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1 Introduction

We consider the optimal stochastic control problems over a finite horizon T € (0, c0) with value
function

T
v(t,z) = inf E [f(X%“”'“H / g(s,xzw,as)ds], (t,x) €[0,T) xR™,  (L1)

t,x,a

where the controlled process {Xs*“} is governed by

{ dXb®% = p(s, Xb%% ag)ds + o (s, Xo™%, a,)dW,, s e[t T], 12)

X =z € R™

Here, p: [0, T)xR™x A - R™, 0 : [0,T]xR™x A — R™%¢ f:R™ 5 R,g:[0,T|xR™"xA—>R
and A C R*. The conditions imposed on these functions are described in Section 2 below. The
process {Ws}o<t<T is a d-dimensional standard Brownian motion on a filtered probability space
(R, F,{Ft}o<t<t, P) satisfying the usual conditions. The class A of controls is the collection of
A-valued {F;}o<t<T-progressively measurable processes {a:}o<t<T-

One of the main approaches for optimal stochastic control problems is to solve the Hamilton-
Jacobi-Bellman (HJB) equation that the value function should satisfy, and then to construct a
control strategy via the verification argument. For our problem (1.1), the corresponding HJB
equation is given by

—8w + F(t,z,Dv,D*) =0, (t,z)€[0,T) xR™, (1.3)

with the terminal condition v(T,z) = f(z), * € R™, where

F(t,x,p, M) = sup {_N*(t’m’a)p - -;—tr((aa*)(t,x,a)M) - g(t,x, a)}
acA

for z € R™, p € R™, and M, a symmetric and nonnegative definite m x m matrix. Here we
have denoted by 3; the partial differential operator with respect to the time variable ¢, by Di
the j-th order partial differential operator with respect to the space variable z, and by c* the
transpose of a matrix c.

Since analytical solutions for HJB equations are rarely available, a number of numerical
methods have been proposed in the literature. However, for practical applications there still
remain several challenging problems. First one is that in some schemes the coefficients of the

*This paper is an abbreviated version of Nakano [16]. All proofs are omitted.



control problems have to be very restrictive for ensuring its convergence. For examples, in the
finite-difference scheme (see, e.g., Kushner and Dupuis [13]), the diffusion matrix oo* in our
notation should basically be diagonally dominant. Although this restriction can be weakened by
considering the generalized finite-difference that involves a nontrivial adjustment of the diffusion
matrix, we may need a large size of the stencil depending on a problem, as well as the further
computational efforts for the implementation. See Bonnans and Zidani 3], Bonnans et al. [2]
and the references therein. The optimal quantization approach taken by Pages et al. [17] works
under mild conditions on the coefficients, in particular, under quadratic growth conditions on f
and g. However, their scheme requires most components of the process {X5™} being actually
control-free. In Fahim et al. [8], they extract an uncontrolled generator from the nonlinearity F,
and then use a probabilistic representation of the HIB equation based on the process associated
with such generator. Then the partial derivatives of the value function in that representation
are computed by the expectations of random variables involving the value function itself via the
integration-by-parts. These tricks cost some strong non-degeneracy conditions on F.

Second problem is computational difficulties in high-dimensional cases. In general, the finite-
difference scheme needs a spatial grid with its size growing exponentially as the dimension m
becomes large. As for the method by [17], the quantization error with respect to an ¢-dimensional
random variable is known to be O(N 1/ ) if we denote by N the number of discretizing points for
the random variable. The scheme by [8] can be applied to high-dimensional problems because
it is based on Monte Carlo simulation for computing the conditional expectation, but the kernel
density estimation used in this procedure is in general suffered from the curse-of-dimensionality.
The finite-element like schemes studied by e.g., Camilli and Falcone [5] and Debrabant and
Jakobsen [7], often called Semi-Lagrangian schemes, solve the first problem. That is, their
scheme converge to the original value functions under no special assumption on the diffusion
matrix oo”®. The difficulty in their scheme is that they require the interpolation of the value
functions in the state space, and need involved computational procedures for the implementation
in high-dimensional problems (see Carlini et al. [6]).

In this paper, we propose a new time-discretization scheme for the problem (1.1). It is based
on a probabilistic representation for the convolution of v by a probability density function. In
Section 2 below, we first give a rough derivation of the semi-discrete scheme, and then prove
its convergence results by the viscosity solution method presented in Barles and Souganidis
[1]. With the choices of the kernel and with the estimation methods for the conditional expec-
tations, various numerical methods can be generated. Resulting numerical methods allow us
to use uncontrolled Markov processes to estimate the conditional expectations in the dynamic
programming procedure. Moreover, they can be implemented without the interpolation of the
value function or the adjustment of the diffusion matrix. We present one of possible methods
with Gaussian distributions in Section 3. A numerical experiment is also performed there. We
focus on an artificial problem having two-dimensional state space, where an analytical solution

for (1.3) is easily obtained.

2
ij %ij
positive constants that may not be necessarily equal with each other.

Throughout this paper, we write |a| = ( )1/2 for a matrix a = (a;;). By C we denote
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2 Approximation of the value function

We discuss the general stochastic control problem (1.1) under the following assumptions on the

coeflicients:

Assumption 2.1 1. The functions , o, f,g are Borel measurable with respect to (t,x,a) and

continuous with respect to (t,xz) uniformly over a.

2. There ezists a positive constant K such that, for every s,t € [0,T], z,y € R™ and a € 4,

|u(t,z,a)| +|o(t,z,a)| < K(1+ |z}),
Il"‘(saxa a‘) - p’(taya a’)' + |a(s,x,a) - a(t,y, a')l S KIS - tl + K|.’E - yl)
|f(2) +19(t, z,0)| < K.

With these conditions, the controlled stochastic differential equation (1.2) has a unique strong
solution for each control a € A (see, e.g., Fleming and Soner [9] or Krylov [12]) and the value
function v in (1.1) becomes bounded. Moreover, it is known that v satisfies the viscosity solution
property. To be precise, recall that an R-valued, upper-semicontinuous function « on [0, 7] x R™
is said to be a viscosity subsolution of (1.3) if, for any (¢,z) € [0,T) xR™ and any smooth function

¢ such that u — ¢ has a local maximum at (¢,x) we have
_at‘P(t’ :13) + F(t,il),DQO(t,iL‘), D250(t,.’13)) <o0.

Similarly, an R-valued, lower-semicontinuous function u on [0,7] x R™ is said to be a viscosity
supersolution of (1.3) if, for any (¢,z) € [0,T) x R™ and any smooth function ¢ such that u —¢

has a local minimum at (¢, z) we have
—Byp(t,z) + F(t,z, Dy(t, z), D*p(t, ) > 0.

We say that u is a viscosity solution of (1.3) if it is both a viscosity subsolution and a viscosity
supersolution of (1.3). Then, Theorem 4.3.1 in Pham ([19] tells us that our value function v
is indeed a viscosity solution of (1.3). In addition, by Theorem 4.4.5 in [19] the following
comparison principle holds: for every bounded, upper-semicontinuous viscosity subsolution u of
(1.3) and bounded lower-semicontinuous viscosity supersolution w of (1.3) such that u(T,z) <
w(T, z), z € R™, we have

u(t,z) < w(t,z), (tx)€[0,T]xR™

Let {t;}7, be a fixed set of time indices such that 0 = o < ¢t1 < --- < t, = T with
h=t;—ti_y =T/n,i=1,...,n. We consider n sufficiently large so that h € (0,1]. To find a
time discretization scheme for the value function, first we write down the dynamic programming

principle as follows:

tit1
v(ti, z) = ;relglE [v(tiﬂ,X::ﬁ'a) + /; g(s,Xﬁ"’z’“‘,as)ds] )



151

Replacing X::jo‘ by its Euler-Maruyama approximation Xf:ﬁ“ defined by
X';’x’a =z+u(t,z,a)(s—t)+o(t,z,a)Vs —tG, t<s<t+h, acA,

formally we have

tit1 .
E [v(ti+1,Xt"z’a) +/ g(S,Xst"’z’a,as)dSJ ~E [v(ti+1’Xtth1’at")] + hg(ts, z, ;).
t;

tit1
Here, G = (G1,...,Gy)* is a random variable such that G;’s are mutually independent and that

where d;; denote the Kronecker’s delta.

Now we consider the convolution ¢" * v(t;11,-) by some kernel ¢" to approximate v(t;y1,-).
To this end, let ¢ be a probability density function on R™ with full support, i.e., o(y) > 0 for
all y € R™, and then define

_ ¢(z/A(h)) m
¢"(z) = YO r € R™,

where A is a positive function on (0, 1]. Then, for any bounded function u, the convolution P xu

can be represented as

oene [ @ EEE— AR
@ o) = [ a0,

= /Rm u(z + A(h)z)o (%h) — z) dz, z,6€R™

Let D" be a subset of R™ satisfying me\Dh #(&/A(h) — 2)dz — 0, h \, 0, and let " be an
another probability density function having D" as the support set. Then, roughly speaking,
(¢" * u)(z + €) is approximated by Jpr u(z 4+ A(h)z)p(£/A(h) — z)dz and this can be written as

/Dh u(x + A(h)2)¢ (i - z) dz = /Dh u(z + A(h)z)¢ (L _ z) Mdz

A(R) A(h) Ph(z)
—E |u(z M (S _ ) L
‘E[ =+ AR)Z5)¢ (A(h) Z ) wh(Z’wJ’

E[(¢" + w)(X{5)] ~E l]E {u(x +A(h)Z")¢ (Ii’(‘h) - Z") rh(lzh)

=E

of G. Thus, denoting H;™" = u(t, z,a)h + o(t, z, a)VhG, we have
Ht,a:,aj”
h
A(R) Yh(Zh)

The last expression might be useful since the argument of u is control-free. Then, as A(R) \( 0,
the quantity E[(¢" * u)(X:f;La)] converges to ]E[u(Xttf,’l”)] under mild conditions on u, so we

expect that the scheme defined by
{ WM(T,z) = f(2),

Uh(ti’x) = @h[vh(ti+17 ')](t’i’x)

where Z" is a random variable with probability density ", which is assumed to be independent
Ht,a:,a 1
u(x 4+ A(h)Z")¢ ( B _ Zh) —
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with

t,z,a
u(t,z) = inf {]E [u(x +A(h)ZM)é (%)— - Z") ¢h(lzh)

gives an approximation for the value function v.
Let 3 be a function on (0, 1] defined by

Ht,{,a
B(h)y= sup E / o 2——2]d2. (2.2)
tE[O‘TéjGR"‘ R™\Dh A(h)

Then we are able to state the following convergence result.

+ hg(t,m,a)}

Theorem 2.2 Let v : [0,T] x R™ — R be defined by (1.1). Suppose that Assumption 2.1 is

satisfied. Suppose also that
L Ah) + B(R)

AN\,0 h =0.

Then,
vh(t’iay) — ’U(t,.'L‘)
as h\, 0, t; > t, and y — =, uniformly on any compact subset of R™.
To obtain the rates of convergence of our schemes, we impose more regularity conditions on

the coefficients.

Assumption 2.3 There erist positive constants K' such that, for every s,t € [0,T), z,y € R™
and a € A,

1f(2) — F@)| + l9(s,z,0) — g(t,y,0)| < K’z — y| + K'|s — t'/2,
lu(t,z,0)| <K', |o(t,z,a)| < K'.
Theorem 2.4 Let v : [0,T] x R™ — R be defined by (1.1). Suppose that Assumptions 2.1 and

2.3 are satisfied. Suppose also that E[G]] = 0, E[G}] < o0, i = 1,...,d. If X and B satisfy
A(h) + B(h) < CR'/S, then we have

hig. _ ) 1/6 m
orgfézlv (ti,z) — v(ti,z)] < ChY®, x€R™.

Furthermore, if A(h) + B(h) < Ch®/? then we obtain

—ChY® < v(ti,x) — Pk, z) < Ch'%, zeR™, i=1,...,n.

3 A fully numerical method

Throughout this section, we suppose that Assumptions 2.1 and 2.3 are satisfied. We take the
R%-valued random variable G = GM? as an optimally quantized random variable in the sense

that GM+ is a minimizer of
E(lX - G|



over finite random variables G with M-supporting points, where ¢ > 1 and X is a d-dimensional
standard Gaussian random variable. We refer to Graf and Luschgy [10] for a detailed account
of optimal quantization theory, and to Pagés and Printems [18] for numerical procedures for
obtaining GM:2, Set

GMUQ) = {y,...,7m}, P(GMI =) =p;, i=1,...,M.

In most of numerical realizations, the random variables GM%’s approximately satisfy the moment
condition (2.1). A reason why we use the quantization is that we need sufficiently many points of
H ,tl‘x’a /A(h)’s near its mean to be shot by Monte Carlo simulations of Gaussian random variables,
with less number of computations. See the comment made just after (3.2) below.
We choose the function X as
A(h)/h =0, h\,0.

For example, we may take A(h) = h/(—logh).
To describe the realizations of H,tl’x’“, we put

ni(t,z,a) = pt,z,a)h +o(t,z,a)Vhy, i=1,...,M.

As the functions ¢ and ¢, we examine

o€/ L el -
¢(y)—Wa 11’(3/)-W, y € R™,

where 7(h) > 0.
Let Z be an m-dimensional standard Gaussian random variable. Then ®"[u] is described by

M
[y ,x) = inf GE [u{z+ A(h)\/T(h)Z Q]—tm_a) ThZ)——l——
i) “GA{;p [(+ 7)e ( A(R) * v (Vrmz)

+ hg(t, z, a)}.
Furthermore, we introduce the uncontrolled Markov process {S;}%_, defined by

Sk+1 = Sk + )\(h)\/T(h)Zk_H, k=0,...,n—-1,

where {Z;}7_, denote an ii.d. sequence with Z; ~ Z. With this process, ®[u] can be written

§|Z|2) \sk =x}

(3.1)

as

‘Dh [u] (tk; )
s

+ hg(tk,:c,a)}.

77z tk(,:l: a \/_Z

u (Skt1) eXP( 3
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To compute the conditional expectation in (3.2), we use the kernel density estimators with
samples from Monte Carlo simulation. We refer to Longstaff and Schwartz (15, a landmark
study of this approach in American option pricing, and to Bouchard and Touzi [4] and Lemor
et al. [14] in the context of backward stochastic differential equations. It should be mentioned
that this regression method is also adopted in [8] for the numerical study of HJB equations.

In our framework, an estimator E*[Y | S = z] for E[Y | St = z] can be taken as

: _g®
Z;Y:l Yy, (E_A_x_)

o5 ()

if the denominator is nonzero. Otherwise the estimator is defined as zero. Here,

EMY | Sk =] =

1|m(t ,33 a) 1
Y=u(S,’c’+1)exp ) T]J i —v/7(h)Z +§|Z|2 ,
YO, . yW zW Z(N) and S,(cl), e S,(CN) are samples from Monte Carlo simulations for

Y, Z, and S respectively, and A denotes the bandwidth for the kernel function x. A typical

example for  is the naive kernel defined by
k(2) = 1{y<1y, 2 €R™.

We refer to Gyorfi et al. [11] for other estimators and its convergence analyses.
Consequently, our scheme can be implemented as follows: V,Ee) =f (S,(f)), £=1,...,N,and

. (&) _gld)
%Wu?) <(252)

e
) = mf {T(h)m/zzpz SO 50
ZJ =1k ( )

i=1

+hg(tk,s,(f),a)}, ¢=1,...,N, k=0,...,n—1.
(3.2)

We note that in general we need to set 7(h) large so that the values

- s

actually contribute to the computation of Vk(e).
As for control strategies, a minimizer ag) of the right-hand side in (3.2) is a numerically

®
L’i\’{:)_"_‘l — /AR Z9)

optimal control at (t, S(l)). In case one needs the values of reasonable control at given grids,

the average values of a,(c) distributed around the each grid point can be used.



Example 3.1 As an illustration of our scheme, we examine the test problem described by

T=01l d=1, m=2, A={a=(a1,a2)*€R2:a%+a%:1},
pt,z) =0, o(t,z,a) =v2(a1,a2)",

f() = (1+T)Tsinzysinzs, g(t,x,a) = -2(1+ t)Tayas cos 1 cos xo + T sin 1 sin zo

for t € [0,T], z = (21,22)*, and a = (a1,a2)* € A. This example is adopted in [7]. It is
straightforward to see that the value function v in this problem is explicitly given by

v(t,z) = (1 +t)T sinz; sinxy,

and that any point in A is an optimal control.

In implementing our numerical method (3.2), we take h = 0.01, and set A(h) = h/(—log(h))
and 7(h) = (V2h/A(h))?. We use N = 3 x 10° samples to estimate the kernel density with
the naive kernel and A = 0.1. The quadratic quantization with M = 100 points is adopted
for GMD | The instial value of the controlled process is set to be (w/2,7/2)*. The resulting
average absolute error between Vk(e) and v(ty, S,(f)), £=1,...,N, at k =9 is 0.0064. Figure 1
compares v(tg,z) and an estimated value function using V}c(e) s at k = 9. We use the average
values of Vk(e) ’s in suitable clusters to estimate the value function at uniform grid points. The
figure indicates that our method on the whole underestimates the analytical solution. This may
be because the number of Monte Carlo paths shooting nf(tx, S,(f), a)/A(h)’s is still insufficient.

05 05 05 05

Figure 1: The analytical (left) and estimated (right) value functions at t = 0.09 around z =

(w/2,7/2)*.
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