations in dimension 5 in particular, and increase the
dimension with a small cost. Such an improvement is left for further work.
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Figure 5.2: Value function in dimension 2, for p = 0 on top, and p = 0.4 on bottom, at t = 0,
and x5 = 50 as a function of x1 — x9. Here N;, = 1000, 2000, or 3000, N, = 10, N,, = 1000.
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Figure 5.3: Value function in dimension 2, for p = 0.8, at x5 = 50 as a function of z; — x9
obtained with N, = 10, N,, = 1000. On top, the value is shown at each time step multiple
of 0.05 and is obtained for Nj, = 3000. On bottom, the value at time t = 0 is compared for
Ni, = 1000, 2000 and 3000 and with the exact solution when . is a singleton.
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Figure 5.4: Value function for p = 0.8 in dimension 5, at zo = z3 = 4 = x5 = 50 as a
function of x1 — x3. Here Ny, = 3000, N, = 50, N,, = 1000. On top, the value is shown at
each time step multiple of 0.05. On bottom, the value at time ¢ = 0 is compared with a lower
bound obtained by using the results in dimension 2.
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Figure 5.5: Value function for p = 0.8 in dimension 5, at zo = 3 = 4 = x5 = 50 as a
function of 1 — x2. On top, Njn = 3000 and 5000. On bottom, Nj, = 3000, 5000 and 10000.
N, =50, N, = 1000. The value is computed using an optimization algorithm for computing

Zi+h-



Conclusion

We introduced new probabilistic schemes to solve Hamilton-Jacobi-Bellman equations in the
stochastic case which are monotone and can converge with less restrictions than those of
Fahim, Touzi and Warin in [25] and Guo, Zang and Zhuo in [40]. Indeed, the non linearity
of the PDE with respect to the second order derivative can be high and the only condition
is that the PDE is uniformly elliptic. We proved convergence and obtained error estimates
for PDE with bounded coefficients. What remains is to obtain same convergence results in
the case of PDE with unbounded coefficients. We think that error estimates can be obtained
using the same method as Assellaou, Bokanowski and Zidani in [5] as the solution of the
probabilistic scheme we considered for the unbounded setting is Lipschitz continuous. By
obtaining Lipschitz result on the viscosity solution of the PDE in the unbounded setting
given in Section 3.2 and then taking the same steps as in [5], convergence results and error
estimates can then be obtained. Before going this far, we have to notice that the method
of [5] allows already to improve the lower bound error estimate that we obtained with the
method of Barles and Jakobsen [7] in this manuscript for PDE with bounded coefficients. It
can also be generalized to a lot of other schemes where the solution of the scheme is Lipschitz
continuous.

The second new result of this work is the max-plus probabilistic method. We showed that
we have theoretical results which shows that the convergence of the method is justified at
least for one of the probabilistic scheme we presented here in the case of a linear quadratic
problem. However, a more precise result giving error estimates of the method with respect
to the number of simulations and the other algorithm variables is needed. Some numerical
tests have been performed but need to be extended to more difficult problems.

All these remarks are left for further work.
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