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ON THE TIME DISCRETIZATION OF STOCHASTIC OPTIMAL CONTROL
PROBLEMS: THE DYNAMIC PROGRAMMING APPROACH

J. FREDERIC BONNANS, JUSTINA GIANATTI, AND FRANCISCO J. SILVA

ABSTRACT. In this work we consider the time discretization of stochastic optimal control prob-
lems. Under general assumptions on the data, we prove the convergence of the value functions
associated with the discrete time problems to the value function of the original problem. More-
over, we prove that any sequence of optimal solutions of discrete problems is minimizing for
the continuous one. As a consequence of the Dynamic Programming Principle for the discrete
problems, the minimizing sequence can be taken in discrete time feedback form.

1. INTRODUCTION

Stochastic optimal control problems in continuous time have been extensively studied during
the last decades. This important area of research has a wide range of applications, such as in
economy, mathematical finance and engineering. Usually, there are two approaches to deal with
these problems. The first one is related to the Bellman’s Dynamic Programming Principle (DPP),
which allows to characterize the value function as the unique viscosity solution of the associated
Hamilton-Jacobi-Bellman (HJB) equation [21), 22| [23]. The second one is the variational approach,
which deals with extensions of the Pontryagin maximum principle [26] to the stochastic framework.
For a detailed account of the theory and historical remarks we refer the reader to the classical
monographs [30, [19] [14].

Almost independently, another active field of research in the last decades has been the optimal
control of discrete time processes and general state space. In that framework, controls at time &
(also called policies) are probability measures on the actions space, which depend on the history
of states at time k and the chosen actions up to time k — 1. Given a control, an action is chosen
according to the probability measure associated with this control and this fixes the transition
probability function between the states at time k& and k 4+ 1. The literature on this subject is
too extensive and we refer the reader to the classical monographs [12] 3], 15, 27, 31], and the
references therein, for a comprehensive presentation and historical remarks. Generally speaking,
the assumptions in this theory are rather general and a common theme is the investigation of
existence of optimal (or e-optimal) Markov policies, i.e. the chosen control at time k depends
only on the value of the state at time k.

In this work, we consider a continuous time stochastic optimal control problem with determin-
istic coefficients and a finite horizon T' > 0. Given a time grid with diameter h > 0, we study its
natural time discretization. While we consider only uniform grids, our analysis is easily extended
for general time grids. The state equation is discretized with the classical stochastic explicit Euler
scheme. Since at the continuous level we consider the strong formulation for the state equation
(see [30, Chapter 2, Section 4.1]), i.e. the control acts pathwise on the state on a fixed proba-
bility space, it is natural to consider at the discrete level a similar formulation. In this case, the
controls are assumed to be adapted to the filtration generated by the increments of the Brownian
motion on the time grid. In this sense and similarly to the continuous time case (see [30, Chapter
2, Section 4.1 and Section 4.2]) our formulation is more specific than the one described in the

Date: March 2, 2018.

2010 Mathematics Subject Classification. Primary: 93E20, 491.20; Secondary: 90C15, 93C55.

Key words and phrases. Stochastic Control, Discrete Time Systems, Dynamic Programming Principle, Value
Function, Feedback Control.

The first and second author thank the Laboratoire de Finance des Marchés de I’Energie for its support. The
first and third authors thank the support from project iCODE : “Large-scale systems and Smart grids: distributed
decision making” and from the Gaspar Monge Program for Optimization and Operation Research (PGMO). The
second author was also supported by Centro Internacional Franco Argentino de Ciencias de la Informacién y de
Sistemas (CIFASIS).

1



2 J.F. BONNANS, J. GIANATTI, AND F. J. SILVA

previous paragraph, which is more related to the weak formulation of the continuous problem (see
[30, Chapter 2, Section 4.2]).

The study of the discrete time case arises from different objectives. For instance, it can be
used to prove the existence of optimal controls for the continuous time problem, as the limit of
optimal discrete time policies (see e.g. [9] and [20]). Another application is to derive the DPP for
the continuous time problem as a consequence of this property in the discrete time case (see e.g.
[19] and [25]). We point out that in [19, [17] and [25], given a discrete time control the associated
state solves the continuous time stochastic differential equation and so the state is not discrete in
time. Finally, discrete time problems appear naturally as the first step in obtaining a numerical
approximation of the continuous time problem, the second step being the discretization of the
state space (see e.g. [20]) or the resolution by Monte Carlo methods.

The simplicity of our pathwise formulation and the regularity of the coefficients defining the
continuous problems, which, as we will see, yields the continuity of the optimal cost as a function of
the initial state, allow us to simplify the proof of the DPP for the discrete time problem by arguing
as in [5]. Thus, we do not have to deal with delicate measurability issues as in [3]. Although we
consider controls adapted to the filtrations generated by the increments of the Brownian motion,
a consequence of the DPP is the existence of discrete time optimal feedback (or Markov) controls.
This important property in the discrete time case is in contrast with the analogous property in
the continuous time case, where the existence of an optimal feedback control can be assured only
in exceptional cases (see [30, Chapter 5, Section 6] and Remark. In some sense, this is similar
to the existence issues for continuous time Stochastic Differential Equations (SDEs), where the
Fuler scheme is always well-posed even when the continuous time SDEs does not admit explicit
solutions.

We study several properties of the discrete time value functions V", which are analogous to
their continuous time counterparts, such as Lipschitz continuity and semiconcavity with respect
to the state variable on bounded sets. When extended by linear interpolation to the entire interval
[0, T, we prove that V" is Holder continuous in time, on bounded sets of the space variable. Using
an approximation result by Krylov (see [19, Lemma 6, Section 3.2, p.143]), we also prove with a
direct approach the local uniform convergence of V" to V, the value function of the continuous
time problem. Since we work under quite general assumptions, this convergence result is more
general than those already proved in [9], where under stronger assumptions weak convergence
to a feedback control of the continuous time problems is shown, and [14, Chapter 9]. Probably,
the convergence of the value functions can also be proved by using analytical methods based
on viscosity solution theory (see for instance [7] and [8] for the deterministic case and [11], [2]
and [14, Chapter 9] for the stochastic one), however, our direct approach allows us to prove the
important fact that optimal (or e-optimal) discrete time controls form a minimizing sequence
for the continuous time problem. In particular, there always exists a minimizing sequence of
discrete time optimal feedback controls. In addition, under some convexity (strong convexity)
assumptions, we obtain the weak (strong) convergence of the discrete time optimal controls to
a solution of the original problem. In this general framework, we have not established error
estimates for the discrete value functions. We refer the reader to [I7] and [I8] where, under
additional assumptions, the author tackles this problem.

The paper is organized as follows. In Section [2| we state the continuous time and discrete time
problems and our main assumptions. Also, we provide some technical and fundamental estimates,
which are proved in the Appendix, relating the continuous time and discrete time states associated
with piecewise constant controls. In Section [3| we prove the DPP for the discrete time problem
and show the existence of feedback optimal controls. The continuity of the discrete value function
plays an important role here and simplifies its proof. Next, in Section [4] we prove several regularity
properties of V", which are analogous to those of V. Finally, in Section |5| we prove in Theorem
the local uniform convergence of V" to V and that the sequence of discrete time optimal
controls is a minimizing sequence of the continuous problem. Under some convexity assumptions,
the convergence of this sequence to an optimal control of the continuous problem is also shown.

2. PRELIMINARIES

We begin by defining the problems we are interested in.
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2.1. Continuous time problem. Let (2, F,P) be a probability space on which an m-dimensional
standard Brownian motion W(-) is defined. For every s € [0,7T], we set F* = {F} };c[; 1) where
for t € [s,T), F} is the completion of o(W(r) — W(s) : s <r < t) by P-null sets of F.

Let s € [0,T] and = € R™, we consider the following controlled Stochastic Differential Equation
(SDE):

dya“(t) = Sty (t),u(®))dt + ot yu ™ (t), u(t))dW(t), ¢ €]s, T,
(1) { o
yu' (s) = w,

where f: [0, 7] xR"xR" — R" and o : [0, 7] x R" x R" — R™ "™ are given maps. In the notation
above 1, € R™ denotes the state function and u € R” the control. We define the cost functional

@) 7 —E[/uyu O, u()dt + 9(3 (1))

where ¢ : [0, 7] x R" x R” — R and ¢ : R" — R are given maps. A precise definition of the control

space, i.e. the domain of the functional J%% in , and assumptions over the data ensuring that

yu" is well defined will be given in the next sections.

Let U,q be a non-empty compact subset of R" and define
(3) Uy = {u € (HE) : u(t,w) € Uyq, for almost all (a.a.) (t,w) € [s,T] x Q},
where
(4)  Hfs = {ve L*([s,T] x Q) : the process (t,w) € [s,T] x Q — v(t,w) is F¥-adapted}

and it is endowed with the L?([s,T] x ) norm.
Then, for fixed s € [0,7] and « € R™ the control problem that we consider is

(Psz) inf J%%(u) subject to u € U,
The value function of the continuous problem V : [0,7] x R™ — R is defined as
(5) V(s,z):= inf J>*(u).
uel, ad

2.2. Discrete time problem. Let us introduce a discrete time approximation of the above
problem. Given N € N\ {0}, define h := T/N. Let us set t, = kh (k =0,...,N) and consider
the sequence of independent and identically distributed (i.i.d.) m-valued random vectors, defined
as AW := W(tg1) — W(tg), for k=0,...,N —1 and AWy := 0 in Q. Then, E(AW}) = 0 and
E(AW“AW”) = hdj, i, (Where diyi, = 1 if iy = 42 and 0,4, = 0 otherwise). For each k =0,..., N
we consider the filtration {F; k j ;> Where

(6) FP={0,Q} and .7:1-“ =0(AWp ; k+ 1<Kk <j) forallje{k+1,..,N}.

Let us set L? 7 = L2(Q, .7-"’“ P). For k =0,...,N — 1, we consider the admissible control sets
(7) Ul = {u=(up,....,un_1) € H;y:_leZ tuj(w) € Uyg P-as., j=k,..,N—1},

where H;.v:_le2 » is endowed with the norm HuHuh = hz L Euy2.

k,x,u

Given u € Z/Ik, z€R"and k =0,..., N —1, we recursively define the state y;™", j =k,..., N,
associated with u, x and k as
8 yfﬁlu = kxu+hf(]7 kxu) )+U(]7y‘fxu) j)AWj-i-lv j:k7"‘7N_17
( ) k,z,u
Yy = .

Note that, under the assumption (H1) below, yk e 2, forallj=k,...,N

]:Ic I
Finally, we associate to each u € L{k the cost function,

N-—1
(9) T, u) =B by 0ty ug) + g(yn™)
=k
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Then, for fixed k and z, the discrete time control problem that we will consider is
(P,?x) inf J}(z,u) subject to u € U
In this case, the value function {V;" : R" - R |k =0,..., N} is defined over R" as

(10) Vi(z) :== g(x), and Vx):= inf JM(z,u) fork=0,...,N —1.
ue€ Z/I

The main result of this work is to prove the convergence of an extension of V(h) (1) to [0,T] x R™
to the value function V. In the next section we introduce the main assumptions in this work.
2.3. Assumptions. We present the hypothesis that we consider in this paper.

(H1) Assumptions on the dynamics:
(a) The maps ¢ = f,0 are B([0,7] x R™ x R") measurable.

(b) For almost all ¢ € [0,7] the map (y,u) — @(t,y,u) is C! and there exists a constant
L; > 0 such that for almost all ¢ € [0,7] and for all y € R” and u € U,y we have

{ lo(t, y,u)| < Ly [Jy| + |u| +1],
[y (t,y, w)| + [0u(t, y, u)| < L1,

where ¢, (t,y,u) := Dyp(t,y,u) and @, (t,y,u) = Dyp(t,y, u).
(c ) There exists an increasing modulus of continuity @y : [0, +0o[— [0, +oo[ such that for
= f,0,and for all y € R™, u € Uy, s,t € [0,T] we have

(12) o5, y,u) — o(t, y, u)| < Wi(ls — ).

(H2) Assumptions on the cost:
(a) The maps ¢ and g are respectively B ([0,7] x R™ x R") and B (R"™) measurable.

(b) For almost all ¢ € [0,T] the map (y,u) — £(t,y,u) is C', and there exists Ly > 0
such that for all y € R™ and u € Uy,

{ l(t,y,u)| < La[lyl + [ul + 1],
18y (L, y, w)| + [Cu(t,y, u)| < La[lyl + [ul + 1],
where £, (t,y,u) == Dyl(t,y,u) and £, (t,y,u) == D l(t,y,u).

(c¢) There exists an increasing modulus of continuity ws : [0, +00[— [0, +00[ such that for
for all y € R", u € Uyq and s,t € [0,T] we have

(14) [€(s,y,u) — £(t,y,u)| < Wa(|s —t]).
(d) The map y ~ g(y) is C! and there exists Ly > 0 such that for all y € R™,
{ l9(w)| < L2 [ly +1]°,
IVg(y)| < La [y +1].

In order to keep the notation as simple as possible, we define L := max{L;, Lo} and @ :=
max{wl,wQ}.

(15)

Remark 2.1. Under assumption (H1), for any u € U, the state equation admits a unique
strong solution, see the proof of [24, Proposition 2.1]. For the sake of completeness, we recall the
following particular instance of [24, Proposition 2.1] which is valid under our assumption (H1).

Proposition 2.1 Assume that (H1) holds true. Then for any u € Ugd the continuous times state
equation admits a unique strong solution y € L*($; C([0,T];R™)), and the following estimate

holds:
|lz|? + (/\stu d5> /\osOu |ds].

(16)  E|sup |y(s)?2| < CE

s€[0,¢]
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Moreover, for any v > 1, there exists C., > 0 such that

(17) E s Y (s) =y (s)]7| < Cyla — |7,
s€|0,t

Under assumptions (H1) and (H2) we can prove the main result presented in Section
(Theorem , which gives the convergence of the discrete value function to the continuous one.
The contribution of this work in the context of the existing literature is that our assumptions are
rather general, see for instance [I1] where the coefficient are bounded. Moreover, using the DPP,
proved in Section 3| we obtain the existence of feedback discrete optimal controls which will be
shown to form a minimizing sequence for the continuous problem.

We end this section by providing some technical results which will be needed in the next
sections.

2.4. Estimates on the states of the discrete and continuous formulations. We begin this
section by providing some estimates for the discrete state and then for the difference between two
discrete states with different initial state. Finally, we also prove some estimates for the difference
between the discrete and continuous time states associated with the same discrete time control,
which is extended to a piecewise constant control at each interval [tx,tx+1[. The proofs of these
results will be given in the Appendix.

In order to keep the notation as simple as possible, we assume that the initial time is k = 0
and the initial state x is fixed, and we omit these indexes in the state.

We start by providing an estimate of the norm of the state in terms of the control and the
initial condition. For a fixed h, let u/ = (uk)g;[)l € U} be a given discrete control and define the
associated discrete state y = (yk)gzo as the solution of .

Let us underline that all the constants involved in the following results are independent of h.

Lemma 2.2. Assume that (H1) holds. Then, there exists C > 0, such that

2| < [ 2 hy2 ]
(18) B |, mox | < C [l + oty +1

Proof. See the Appendix. O

Lemma 2.3. Let (H1) holds. Then, for every p > 2, there exists C, > 0, such that for all
z,y € R, we have

19 E r_ P < Cyle —ylP
(19) [knolfxffN|yk yk!]_ bl —yl?,

where (y,f)évzo and (y;Z)]kV:O are the solutions of associated with the control u" and the initial
states x and y, respectively.

Proof. See the Appendix. O

Let u® € H2 be defined as u®(t) := uy, for all ¢ € [ty,tx41) and y be the associated continuous
state, i.e. the unique solution of

(20) dy(t) = ft,y(),ul(t)dt + ot y(t), ul(t))AW (t), t€]0,T],
y(0) = =

The existence and uniqueness of solution associated with u” is guaranteed by Remark Now,
we are going to analyse the relationship between y, the solution of (20]) associated with u”, and
y", the solution of associated with u”. Note that HulgHHzo = HuhHUg.

F

Lemma 2.4. Assume that (H1) holds true. Then, there exists C > 0 such that for all k =
0,...,N —1,

(21) E| sup |y(t) —yl

L <t<tp+1

< Ch [W + HuhHZ{g + 1} + Cw@?(h).
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Proof. See the Appendix. O

3. DISCRETE TIME DYNAMIC PROGRAMMING PRINCIPLE

Throughout this section we consider h = T//N fixed. Our goal in this section is to prove the
DPP for problem (P} ) parameterized by the initial discrete time k and the initial state z. Besides
its own importance, the DPP implies the existence of discrete time optimal feedback controls, and
it is also useful to prove the convergence of the discrete value functions to the continuous one, as
we will see in Section [Bl

Our aim is to prove the following DPP for {th : k=0,...,N}

(22) V@)= inf {Rllte,w0) +E Vi @+ (s, 0) + oty 2,0) AW |

u€Uqq

for all k =0,..., N — 1, where we recall that {V : k=0,...,N} was defined in (I0). Note that
(H2), the compactness of U,q and Lemma imply that V*(z) € R for all k = 0,..., N and
rz € R".

We will need the following result which proves that the discrete value function is Lipschitz
continuous with respect to the state variable, on bounded sets.

Lemma 3.1. Assume that (H1) and (H2) hold. Then, there exists a constant C' > 0 (indepen-
dent of h), such that for all x,y € R™, and for all u € Z/{,?, we have

(23) [T, w) = Ty w)| < Cllal + ol + 1]z — gl VE=0,...,N~1.
AS a consequence,

(24) V@) = Vi) < Cllal + [yl + 1]Je gy YE=0,...,N.

Proof. By notational convenience, we omit the indexes k£ and w in the states. We have for fixed
kand u € Z/l,]j

N-1
(25) | TR (e, u) = TRy, w)| S E (R, ufwg) — £t y2 w)| + |a(uk) — 9(u%)]
j=k
By (H2) we have for all k < j < N — 1,
(26)
xT 1 €T X €T
B {100ty ) = 00wl | < B o 1y (k7 + 50—y i) (v — v 1ds]
1 X X X
< B[y IL0 1+ sty — i+ lus ) ! — w7 l)ds]

< LE [\yﬁ-’ —yil+ 1yl = yfl + |y — yF 1P + |ully? —y;fl} :

Since the set U,q is compact, it is bounded by a positive constant My, and so by the Cauchy-
Schwarz inequality, Lemma [2.2] and Lemma [2.3] there exists Cy > 0 such that

- 1
E [l - v31] < (Elly! - 2121)* < Colw —
- 1 1 1
E(lyzlly? - v21] < (BDu2P])* (B! — w221)* < Co [lol? + TME +1[]7 |z — g,
- 1 1
Eluslly? — 71| < (Elles 1) (Elly? - 971%))" < CoMula —yl,

E [jg? 4P| < ol — yP” < Co llal + lyl} = — ol

(27)

We conclude that there exists C7 > 0 such that,
(28) E |16ty u5) — (5,92 wp)l| < Cullal + Iyl + 1] o — g,

Analogously we can deduce that

(29) E [lg(v%) — @) < Cilla| + [yl + 1] |z — y].
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Since C' in does not depend on j, we conclude that
(30) [ Te (@, u) = Ty, w)|l < (T +1)C[a] + |yl + 1] o — ],

and follows.
Since the set Z/{,’; is bounded, and the constant C7 obtained is independent of u € Z/{,?, relation
easily follows from the inequality

(31) Vi () = Vil (y)] < sup | T (, w) = Jf (g, w)-
ueU,

In order to prove the DPP , for all x € R™ we define
Sh(x) = infuer,, {M(tk,x w) +E [Vkﬂ(y,’jfl“)} } Vk=0,... N—-1,

(32)
Sk () = g(2),

where,
(33) yllj_flu =z + hf(tg,x,u) + o(ty, z,u) AWiy.

Lemma 3.2. For all x € R", and for all k = 0,...,N, the map u € Uyq E[Vkﬂ(yll:fl“)] is
Lipschitz continuous. As a consequence, S,’;(x) € R for all v € R", and there exists ug, € Uyq

where the minimum in the first relation in 1s attained.

Proof. Let u,v € Uyq, then by (H1) and the It6 isometry,
(34)
’

’ kxu  kxw
Ye+1

IN

E [|h(f(tkvmau) - f(tkv$a U)) + (O-(tkvxvu) - U(tka x,v))AWk-‘rlF]
< 207E [|f(tg, x,u) — f(te, ,0)[*] + 2hE [|o(tk, z,u) — o(ty, z,v)|*]
< 2h2L%u —v|? 4+ 2hL?|ju — v|?.

Thus, by Lemma 2.2 Lemma [3.I] and the Cauchy-Schwarz inequality, there exist Cy > 0 and
C > 0 such that,
(35)

A

k’ ) k k7 b ka b k k
‘E [th+1(ykf1u) Vk+1( kf:)” < E [|CO[ 1 i1 ”yk_&u - ykflv}
1 1
k k 2 k k 2
< (BICOlwRT" 1+ Iy + 101R)* (BIger - wes 1))
< Cllz|+1]|u—v|.

By , we conclude that Usq > u — E[V} +1(y£f1u)] is locally Lipschitz continuous, and, hence,
using (H2) and that U,y is compact, we get that SP(z) is finite and the minimum in is
attained. (]

Lemma 3.3. Under assumptions (H1) and (H2), there exists C > 0 (independent of h), such
that for all x,y € R", and k=0,...,N — 1,

(36) [Sk(w) = Sk )| < Cllel + Iyl + 1]z — .

Proof. By the definition of S,’; and Lemma there exists Cy > 0 such that
(37)
|Si (@) = Sk (y)

IA

k,x,u Yy
SUPyueU, 4 {h|€(tk,:ﬁ,u) —U(tg,y,u)| +E [|Vk}3r1(yk+1 ) — Vkﬁl(ykf1 )|]}

k, ; k k
hCo [l2] + Iyl + 11 lz =yl + E |Collyti"] + Iyl + Uiy —viti'l]

IN

By the Cauchy-Schwarz inequality, we obtain
(38)

1
kx, ky, k, ; k, ) 2 k, Yy 27 2
EIwpsi) + et + Ol = oet] < (Bl + et + 102)* (Bl - i)

=
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By Lemma and Lemma we conclude that there exists C; > 0, independent of u, because
U,a is bounded, such that

1 1
k k k, 2
(39) (B [k + et - 02])7 (B [l - wk i P])” < Callel + byl + 1] o — vl
Combining (37)) and (39)), we deduce that (36[ holds true. O

Now we prove the DPP. Since th is continuous, we can directly prove the result following the
arguments in [5] without needing to embed our problem in the general framework of [3].

Theorem 3.4 (DPP). Under assumptions (H1) and (H2), for all x € R" we have
(40) Vi (z)=St(z) Yk=0,..,N.

Proof. We start by proving that V*(z) > SP(z). Let u = (ug, ...,un_1) be any element of UJ. By
the definition of the set Z/{,?, we can write u; for j € {k +1,..., N — 1}, as a measurable function
of the increments of the Brownian motion, i.e. u;(AWj1,...,AW;). For fixed Awy1 € R™ and
j=k+1,...,N — 1, we define the maps

(41) Uj(Awgt1) tw € Q= uj(Awgyr, AWiia(w), ..., AW (w)).

Setting @(Awky1) = (g1 (Awps), - - -, An—1(Awps1)), we obtain @(Awyiq) € U ;. Then, we
can also define,

(42) ?Qk+1 (Awk+1) =+ hf(tk, x, ’U,k) + U(tk, x, uk)AwkH,

which is deterministic, and for j = k+2,..., N,

(43) Ji(Awps1) 1w € Qi k+1’yk+1(AW’€+1>“(A%l)(“)( ).

Then, by the independence of the increments of a Brownian motion, we have
(44)

{hZJ e Lty ug)+g(yf\;”)} =
Jem E [ 1 05, 95 (Awpg1), 4 (Awir)) + (v (Awpr)) | dPaw, ., (Awpg),

where Paw,_, is the measure induced from P by AW} 1 on R™ (see [I, Section 4.13]). Thus,
(45)

E 1Nk 6,y ) + g™
= Jam (M(tgs1, Upr1 (Awps), Upg1 (Awpy1))
B [h N U, 8B iy (Do) + (i3 (Awiin) ] ) dPawg,, (Awiir)
> Jom Vi1 (Gs1 (Awg41))dPAW, ,; (Awyir)
=E [V (z+ hf(tr, z,ug) + o (tg, w,up) AWig)] -
Since uy € L%: and FF = {0,Q}, for all u = (uy, ...,uy—1) € U we have

Uty ue) +E [R50 0" ) + g™
(46) > U(tg, z,u) + E [Vk+1(m + hf(tg, x,ur) + o(tg, z, uk)AWkH)]
> Sp(x).
Minimizing w.r.t. u € U,ﬁ,‘ in the L.h.s. we deduce
(47) Vit(2) 2 Si ().

We next prove the converse inequality by an induction argument. It is clear by the definitions
that

(48) Vi(z) =Sk (x) and V{_,(z) =S¥ ,(z), V& eR"
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©

Now, let € be a positive number and for each = € R" let d, > 0 be such that C[|z|+|y|+1]|z—y| <
for all y : |x —y| < &5, where C' is the maximum of the constants given in Lemma and Lemm

Then, for all k =0, ..., N and u € U},

(49)  max {|Jf (@ 0) = Iy, V@) = VE@)LISE) = SEQ)I | < 50 Yyilo—yl <o

Since R™ is a Lindelof space, i.e. every open cover has a countable subcover, there exists a sequence
(&)ien C R™ such that R™ = J;2, B(&, d¢,). In order to obtain a disjoint union, we can define

(50) By :=B(&,0g,), and By :=B(&,d¢) \ (UVZ1B)), VE> 1.

ISENI

Let £ < N — 1, and assume that V;' = Sh for allm =k +1,..., N. Since U,q is compact, by
Lemma, for j = k,...,N — 1, there exists ué € U,q such that

(51) PU(t, €6 ) + E [V (6 + B (b5, &) + 0 (8, €6, ub) AW )| = S(&)

We define the measurable function u;(z) = Y .2, ]XB (z). Let z € R" and 7 such that z € B;

(see (50). Then,

B(t,,us(2) + B VI (0 + hf (L, 2,u5(0)) + o(ty, 2, u5(2) AW )|
= hf(tj,x,u ) [ijﬁ‘l(x + hf(tj7$7ui'> + O—(tj7x7ui‘)AWj+1)]
(52) <5+ he(t;, &, ]) +E { ]4_1(5@ + hf(t;, &, ]) +o(tj, &, u j)AW]+1):|
<5+ S]h(fi)
< S]h(x) +e.

Now, we fix € R™ and take u, = ug(z) € Uyg. We define inductively u; : Q@ — R”, for all
k<j<N-1,as

— k,x,(tg,...,U;
(53) (@) = (7™ “J’<w>) :
N —
where (yfx(ukuj)> . satisfies the first equation in () for wy, ..., u;, and y’]:’x’(u’“""’uf) = x.
r=
Since the function u;1 is measurable and bounded, and yf fl(uk reeill) is measurable with respect
to ]-"]H, we obtain that u = (ug,...,un—1) € L{/j. Using the same ideas as in —, and the
assumption Vh Sh forall k < j < N —1, we get that
_ _ k, k,, k
J]?(xvu) = he(tkaxvuk) +E E] =k+1 (t]7 ] zuau](y] o )) + g(me u):|
_ k, k k
= hl(ty,z,uy) +E| Z] —o1 L(t5,y; xua“y(y]m ) + ViH(yn" u)}
_ k k k
” < Rl ) + B [SNSE 0,5 w6 ) + Sy () + €]
= Wity w ) + E (RN A, ’”",uj Yo + VA R + el
< hé(ty,z, %) + E Vkﬂ( o]+ V=1

< SMz)+ Ne,
where the inequality in the third line above is obtained by using . We conclude that,

(55) Vi (z) < JMx, @) < SM(x) + Ne.

Since € > 0 is arbitrary, we obtain

(56) Vi) < Sh(a),

from which the result follows. U

The following remark will be used in the proof of the main result of Section
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Remark 3.5. Given k € {0,...,N — 1}, we introduce the following sets of controls,

Z;l,? = {uEHj.V:;lL?,_.Q:uJ-GUad, P-a.s. Vj=k,...,N -1}
J
(57) L_{é = {ue Hj.vszlL‘%_.o cuj € Ugg, P-a.s. Vj=k,...,N—1},
_ g
U,? = {ue ij;lei_tk cuj € Ugg, P-a.s. Vj=k,...,N—1},
\ tj

and the associated value functions,

Vi(z) = g(x), V()= infueag JMz,u), k=0,..,N—1,
(58) V]}\;’l(m) =g(z), ‘_/kh’l(x) = infuegé J,?(x,u), k=0,..,N—1,
{ V]G’Q(SL') = g(x), th’Z(m) = inf ez JMz,u), k=0,..,N —1.

We can observe that all the results of the current section including the DPP, remain true if we
deal with any of the sets in . Indeed, the proofs are based in the fact that the processes are
adapted to the given filtration and the increments of Brownian motions are independent. Since
= —h,1 h,2 > —h,1 —h,2 ,

Vi(z) = V' (z) = Vy“(2) = Vii(z) = g(x), and {V{}, {Vi" ), V") and {V]'} satisfy (40),
we have

(59) Vi(x) = V() = VP (@) = V=), YE=0,..,N.

3.1. Feedback optimal control. The aim of this section is to prove that there exists a feedback
optimal control for (P,? ,.)- For notational convenience we define for all 0 < £ < N —1, the function

FF.R" x Uyg — R as

(60) Fk(xv ’LL) = he(tkn Z, U) + E [Vk}ii-l(x + hf(tk‘) x, U) + U(tku x, U)AW]C-FI) .
Then, by the DPP, for all x € R™” and £k =0,..., N — 1, we have,
(61) Vi) = i%f FF(z,u) and V{(z) = g(x).

ucUqd

Based on a measurable selection theorem due to Schél [28, Theorem 5.3.1], we can prove the
following result.

Proposition 3.6. Under the above assumptions, for all k =0, ..., N — 1 there exists a measurable
function @* : R" — U,y such that

(62) Fr(a,a"(2)) = Vi'(x),
for all x € R™.

Proof. Arguing as in the proof of Lemma it is easy to check that (z,u) — F*(z,u) is contin-
uous. Since Ugyq is compact we can apply [28, Theorem 5.3.1]. The result follows. ]

Remark 3.7. As a corollary of the previous results and the DPP, in this discrete framework, we
always have a discrete time feedback (also called Markov) optimal control. Indeed, the sequence of

measurable functions ug,...,un_1 given by the previous proposition, defines the optimal control
= (@°(yo), @ (y1), ..., wN Y yn_1)), where (yo,...,yn) is defined recursively as
(63> Yk+1 = Yk + hf(tka Yk, ak(yk)) + U(tkv Yk, ﬁk(yk))AWk+1 Vk=0,...,N—1,

Yo = .

Let us point out an interesting phenomenon, not underlined enough in the literature, which shows
the power of the DPP. In the continuous time case it is well known (see e.g. [13, Chapter VI] and
[14, Chapters 3 and 4]) that if the Hamilton-Jacobi-Bellman equation associated with the stochastic
control problem, which is a consequence of the DPP in continuous time, admits a solution v which
1s reqular enough, then we can construct a feedback optimal control. This is known as a verification
result and, under standard assumptions, usually holds when o does not depend on u and, setting

a=o0", we have that

> a6 > ¢ YEERY,

1<i, j<n
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for some ¢ > 0. In particular, if we fiz (t,x) € [0,T[xR", we get the existence of an optimal
feedback policy for the problem associated with V(t,x). The main feature of this analysis is that
existence of an optimum is obtained without some usual convexity assumptions required in the
strong formulation (see e.g. [30, Chapter 2, Section 5.2]). On the other hand, as we have just
seen, for the problem obtained by discretizing the time variable we always have the existence of a
feedback control without any extra assumption. This is still an infinite dimensional problem for
which existence does not follow by standard methods, but it is a consequence of the DPP.

4. OTHER REGULARITY PROPERTIES OF THE VALUE FUNCTION

In this section we prove some regularity properties of the value function of the continuous and
the discrete problems. Some of them will be used in the proof of our main result in the next
section and the others are interesting by themselves.

In the following result we show the local (in space) Holder continuity in time for V' as well as
an analogous result for its discrete version {th ; k=0,...,N} defined in . The former result
is classical, see e.g. [29, Section 3.4] and [30, Chapter 4, Proposition 3.1]). However, for the sake
of completeness, we prove here a version adapted to our assumptions.

In the statement of the following result we use the r.h.s. of (respectively (9)) to extend
J*(-) (vespectively JI(x,-)) to UY, (respectively UL).

Theorem 4.1. Under assumptions (H1) and (H2), there exists C > 0 (independent of h), such
that for all z € R™, u € U°, and s,t € [0,T],

(64) 5 () = T4 ()] < C[1+ |af*)]s —#]2,

and for allw € U} and v,k =0,...,N,

(65) P, u) — I ()| < CIU+ [k — r|2h2.

AS a consequence,

(66) |V(s,z) — V(t, ) §C[1+|x|2]|s—t]% VxeR" s,tel0,T],
and

(67) V() — Vi(z)] < C[1+ |z)3]|k — r|2h? VY2 €R", rk=0,...,N.

Proof. First of all note that for all s € [0,7] and € R", we have
(68) V(s,z) = inf J*%(u).

ueugd
Indeed, it is clear that V(s,z) > inf,, g0 J*%(u). On the other hand, if u € U?,, then for all s <
t < T the function u(t) is 7 -measurable, and so there exists a measurable map wu((wy )o<r<s, (Wr—
ws)s<r<t) such that u(t,w) = u((Wy(w))o<r<s, (Wr(w) — Ws(w))s<r<t), P-a.s. ([1]). Then if we
fix (wy)o<r<s we can define the function
(69) at(<wr>0§r§s) twEN— ut((wr)()SrSsa (Wr(w) — W (w))SSTSt)y

which belongs to F;. By the independence of the increments of Brownian motions, we obtain the
converse inequality (see, e.g. [5, Remark 5.2]).

Without loss of generality, assume that 0 < s <t < T. We consider a fixed initial state x and
a control u € U2,. For simplicity we denote y* := yi*, y' := ;" and for t <r < T, and ¢ = f, 0,

(70) Ay(r) == y°(r) —y'(r) and Ap(r) = o(r,y°(r), u(r)) — (r, y' (r), u(r)).
Then, we obtain for t <r < T
Ay(r) = [ fry5 (1), u(r)dr + [J o(r,y%(7), u(r)dW (7)
+ ftr Af(r)dr + ftr Ao (T)dW (7).
By assumption (H1), the Cauchy-Schwarz inequality and the It6 isometry we have
E[[Ay(r)P] < 4lls — | +1] [} 3L2(1 + Elly*(7)]*] + ElJu(r)[*))dr
+4[|s — t| + 1] ftr L2E[|Ay(7)|?]dT.

(71)

(72)
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Since the set U,q is compact, by the Gronwall lemma [I0] and [24) Proposition 2.1] there exists
Coy > 0 such that

(73) tilETE [|Ay(r)|2] < Oy [1 + |x|2] |s —t|.
Now we compare J*%(u) and J"*(u), we denote Al(r) := £(r,y*(r),u(r)) — £(r,y'(r),u(r)) and
Ag = g(y*(T)) — g(y"(T)). We have

) ) =] £ By ), ulr) i+ E A6 dr + ElAgl,
By assumption (H2) we obtain,

t
(75) e [ et ) utrlar <32 [ By )]+ B + 1) o

and since Uy is bounded, again by [24, Proposition 2.1] there exists C; > 0 such that

(76) / £, (), u(r))ldr < CaT1 + [zf]]s — ¢].
On the other hand, for the last two terms we obtain,
AL < B[ 160y () + E2y(r), u(r) Ay(r)|dé
77) < B[O+ 0] +€lAy(r)] + [u()]) Ay(r)ldg]

< LE[[1+ [y (r)| + [Ay(r)] + [u(r)[[[Ay(r)] -

By the Cauchy-Schwarz inequality, Remark the compactness of U,; and , we deduce that
there exists Cy > 0 such that

(78) E[|ALr)] < Ca [L+]al] |s - ¢]2.

An analogous estimate holds for Ag and so the result follows.
In the case of the discrete value function, Remark implies that for all x € R™,

A

N-1

(79) Vi (z) = inf E | h Uty ) + g™ | . k€{0,... N},
u€Uy =k

Let u = (u;) € U! be a given control and 7,k € {0,..., N — 1} such that r < k. Let us set

(80) Ayj =y ™" =y Ay = p(t;, Y™ ug) — olty, 47 ™" ug) and Ag = g(y™") —g(yn™"),
for p = f,o,fand j=Fk,...,N — 1. Then

(81) Ayji1 = Ay; + hAfj + Ao AW, .

Following the techniques in Subsection there exists C3 > 0 such that

(82) E [|Ayj1]*] < (1+ C3h)E [|Ay; "] < e™TE [|Ayel*] .

k,x,u

By the definition, we have y,”" = x, and hence,

k—1
(83) Ayy, = y™" — x—hZf ti ™) + > oty ug) AW ).

j=r
Since U,y is compact, by the mdependence of the increments of the Brownian motion and (H1),
there exist C4 > 0 and Cs > 0 such that

E[AuP] < Cu [0k - r) SEVE A0 u) )+ b o, o )]
< Cshlk — 7] [1+maszr . 1E[\y’”“| ]]
< Cehlk —r|[1+ ]a:ﬂ
where the last inequality holds by Lemma [2.2] We have

(84)

N

(85) | () = Jg (2, u)| = hZE[ (t, 47" up)] + h Y EIAL] + E[Ag]|,
j=r j=k
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and also,

(86) V(@) = Vit ()] < sup | (z,u) — Ji (2, u)].

ueu(’}

By (H2), Lemma and the compactness of Uy, there exists C7 > 0 such that

k—1 k—1
2
87 k| S El(t, g )| <h Y LE [1 )+ |ujy} < hlk—r|Cr 1+ |2[?] .
j=r j=r

On the other hand, as in , by Lemma and , we obtain the existence of Cg > 0 such
that

(83) E[Al;) < Cs [1+ |af?] h2|k — 7|2,
and a similar estimate holds for E[Ag]. Therefore, combining — we get the result. O
Our aim now is to study the semiconcavity of V" and of its discrete version {th i k=0,...,N}.

Recall that ¢ : R™ — R is locally semi-concave in R™ if for all z € R™ and é > 0, there exists a
constant K, 5 > 0 such that, for all y € Bs(z) :={z € R" : |z —z| < 0} and X € [0, 1],

(89) Ao(x) + (1= Ne(y) — oAz + (1 = A)y) < KpsA(1— Nz —y|*.

We will need the following additional assumptions:

(H3) There exists K > 0 such that g is semi-concave with constant K and ¢ is also semi-concave
with constant K, uniformly in [0, 7] X Uy, i.e. for all y,y € R™,

(90)  M(t,y,u) + (1 = XNl(t,g,u) — Lt Ay + (1 = N7y, u) < KA1 =Ny — ;U\Z, VA € [0,1],
and
(91) Ag(y) + (1= Ng(i) — gy + (1= X)) < KAXL =Ny — 3>, VAe[0,1].

(H4) For ¢ = f,0, and for almost all ¢ € [0,T], the map (y,u) — @(t,y,u) is C? and there
exists a constant L such that for all y € R™ and u € Uy,

Under these additional assumption we prove now a local version of for V and {th ; k=
0,...,N}. The following proof is similar to [30, Proposition 4.5, p.187].

Theorem 4.2. Under assumptions (H1)-(H4), the functions V and V' are locally semi-concave
with respect to the space variable, i.e. for allz € R", § >0, s € [0,T] and k =0,...,N, V(s,-)
and th(') satisfy with constants Kz s > 0 which are independent of s and k, respectively.

Proof. Let z,7 € R", X\ € [0,1] and define 2* := Az + (1 — \)Z. For any £ > 0, there exists
us € U, such that

(93) T (ug) — e < V(s,20).

For notational convenience, we denote y&(t) = yfbf(t), L(y5(t)) = ﬁ(t,yi’f(t),ug(t)) and g(y¢) =

g(yf;f(T)) for € = x, %, 2. Then, we have

AT (ug) + (1 — A) TS (ug) — J5 (ue) + &
E [ ) + (1= Mety®) — ey at]

+E [Ag(y”‘“) + (1= XNg(y") — g(y“)} +e.

AV (s,z)+ (1 =NV (s,Z) — V(s,2*)

IN

(94)

IN
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By the semi-concavity assumption (H3) we obtain,
(95)

E [T Do) + (1= N — eyt = B [T + (1= New™) = €0g® + (1= Ny®)]a]
E [ f 160w + (1= Ny®) — ]
KA1 = TE [supyeqo ) [y*(1) = v (1)

E [ [0 + (1= Wy — ™ lae]

IN

By , there exists Cy such that

(96) E | sup [y"(t) - y" (O] < Cole -z

te(s,T)

Now, define Ay(t) := )\yf‘(t)—l—(l—)\)y@(t)—gﬂ”A (t) forallt € [s,T]. By (H2), and the compactness
of U,q, there exists C'y > 0 such that
A

O™ () + (1= Ny (5) — €™ ()] < [y 16" (1) + EAy(e)) ]| Ay(t)]d€
< Cill+1y™ ()] + [Ay(®)]]|Ay()]-
We can obtain a similar estimate for g. By (H4), there exists Cy > 0 such that

(97)

(98) E | sup |Ay(t)[?

tes, T

< CoN* (1 = Az — z|h

Now, returning to , by the Cauchy-Schwartz inequality, and the above equation, there
exists C3 > 0 such that

E[ly” @llay®l] < Ely (1)) Eldy()P):
< C[1+]2M] AL = N)|z — z|?
< G314 2] + |z — Z[] A1 = A) |z — z|2.

Since |z — Z|* < 6%|z — z|?, for all € Bs(Z), combining (95))-(99), we can complete the proof of
for V (s, ).

Now, for the discrete value, we follow similar arguments. There exists u. € L{,? such that
(100) Ji (@ ue) —e < ViR (ah).
Denoting y§ = yf’é’uf and K(yf) = {(t;, yf-, ue j) for € = ,7,2* and j = k,..., N, we have

M (@) + (1= V@)~ Vi) € AT us) + (L= NI ) — Jh ) + ¢
E[n 05 ) + (1= 2ew?) — ey )]
A

+E [Ag(yfv) + (1= Ng(yg) — 9vy )} +e.

As in (95), by the semi-concavity assumption (H3) we obtain
(102)

E [h SR + (1= NeT) - E(y;ff*)]} < KXM1—-NTmaxj—. nE [|y;.c - ygﬂ

+E [R5 OwE + (1= M) — £ )]

A IA

(99)

IN

(101)

By Lemma [2.3] there exists Cp > 0 such that
7|2 (2
(103) Jax E [y — y71?] < Colx — z|*.

Ty

In order to estimate the last term in (102) we set Ay; := Ayf + (1 — \)yf — y]’.cx. By (H2) and
the compactness of Uy,qy, there exists C7 > 0 such that

E[t0ws + (1= 0)) — ()] < E [ 1G5 + a1 Ay lag]

(104) A
< GE[[1+ 12+ [Aylllay]].
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We have
(105)

Agint = Ay +h[fOu + 0= Ngh) = Fo2)] + [ 0w + (1= V) — o] AW,
TR AFE) + (1= X)) = FOws + (1= A
+ o) + (1= Noyd) = oOw? + (1= Ayd)| AW
By the Young’s inequality and the It isometry, there exists Cy > 0 such that,
E[[Ayinl] < [1+CohlE[|Ay[2] + CohE ||F 0w + (1= Nyf) = Fl )P
+CohE [Jo(Nyf + (1= Nyf) — o ()]
+CohE M) + (1= N F () = FOwF + (1= N2

+OME [ () + (1 = Nowd) — o0 + (1= )]

(106)

By (H1), we obtain
(107) E [IFOwf + (1= ) = £ P +E [loOg + (1= Nyf) — oy )] < 207K [| Ay,
Now, for the last two terms in we have,
IMF(yF) + (1= Nf(yf) — FOwf + (1= Ny7)]

= A fy fyOf + (1= N)? + 60— N (yF — y) (1= N)(yF —yT)de
HL =N fy foOyF + (1= Ny? + EMyT — yP) AT — yF)de]

< L1 = Nyf -yl

(108)

where the last inequality holds by (H4). Analogous estimates are satisfied by o. By Lemma
we can conclude that there exists C3 > 0 and C4 > 0 such that,

E[|Ayj+1?] < [14 C5hlE [|Ay,|?] + CahA3(1 — N)?|z — z|*.

109
(109) < eBTCN2(1 — \)? |z — 2L

By the Cauchy-Schwarz inequality, and the above inequality, there exists C5 > 0 such that

(110) sup E[|Ay;|] < CsA(1 - \)|z — 3|2
j=kyee,N

In order to estimate ({104)), by the Cauchy-Schwarz inequality, Lemma and the previous bounds,
there exists Cg > 0 such that,

Bl lagl] < (Bl PD? ElAyl):
Co[1+ |2 MA(L = N)|z — 2|2
< Csll+ || + |z — A1 = N)|z — |2

Since |z — z|* < 62|z — z|?, for all x € Bs(), combining (104)), (110) and (111]), we deduce that
there exists Uz 5 > 0, which depends on Z and 4, such that

(111)

IN

N-1
(112) E |h Y N(y;) + (1= Ne(s) = £yi ]| < Coph(1 =N — 2
j=k

Similar estimates hold for the term involving ¢ in (101)), and then by (102), (103 and (112)) we
conclude that holds true for V}*(-). O

Remark 4.3. If in addition to the above assumptions, we assume that the cost functionals £ and
g are Lipschitz or f and o are affine, then similar arguments as those in the previous proof (see
[30, Proposition 4.5, p.187]) show that V and th satisfy for some K (independent of h in
the case of the discrete value function).
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Now we can define for each h = %, the discrete value function, V" : [0,T] x R" — R as a linear
interpolation in time of the functions th , 1.e.

(113) Vit x) == aViz) + (1 — )V (2),

for t = aty + (1 — @)tgy1, @ € [0,1). Combining Theorem (4.1 and Theorem {4.2 we easily obtain
the following result.

Theorem 4.4. Under assumptions (H1) and (H2), for each h = % the discrete value function

V" is -Hélder continuous in time. If in addition, we assume that (H3) and (H4) hold, then V"
1s locally semi-concave in the second variable.

Proof. Let s,t € [0,T] with s < t. There exist ks, kt € {0,..., N — 1} such that s € [t,, tk,+1)
and t € [tg,, tr,+1). Then, there exists o; € [0,1), such that i = a;tx, + (1 — a;)tg,+1, for i = s,t.
If kg = k¢, by the definition of V" we obtain, for all € R,

[VE(s,2) =Vt 2)] < JosVil (@) + (1 — a) Vi 1 (@) — aeV () — (1= a) Vil 4 ()]

(114) s — | [V () = Vi 41 ()]

IN

< Cl+ [2*)|as — a|h2,

where the last inequality holds by Theorem Since |s — t| = |as — oy |h and |as — ay| < 1, we
deduce that

(115) |Vh(s,x)—Vh(t,:c)| < C[1+|x\2]|s—t|%.
Now, assume that k; < k;. Notice that
(116) |s —t| = [as + (bt — ks — 1) + (1 — ay)]h.

By Theorem [£.1] we have
[Vi(s,2) = V(o) < 3lasVi(2) + (1 — )V 1 (2) = Vi (@) + [V 4y (@) = V()P

+HV (@) — Vi (2) + (1 — a) Vil 4 (2) ]

a1 < B[PV (@) = VI @)+ [V () = Vi (s)?
+1 =PV (x) = Vi ()]
< 3C2[1+ [22]” [|as|2h + (ke — ks — D+ |1 — o [2R]
< 3C2[1+ [2]* [as + (bt — ks — 1) + (1 — o)) b,

where the last inequality holds since ag, (1 — ay) € [0,1]. Finally, by (116) and (117)), for all
z € R" and s,t € [0,T] we have

(118) Vh(s,2) — VE(t,2)| < VBC[L+ |z[3]|s — t]2.

Since the constant Kz s in Theorem is independent of k = 0,..., N, for t = aty + (1 — a)tgi1,
and for all A € [0,1], we have
(119)

AVt )+ (1= VR 2) — VI e + (1 — \)7)

= o [AVM(z)+ (1= NV(z) - ViOx+ (1= N)z)]
+(1—a) AV (2) + (1= VL (E) = Vi (A + (1= N)T)]
< Kz A1 = Ao — 2,
for all z € Bs(Z). The result follows. O
5. CONVERGENCE

In this section we will analyse the relationship between the value of the discrete and the
continuous problems. As the time step h tends to zero we will prove that V" converges to V
and also that any sequence of solutions of the discrete problems, extended as piecewise constant
processes in [0, 7], is a minimizing sequence for the continuous problem. In particular, we can
take as minimizing sequence the one consisting on the discrete time feedback controls constructed
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in Proposition and Remark Finally, under some convexity assumptions, we can prove the
weak convergence of the discrete optimal controls to a solution of the continuous problem.
Throughout this section we will assume that (H1)-(H2) hold. We begin by providing an
estimate on the difference between the cost functions of the discrete and the continuous problems.
In what follows, for any £k =0,...,N — 1 and x € R", we extend J,?( -) to HN 1L2 Fo usmg the

same r.h.s. as in @
Lemma 5.1. Let u” € HN 1L2 7 and define the control in UL, still denoted by ul, asu(t) := u’g

for all t € [tg,txy1). Then, for all k=0,...,N —1 there exists C > 0 independent of v and k
such that

(120) ‘J,?(a:,uh) - Jt’“”“"(uh)‘ < C [zl + 1]kt +C [l +1)2 & (h).

Proof. For notational convenience we will assume that £ = 0 and, since x is fixed, we denote
J(uh) = Jp(z,u) and J(u") = JO(u"). Let §" be the continuous solution of the state equation
with respect to the control w”, and y" = (y,i’){gvzo the discrete state associated with u”. We have
(121)

Ty~ \<EN21 /[ 7)) — Ot vt )] at] + [E 95 (tn)) - 9] |
—o Yk

and

(122) \ B (T ORTORNI N RT0] dt] < E\ [ e, g (), ult) — £ty uf)] dt|

+E ft’““ |0t ype uft) — €tk v, up) | dt.
By (H2), for the last term we obtain,

tet1
(123) B el ) — i )| < )
and for the first one, again by (H2) we have
B[ [t 0 (0), uf) — ot ot ul)]
(124) <SE [ [ 16t 3 + syl — 3 (), ul)| |57(2) — yft| dsdt

SE 20D [0 + ] + 1 5 0) = of] + |50 — v "] at

Since U,q is compact, by the Cauchy-Schwarz inequality, [24, Proposition 2.1] and Lemma
there exists Cly > 0 such that

(125 B B IF ) — gt < [REI ORI ENG () - yl’,:m]%dt
< Coflz]* + 1]h§ + Co [|z* + 1] * hw(h),
and also
(12;5) -
/t:“E[|u2th<t> —yplae < / ElJul 213 E7"(t) — o PNFdt < Collzf? + 11383 + Coha(h).

By (124)-(126) and Lemma [2.4] there exists C; > 0 such that

(127) 'E/ o [Z(t g (t), ul) — £t yk,uk)} dt‘ < Chllz® + 1]h2 +Cy |2 + ]% hw(h).

tg

Arguing as before we can prove that

(128) E [Jg(7"(tn)) = 9(uh)l] < Cr [Jaf? +1] B+ Cy [Jaf +1] * ().
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Then, we conclude that there exists C' > 0 such that
(129) TGty = Tt < € [Jof? +1] BE +C [Jaf? +1] 2 o(h).
O

Consider a sequence (N;)jen C N such that N; — oo as j — oo and define h; = T//N; and
ty =kh; (k=0,...,N;). Let € R", t € (0,7] and (¢;);en such that e; > 0 and limj_,€; = 0.
Let (") ; be a sequence of €;-optimal controls for the discrete problems associated with Vk’;’_ (),
where kj € {0,..., N; — 1} is such that t € (g, tx,,,]. Let us define

R UZ S € [t,tk.Jrl),
(130) ui(s)=q +1, I
um; SE[tm,tm+1), m:k]+177Nj_1
In the case t = 0 we define @/ (s) = EZ{, for all s € [tm,tm+1) and m = 0,--- , N; — 1, where "

is an ¢;-optimal control for the discrete problem associated with V0(z). Note that by definition
e Lléd. We point out that @ depends on t, but for notational convenience we have omitted
this dependence. Now we prove the main result of this section.

Theorem 5.2. Under the above notations we have

(131) V(t,z) = lim V" (t,z), ¥V (t,z) €[0,T] x R,
]*)OO
where V" was defined in (113)) and
(132) V(t,x) = lim J“* ().
]A)OO

In addition, if K C R™ is a compact set, the sequence (th)j converges uniformly to V on
[0,T] x K.

Proof. Let us first show the pointwise convergence in (131)). Let ¢ € [0,7] and = € R™ be fixed.
For each hj, we consider the partition of [0,7] given by {to,t1---,tn,} where t; = kh;, for
k=0,---,N;. Thus, if t € (0,7] for all j € N there exists k; such that ¢ € (t,,t;41]. If t =0,
we denote tk;+1 =0. Let ¢ be a positive number, then there exists an §-optimal control . € Ugd
such that

(133) JH(ae) < V(ta) + 5

For all 5 large enough we have

(134) TR () <V (g1, 1) + €.

Indeed, by and Theorem (4.1] H there exists Cp > 0, independent of h;, such that,
JH N g) = R ) — I (@) + I ()

1
(135) Co [1+[z] h} +V(t,z) + 5

IN

1
< (Cy [1 + |{L“2] 2hj2 + V(tkj+1,$) + %

Let (€;)jen be a decreasing sequence of positive numbers that converges to 0. Then, there exists

an €j-optimal control, @ hi ¢ L{k’H for each V' i (tg41,7), 1ee.

(136) th (tkj+1a ) < ka—i-l( hj) < th (tijrl?w) +é&j

Since U,q is compact, by a result of Krylov (see [19, Lemma 6, Section 3.2, p.143]), for any £ > 0,
there exists N, such that for all j > N, there exists u® € HIQFO constant in each interval of the
partition {t,tg, y1,...,tn;}, such that

(137) |uhi — e[z, < e



ON THE TIME DISCRETIZATION OF STOCHASTIC OPTIMAL CONTROL PROBLEMS 19

It is clear that v = (u?j,uzjf_i_l, e ) belongs to L2 Fo X 1_[z K, +1L3-‘0 We can define 4/ =
(u2j+1, e N 1) e HZN k1+1L]_-o then, using the same notations that in the previous lemma, we
obtain
_ h; e _ gt .
[T () — iy (w, @) < [T (@) — JOT(ul)] 4 | TE (uha) — T (0]
(138)

th 41,/ AR h;
'HJ kj+1 x(uhﬂ) _ kangl(w h )‘

By (137) and the cont1nu1ty of Jt® 1n Z/{Od we deduce the first term in the r.h.s. goes to zero when

7 goes to infinity. Since u" and 4" coincide from the time tk;+1, by Theorem 4.1 there exists
C4 > 0 such that,

(139) |55 () = T k)] < Ci[L o+ Jaf? ]
and by Lemma there exists Cy > 0 such that,

tk +1,% hj hj Ah]- < 2 h% o(h
(140) [JHRHEEaR) = Ty (2, @) < Co [L+ |2 R +@(hy) |-

Therefore, we can conclude that for j large enough we have,
(141) |5 () — J,gﬂ( ahi)| < e.

As we saw in Remark |3.5, the value Vh'(tk +1,x) is the same as if we minimize over the set of

controls Hivjk +1L2fo and, since 4" belongs to this set, we have

(142) V5 (41, )<ka+1( W) < J4E(ag) + e < V(t x) + 2,

where in the last two inequalities we have used (141)) and ((133]). On the other hand, Theorem
implies that there exists C3 > 0 such that

1
(143) V(t,z) <Cs[1+ |:U|2] h: +V(tk+1, ).
Finally, Lemma and (136 yield the existence of Cy > 0 such that

1
Vit e1,@) < TN (@) < G2 (2, ) + Co 1+ |af?] [ f+w(hj)]
(144) 1
< VM (g1, @) + 65+ Cy [1+ |z/?] [h; +w(hj)} .

Combining the last three inequalities and using Theorem we get the existence of C' > 0 such
that for j large enough,
|V(ta ZL‘) —Vhi (tv .’L‘)| < |V(ta ZL‘) —Vhi (tkj+17 $>| + |th (tkj+1’ l’) —-Vh (t7 1‘)‘
(145) o1 [ 2
< gj+2+C[[1+ |z [h; +w(hj)} .

Letting j 1 oo and using that € > 0 is arbitrary we obtain (131])).
Now, let us prove (132). Combining Theorem and Lemma we get the existence of
C > 0 such that
(146)
bt to i1, h; 'y
T8 (@) — Jk a(ahi)| < bR (@t = SRR (ah)| 4 | TR (ah) — 07 (2, al )|

< O+l [hj +w(hj)].

By (144)) and (131)), we conclude

(147) lim J5%(4") = lim Jk; T ( @) = V(t,x).

]—>OO ]—)OO

In order to prove the last assertion of the theorem, let K C R™ be a compact set. By Theorem
and Lemma we deduce that the sequence (V' ); is uniformly bounded and uniformly
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equicontinuous on [0, 7] x K. Then, by the Ascoli-Arzeld theorem, and the pointwise convergence
(131)), we deduce that the sequence uniformly converges to V on [0,7] x K. O

Remark 5.3. We emphasize that our direct approach allows us to deal with more general assump-
tions that the usually considered in the literature, such as, coefficients which are bounded and/or
independence of the time variable. Also an important consequence of relation is that (/)
1§ a MINimizing sequence for the optimal control problem associated with V (t,z). In particular,
we can take as (W) the sequence of discrete time feedback controls constructed in Remark

The following result shows that under some convexity assumptions, we have convergence of
(@) to an optimal solution of the continuous problem.

Corollary 5.4. Suppose in addition that U, is a convex set and J“* is a convex functional.
Then, there exists at least one weak limit point of ("), and any limit point u* € Ut satisfies,

(148) JHE(u*) = V(t, ).

If in addition, JY* is strongly convex, then the whole sequence (i )jen strongly converges to the

unique u € L{td that verifies ((148)).

Proof. First, note that since U,q is compact, the space U’ is bounded in H%t. Using that the
convexity and continuity of J%* imply its weak lower semi-continuity, classical arguments yield
the existence of at least one optimal control @ for V (¢, z).

Since @/ is a bounded sequence in H]%t, there exists a subsequence (still denoted ﬂhﬂ') which
converges weakly to u* € H]%t. By the weak lower semi-continuity and equation we have

(149) JHT(u*) < liminf JH (@) = V (t, z).
j—00
Finally, if J%* is strongly convex, the strong convergence follows from the classical argument

stating that a minimizing sequence of a strongly convex problem converge strongly to the unique
optimizer of the problem (see e.g. [4, Proof of Lemma 2.33(ii)]). O

Remark 5.5. It is worth mentioning that the assumption of convexity holds, for instance, when
for a.a. t € [0,T], the maps (y,u) — (t,y,u) and y — g(y) are convex and for 1 = f,o the map
(y,u) = Y(t,y,u) is affine. If in addition, for some e >0, (y,u) — L(t,y,u) — |u|? is convex for
a.a. t € [0,T)], then Jb% is a strongly convex function.

APPENDIX

Here we prove some technical results stated in Subsection

Proof of Lemma[2.3 For all k =1,..., N we have

k—1 k—1
(150) ykzﬂf"i‘hZf(tj,yj,U] +Zat]ayj7u] AWji1.
j=0 j=0

Then, by (H1)-(b) there exists Cy > 0 such that,
k> < 3 [|~’U\2 + NB2 S £ (w5 w) P + (2520 o (5,95, Uj)AWj-i-l)Q}
< o [[of + ATl + sl + 1)+ (S350 ot 3y ) AW )2

By the Doob’s maximal inequality (see [16, Chapter 2, Theorem 6.10]), the It6 isometry, and
(H1)-(b), there exist C; > 0 and Cy > 0 such that

E [maxosick [5i2] < Co [lof? +h 52y [Blmaxosic luif?] + Ellu ] + 1]
(152) +CLElh Y37 oty w)I?)]
Gy [J? + h 425 [Blmaxosis; lyif?] + Eflus ) +1]]

(151)

IN

IN

The results follows by the discrete Gronwall’s lemma (see, e.g. [10]). O
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Proof of Lemma[2.3. Denoting Ay; = y¥ —yy, and Ap; = ¢(t;, v}, us) —¢(t;, yj, u) for o = fo
we obtain for ¢ = 0,... N — 1,

(153) Ayir1=x—y+ Z hAf] + Z AO’jAWj+1.
j=0 §=0
We have,
; P
(154) |Ayia [P <377 |z —ylP + Zh‘AfJ > AojAWj
§=0
By (H1) we get
i P i i
(155) D hAf| S NPTIRPY C|ASP < TPTIRLIPY | Ayl
§=0 j=0 §=0

Now, by (H1) and the Burkholder-Davis-Gundy inequality [6], there exists K, (independent of
h), such that

IA

KGE (1032 |A0;[)%)
KpN%_lhg Z;':o E(|Ag;[P)

< KTE ALY 3o B(| Ay, ).
Combining , and , there exists ¢, such that

E ( max |37 AJJAWJHV’)

0<m<i

(156)

IN

P) < P p
(157) E <0<max | Ay > cplz —y| +cphZOIE ( max |Aym| )
J
The conclusion follows from the discrete Gronwall’s lemma. O

Finally, for the last result of Subsection we need the following lemma. We recall that y(-)
is the solution of and (yk){gvzo is the solution of associated with u/ and u”, respectively,
where for notational convenience we have omitted the indexes of the initial time and the initial
condition.

Lemma A.1. Assume that (H1) holds true. Then, there exists C > 0 such that

a2 < 2 h)|2 —2
(158) Jmax Bly(ts) = uil® < Oh [[of +[lu* [y +1] + 0=*(h),

forallk=0,...,N
Proof. For all k =0,..., N — 1 we define Ayy := y(tx) — Yk,

(159) Afk(t) = f(t7 y(t)a uk) - f(tka Yk, uk)v and AO’k(t) = J(t, y(t)a uk) - U(tk7 Yk uk)
We have,

le+1 le+1
(160) Aygi1 = Ayy, +/ A fr(t)dt +/ Aoy (t)dW (¢).

tr tr
Therefore, by the Cauchy-Schwarz inequality and taking conditional expectation inside the ex-
pectation, we obtain

E[|Agenl] < E[\Aykr}+E[rftk+lAfk<t>dt|}+E[| fi+ Acy()dw (6)
(161) 2 @auR)? (81 Ao 2)?
2 (B [0 Af(0)t] ]) (B i+ Aop(aw (1)) *
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Applying the Young’s inequality in the last two terms, we have
2 tht1 2
E[|Ayl?] < [1+hE [|agf?] + 1+ 2B | |5 Asi()a
(162)
1+ hJE U [+ Ay (¢ )dW(t)) } .

Now, we study all the square terms in the r.h.s. of (162]) separately. By the Jensen’s inequality,
we obtain

IN

B || aneal’| < wfeanopa]
(163) < 20 [ F(ty(), uk) — FE gk, ) |2dE
+2hE [ty un) — f (b yi, we)[2dt,

A

and by (H1), we get

(164 E U Je Afk(t)dtﬂ

IN

2h [ 1450 L2E[y(t) — yi* e + [0 @ (|t — ta]) o]
2hL? [V B [y(t) — yil* dt + 20%@% (h).

In order to estimate the integral term in , note that for all ¢ <t < tx4q we have,
¢

(165) y(t) —yr = Ayr + | f(s,y(s),u(s))ds + / (s, y(s),u(s))dW (s).

ty 173

IN

Then, by (H1), the Cauchy-Schwarz inequality and the It6 isometry, we deduce that there exist
co > 0 and Cy > 0 such that for all ¢, <t < tg41,

E(lyt) -] < ol [|Agl?] + coh [ [+ [ly(®) + funl? + 1]de]
(166) oo | [ (ly(0)2 + uf? + 1)ae]
< CoR [|Agf?] + Con [laf? + 112, +Eruk12 1],

where the last inequality follows from [24] Proposition 2.1]. So, by and - there exist
positive constants C; and Cy such that,
(167)

2
Uft’““Af >dt\] < CIR%E [|Ayil’] + Coh® |[of? + [ul |2, + Elugl? + 1) + 20702 (h).

By the It6 isometry and (166|) we have,
(168)

E [y Acy(t)av (1)] i

E [ S | Aak (1) dt}

< 2B [ J (L2 y(E) — el + @R (1t — tel))dt]
< C3hE [|Ayk\2} + Cyh? [m? + [[a]2, + Elugl? + 1} + 2k (h),

for suitable positive constants C3 and Cy.

Combining (162)), (167) and (168]) we conclude that there exist C5 > 0, Cg > 0 and C7 > 0
such that
(169)  E [|Ayesal?] < [+ C5HIE [|agef2] + Coh? [Jaf? + ||u" |2 + Elug? + 1] + Cohi? (n).
Therefore, we deduce that
(170)

E [|Ayk+1\2]

IN

[1+ CshI*E || Agol*| + XAZ5[1 + P Coh? |laf? + [t |2, + Elugf? +1
+ Y55 + Csh Crhw? (h)
ST Ceh [T|xy2 + 2l|ull? + T] + ST CrTw?(h)

0

IN

IN

Ch [l + |2, + 1) + C&2(h),
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a suitable constant C' > 0. O

Proof of Lemma[2.4 By (165)), the Doob’s maximal inequality and the It6 isometry, there exists
K > 0 such that

(171)

1]

(24]

(25]

E [suby, <icrypy [0 = wl’| < 2B [ly(tn) = yel] + 4RE [0 (s, y(s), w)|” ds]

V4KE [ Ji \a<s,y(s),uk)y2ds] .

Since U,q is compact, by (H1), Remark and the previous lemma we obtain the result.
]
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