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The aim of the paper is to examine the wavelet-Galerkin method for the solution of filtering equations. We use a wavelet
biorthogonal basis with compact support for approximations of the solution. Then we compute the Zakai equation for our
filtering problem and consider the implicit Euler scheme in time and the Galerkin scheme in space for the solution of the
Zakai equation. We give theorems on convergence and its rate. The method is numerically much more efficient than the

classical Galerkin method.
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1. Introduction

The Zakai equation describes the evolution of unnormal-
ized conditional density which solves the problem of non-
linear filtering of diffusion processes. It is a linear stochas-
tic parabolic partial differential equation. The approxima-
tion of solutions to the Zakai equation is a very impor-
tant problem for practical applications. The Zakai equa-
tion in the form which we use is given, e.g., in the pa-
pers (Pardoux, 1991; Kurtz and Ocone, 1988; Yau and
Yau, 2000; 2008) and in the book (Liptser and Shiryaev,
1977). The conditions for the existence and uniqueness of
the solution to the Zakai equation are given in (Pardoux,
1991). We refer also to the paper (Rozovskii, 1991) for
existence and uniqueness theorems of the Zakai equation.

There are a lot of methods of constructing approxi-
mations of the Zakai equation: splitting up method (Elliott
and Glowinski, 1989), decomposition into Wiener inte-
grals (Crisan et al., 1998), discrete time approximations
(Bennaton, 1985), some generalizations in Hilbert spaces
(Germani and Picconi, 1984). There are also some mod-
ifications of the Galerkin method and various bases are

used, e.g., the Gaussian series basis, in the paper (Ahmed
and Radaideh, 1997). The approximation of the Zakai
equation in a nonlinear filtering problem with delay was
considered in the paper (Twardowska et al., 2003).

The Euler and Milshtein schemes for time discretiza-
tion and the Galerkin scheme with the Hermite basis
were given in (Itd, 1996). Some characterizations of
the stochastic Euler and Milshtein schemes can be found
in the book (Kloeden and Platen, 1992), while time
and space approximations of parabolic partial differential
equations in (Thomée, 1997).

In this paper we give a modification of the classi-
cal Galerkin method using a biorthogonal wavelet ba-
sis with compact support. Wavelets are used to trans-
form the problem into an equivalent one which is well-
posed in the space [>. The construction of such a basis
can be found in the books (Bramble et al., 2003; Cohen,
2003; Daubechies, 1992; Wojtaszczyk, 1997) and in the
papers (Dahmen, 1997; Cohen et al., 1992; Wang, 2002).
The main advantage of wavelet methods is better effi-
ciency of numerical calculations (see Section 5). The
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Lévy-Ciesielski representation (Ciesielski, 1961; McK-
ean, 1969) of the Wiener process is used in the paper.

It is known that the wavelet basis improves the con-
dition number of a problem but the convergence rate is not
changed.

Indeed, the Galerkin discretization in finite element
spaces is ill conditioned in the sense that its condition
number grows like 1/ h25, where h is the mesh size and
s is the order of the corresponding Sobolev space, i.e., 2s
is the order of the operator (see (Cohen, 2003)). But the
stiffness matrix relative to the wavelet hierarchical basis is
even diagonal and a simple diagonal scaling would yield
uniformly bounded condition numbers independent of the
mesh size h (see (Bramble et al., 2003)).

In our paper we show how to use the wavelet basis in
the nonlinear filtering problem and we compute the con-
vergence rate. Therefore, we can conclude that the con-
dition number of our problem is better than in a classical
basis, but the convergence rate is not improved.

There are many papers in which the condition num-
ber is computed when a wavelet basis is used. The prob-
lem is well conditioned if the condition number is small
so it does not depend on the mesh size. This is done by
preconditioning in wavelet methods.

For example, in the paper (Beuchler et al., 2004), the
mass and stiffness matrices in a wavelet basis are built.
Then the matrices that can be used as preconditioners are
introduced. Estimates for the condition numbers of such
matrices are built in some degenerate elliptic problems
and parabolic problems from finance. Some examples of
preconditioning matrices are considered.

Further, in the paper (Hilbert ez al., 2004), the authors
introduce the pricing problem in terms of parabolic partial
differential equations. They show how one can construct
optimal diagonal preconditioners based on wavelet norm
equivalences.

Finally, (Yserentant, 1990) shows that the spectral
condition numbers for a discretized second order elliptic
boundary problem should remain bounded independently
of the gridsize. There are two preconditioners that meet
these requirements especially well. Both preconditioners
utilize a multi-level structure. The condition number esti-
mates are computed.

In Section 2 we derive the Zakai equation for our fil-
tering problem, and in Section 3 we give the variational
formulation for it. We describe our wavelet basis in Sec-
tion 4. Section 5 is devoted to the wavelet formulation of
the problem and the discussion of the condition number.
Namely, we give an equivalent formulation in the wavelet
coordinates for our original variational problem arising
from the filtering equations and next from the Zakai equa-
tion. The transformed problem can be arranged to be well-
posed due to the norm equivalences introduced by the
wavelet basis and the compression of the operator matrix
in the variational formulation, see (Dahmen and Schnei-

der, 1999; von Petersdorff and Schwab, 1996; 2003). This
allows us to obtain convergent iterative schemes for the
infinite-dimensional problem over the space lo. Finally, in
Section 6 we discuss convergence and its rate.

2. Nonlinear filtering problem and
the Zakai equation

Let (2, F, (Fi)t>0, P) be a probability space with a usual
filtration F;. Denote by

b:R* - R4, ¢g:RY R RIS RP
some bounded and Lipschitz functions. Let o =
(0ap)a,p=1,...,p be a nonsingular matrix of constants. We
consider the following system of It6 equations:

dX(t) = b(X (1), Y () dt + g(X(t)) dW(2),

X(0)=Xo, t>0, (1)
dY (t) = f(X(t ))dt+adV()
Y(0)=0, t=0, )

where the state X (¢) € R? is the unobserved process to
be estimated and Y (¢) € RP is the observation process.
Moreover, (W, V') are F;-adapted, R? x RP-valued inde-
pendent Wiener processes with covariances /. Further-
more, X is an Fp-measurable vector, independent of the
Wiener processes W and V.

Let us write

Y
ave) = YO _ rxarrave). 3
o
Further, let C;, = Cy,(R%, R) be the space of continuous

bounded functions on R¢ with values in R and C} =
CHRYR), C2 = CZ(RY,R) be the spaces of continu-
ous bounded functions with continuous first and second
derivatives, respectively.

Let L?(R?) be the Hilbert space, with the inner prod-
uct

(u,v) = / u(x)v(z) de,
R4
and let H'(R?) denote the Sobolev space

8’(1,
2(mdy .
{uel;(R).—a

Tq

€ L(RY), i:l,...,d}

1/2
L2(1Rd)) '

Set H = L*(R%), V = H'(R?) and V* = H~(R?) as
the dual space of V. Moreover, H* is identified with H.
Thus

with the norm

sy = (e + ZH »

VCcCH=H"CV*.
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We denote the dual product of V' x V* by (-, -).

Let ¢ be any C7 function. Our problem is to esti-
mate ¢(X (t)) when the history of Y up to time ¢ is given.
Define

Jpa S(@)u(t, x) da
Jga u(t,z) dz

where F” is the o-field generated by Y (s) for s < ¢, com-
plete with respect to the measure P and u(t) = (¢, x)
(the unnnormalized conditional probability).

Proposition 1. (McKean, 1969; Rozovskif, 1991). Under
the assumptions that the coefficients in the system (@), (3)
are bounded and measurable, the function u(t) is the solu-
tion to the following so-called Zakai equation associated

with (@), @):

du(t) + L(Y)u(t) dt = Bu(t)dY (t),
u(0) = up € L*(RY)  (4)

E{p(X(t) |7} =

for all t € [0,T], where on the space L*(R?) the linear

operators L(Y') and B are defined as follows for x =
(1, Ta):

=1 82@317
d B
=D _bilw)5—d(@), (5)
=1
Bo(x) = o~ f(a)p(x), (6)

with a;; = (%gg*)i7l:17.,.7d, where * denotes the transpose
matrix. Therefore, we do not need any boundary condi-
tions.

For the existence and uniqueness of solutions of
Eqn. (4) and their regularity properties, we need the fol-
lowing lemma.

Lemma 1. (Ahmed and Radaideh, 1997; Elliott and
Glowinski, 1989; Pardoux, 1991) Suppose that

1) b eChi=1,...,d (99%)u € Cg, in,l=1,...,d,
and there exists o > 0 such that
((997)¢,€) = all€l? )
forall ¢ € RY.

Then (L(Y))* € L(V,V*), and there exist some
constant p > 0 such that the coercivity condition

allgll} + (L(Y))*6,6) < pllolF (®)

is satisfied for all ¢ € V and uniformly in Y. Moreover,
there exist some positive constants 3 and -y such that

(EV)6,6) + 51 Bollh + Blolh > Salol} ©)

forall o € V and uniformlyin'Y.

Proposition 2. see (Ahmed and Radaideh, 1997; Pardoux,
1991) Suppose that the assumptions of Lemmalllhold and

(ii) there exists a positive constant K such that

1Bl 72 e gy < K ull (10)

Then there exists a unique solution u to the Zakai
equation @) and v € L*(0,T; H) N L?(0,T; H'), u €
C(0,T; H), P-almost surely.

3. Variational formulation

The spatial domain for the solution of the Zakai equa-
tion (4) is the whole space R?. Computationally, it is im-
possible to consider such an unbounded domain. Since
the initial density ug is approximately supported on a
bounded subset of R<, the solution to the Zakai equation
can also be considered possibly on another bounded (with
the Lipschitz regular boundary) sufficiently large subset,
e.g., U C R, where a significant part of the probability
mass is concentrated. Therefore, we shall restrict the com-
putations to the subset &/ (Ahmed and Radaideh, 1997; El-
liott and Glowinski, 1989).

To create the variational form of Eqn. (4), we take the
inner product of (4) by a function v € H}(U), U C R4
We also write

[u®)](z) =u(t,z), 0<t<1l, =zeclU
Thus we get
0 ~ B Y(t)
(§mmg+3mmﬂ_QM@ &,Q (11)
or
0 ~ (1 dY (¢)
(57u(h).v) + Bluv,f] = (o f(X(O)ult) == v)
with the appropriate initial condition, where
Blu,v,1] = (Lu(z), v(z)). (12)
We also putf: V xV — R for
l(u,0) = (Lu,v)y-xv, wveV. — (13)

Moreover, we shall need on V' an equivalent energy norm
defined by

iy = (@, )" ~ Jful]v- (14)

On 0U we impose the zero boundary condition. Integrat-
ing by parts and taking into account the functions vanish-
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ing on OU, using (12) we get

Bluv, 1 = /u LV )ulz)o(z) de
= /M{— z:: au%;xlu(m)
- Zd: bzaixlu(a:)] v(z) dz
- []3 wi ot

i,l=1
_ ; blaixzu(x)v(x)] dz.
More precisely, from (11) we obtain

du(t)
ot

(x)v(x)dx + E [u, v, t]

dt

15)

z/ailf(m)u(x)dy(t)v(m)dx.
u

Now, let {es(x)} denote an orthogonal basis of

H}(U). For fixed n we define

un(t,z) =Y al(t)es (), (16)

so (ul,,es) = (Qun(t)/0t,es) = (aZ(t))’. Further, we
take v( ) = es(x) in (11) and get

(ul,es)— E[un,es, ]—(Eun(t)%it) es) =0. (17)

Notice that

Blun,es t] = B [zn: a;;(t)eh(m),es,t]

n ~
= ap(t) Blen e t]. (18)

h=1

So we obtain a system of ordinary differential equations

t) B [en, €, t]

Za

- (Eu”(t) ar

Ln (19)

for unknown functions o (), and with the initial condi-

tion

> al(0)es(x) = un(0,2).

(20)

Itis obvious that there exists a unique absolutely con-
tinuous solution o™ (t) = (af(t),...,al(t)) to the sys-
tem (19), (20). However, the performance of the iterative
scheme depends on the condition number of the system
(Bramble et al., 2003; Dahmen, 1997) which is the quo-
tient of the maximal and minimal eigenvalues of the sys-
tem matrix. In practice, one would not apply an iterative
scheme to the solution of the above system—it is too com-
plicated.

In the next section we propose a set of basis wavelet
functions to get the solution of the Zakai equation by the
wavelet-Galerkin method.

4. Wavelet basis

The definitions are taken from the books (Bramble ez al.,
2003; Cohen, 2003; Daubechies, 1992; Wang, 2002) and
from the paper (Dahmen, 1997). Our goal is to create
a biorthogonal wavelet basis.

In the paper, we further assume that d = 1 and we
take as the scaling function the so-called “tent” function
(Dahmen, 1997):

142z, —-1<2<0,
pl@)=¢1-z, 0<z<1, 1)
0, otherwise.

The simplest choice of the so-called trial spaces V; are the
spaces of the scaled tent functions

oir() =220z — k), k=0,1,...,27. (22)

We choose ¢; 1, (x) as basis functions for the trial spaces
V;. They form a Riesz basis relative to the standard inner
productin H.

Further (Dahmen, 1997, pp. 62-63), since

1 1
p(x) = 590(2:6 +1) + ¢(2z) + 5%(256 -1), (23)

1 1 1
. — " . 1+ —0; 4+ ——wiiq ,
Pj.k 2\/§<)0j+172k 1 \/5<,0J+1,2k 2\/§s03+1,2k+1
(24
V; are nested and their union is dense in L?([0, 1]). Let
(Cohen, 2003, pp. 11-12)

bjk(x) =272 — k),
k=0,1,...,27 —1. (25)

Y(z) = (22 — 1),
j=1,2,...,

In order to successively update from coarser grids,
we consider the hierarchical decomposition of V. Let

27
Pif =Y 277227 k)pjk- (26)
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Then P; f is the projection of f onto V; and the comple-
ments
Wi = (Pit1 — P)Vin @7

are spanned by the tent functions on new grid points on
the next higher scale

k=0,1,...,27 —1}.

(28)
The resulting multilevel basis has become known as the
wavelet basis.

Further, let

‘I’j = {%‘,k = Qj+1,2k+1 -

dir = (f, ¥sik) (29)

for any function f from a normed space be the scaling
function coefficients and the wavelet coefficients, respec-
tively.

The wavelet basis 1; 5, gives the advantage that the
elements of Vj, for each j, have two equivalent represen-
tations, namely, in the scaling as well as wavelet coeffi-
cients (29).

Now let us denote the dilation by j operator and
the translation by % operator by D7 and T*, respectively.
Thus

(D f)(z) = 27/2f(20x),

Cijk = (fv @j,k)7

(T*f)(z) = f(z — k),
(30)
for any function f and j € Z, k € R. They are the uni-
tary operators so we can write the adjoint operators corre-
sponding to them on the other side of the inner product.
Itis obvious that ¢ 3, = DIT*4). Moreover, we have
(Wojtaszczyk, 1997, §2.1; Dai and Larson, 1998, §3)

(Vi ks bjrpr) = (DIT*p, DI'TF )

™ o 31)
= (D7 T =27 Tk + k'), 4p),
SO
(d}j,k ({E), wj’,k’ ({E))
= (U D220 g — 2Tk 1 k), ()
(32)
forj. j' = 1,2,....j < j'and k = 0,1,...,2/ — 1,
k’:o,]_’...,2'j _]-~

From (Z1) and (32) we have, for example,

(1,1(x), Y2,2(x))
= (DT(x), D*T?)(x)) = (2'/%)(2x), 1 (x)).

Remark 1. If we construct the wavelets using the tent
function (ZI) and we build the matrix, denoted here by
M, we get what follows:

(i) For the same level of D, that is, for j = j’, the three
wavelets overlap (we can see this from the property
23)), so M is three-diagonal.

(ii) For j/ = j — 1, five wavelets overlap so M is five-
diagonal.

(iii) For general j and j/, we have 2/~7" + 1 diagonals.

Moreover, see (Bramble er al., 2003, p. 38), we have

d d 3
3 Vik(@) = T @itian (@) = Vel (), (33)

denoting by wfk the Haar wavelets for the sake of distinc-
tion here.

Let us notice that the Haar wavelets have ¢(x) =
X[o,1] (the indicator function) as the scaling function (see
(Bramble et al., 2003, pp. 32-33)) and they satisfy the
condition (Bramble et al., 2003, p. 59)

(wfka wﬁk/) = 0,5 O,k - (34)

Therefore, from (34) we get the following (Bramble
etal., 2003, p. 63)

(%%‘,m %%',k/)

= I3 H ) = 2735, 6y . (35)

It is known that the Haar functions form a complete
orthonormal basis in L?[0, 1].

Further (see (Dahmen, 1997, p. 80)), every ¢; ;. has
the following expansion for A; = {0,...,27} :

_ J
Pik = E My kPi+1,0
€A j+1

where mj, = {mg,k}leAj-f-l .E.lg(AjJ,_l) is the mask or
filter sequence. We can write it in the matrix notation as

T T
(I)j = (I)j+1Mj70

and call it the refinement relation, where Mj o is the re-
finement matrix. For the tent function it is the (2/+1 —
1) x (29 — 1) matrix M; o below. Now we look for col-
lections (Dahmen, 1997, p. 82)
U ={¢jr: k=0,1,....,20 ~1} CW;

for every j = 1,2,... which spans W;, and ¥ being a
union of such collections. This implies that there exists a
matrix M 1 such that

T T
v =T M.

For the tent function it is the (277! — 1) x 27 matrix M,

aamcs
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below. The announced matrices are

1
75 0O 0 0
g0
0 7 0 .

0 535 3v5 O
Mo = 0o 0 . )
7z U
2V2 2v2
0"
12
0 0 V3
100
000
010
Mjy = |2 :
010
000
001

Now we shall recall the Lévy-Ciesielski represen-
tation of the Wiener process (Ciesielski, 1961; McK-
ean, 1969) and apply it to the description of the Wiener
process V (¢) in (3).

Let us define the Haar functions for £ > 1, odd j <
2% and t € [0,1] :

271, te [ k),
_V2j717 te I:QLJ?k;; )a

0, elsewhere.

ho(t) =1, hj(t) =

(36)

Definition 1. The Schauder functions {Hy, H;, } are in-
tegrals of the Haar functions h i, that is,

Hji(t) = /Ot hjk(s)ds.

Thus they are of the form

Hy(t) =t,
VI te [ 5), g
Hyn(t) = Y V212 = 4], e [5 57),

0, elsewhere.

The Schauder functions are little hats or tents of height
V2i+L,

Theorem 1. (Ciesielski, 1961; McKean, 1969). Let us
define W"(t) as

n 29-1

W (t) = Xo(w)Ho(t) + Y Y XjHi(t), (38)

j=1 k=1

where {Xo, X}, i =1,2,...,n, k=1,2,...,27 — 1is
a sequence of independent normal random variables with
mean zero and variance one, defined on the probability
space (U, F,P), t € [0,1], n = 1,2,.... Then W"(t)
converges almost surely to some W(t) which is a standard
Brownian motion, uniformly in t in the space C([0,1]).

5. Wavelet-Galerkin space discretization of
the Zakai equation

We shall now approximate the exact solution to Eqn. (4)
with respect to the space variable by the wavelet-Galerkin
method using the biorthogonal wavelet basis.

In the general case, let H be a Hilbert space and
A(+,+) : H x H — R a continuous bilinear form. Con-
sider the following variational problem: Given F' € H*,
find U € H such that

AWV,U)=(V,F), VeH. (39)

Define the operator £ : H — H* by

(V,LU) = A(V,U), V eH, (40)

so that Eqns. (39) and (40) are equivalent to
LU = F. 41)

Then the problem (39) is well-posed if the so-called
mapping property is satisfied, that is, if there exist some
positive constants c1, Cy > 0 such that

allV]x < [[LV]w < Cil|[V|e  forV e H. (42)

In general, H will be a product space, i.e., H = Hj g X
--+ X Hp, o, where the component spaces H; o C H; will
be closed subspaces of some Hilbert spaces H; (e.g., some
Sobolev spaces). Let the bilinear form A(-, -) be given by
A(V,U) = (airy (vir, ur))ir 17=1,...,m» SO that the operator
L is matrix-valued and £ = (L, )ir .r=1,....m-

Define D = diag(w; k), wjr = 27 for the scale j
and the spatial location k. Denote by D% a diagonal ma-
trix with w; ; = 257, Then D= & = {2757, ;. }, with
VU given in Sectiondl Now we shall describe how to solve
the problem with the wavelet basis. Namely, we have the
norm equivalence (Bramble et al., 2003, p. 41) that we

shall write generally for 3,5 > 0 and s € (— 5, J) :
Co [V, < VD™l < Co|Vlli,  forv € i,
(43)
where ¢y, Cs are some positive bounded constants while
H*' stands for a suitable subspace of a Sobolev space and
H~*" for its dual space.
We will assume that for each H;/ o one has suitable
bases U,, and scaling matrices D,/ such that (43) is sat-
isfied. The scaled wavelet representation of the operators
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L is then given by

Ay =D apy (Y, U )Dy ford' I =1,...,m,
(44
D = diag(Dy,...,D,,). Next, the scaled standard rep-
resentation of £ and the dual wavelet representation of the
right-hand side data are given by

L= (Ai)jtyy =D H(®,LE)D™Y,  (45)
F=D (¥, F). (46)

Important properties of the solution to our problem
are given in the following two theorems.

Theorem 2. (Bramble e al., 2003, pp. 66-67). Let
U = UTD~'W be the scaled wavelet representation of
the solution to (39). Then

LU=F < LU=F. (47)

The above result can be related to preconditioning.
Namely, we have the next theorem.

Theorem 3. (Bramble ef al., 2003, pp. 67). The map-
ping property @2) and the norm equivalence (@3) imply
a uniformly bounded condition number with respect to the
mesh size during discretization:

cond(L) = O(1) asfA — oo, (48)

where A\ is a finite subset of J = J, U Jy. Here J is
an infinite index set, where §J, < 00, representing the
scaling functions. The index in [Jy, represents the wavelet
spanning complements between refinement levels.

Any function u(¢,-) € U can be represented in the
wavelet basis {¢; x(z)}, 7 =0,1,...,k=0,1,...,27 —
1, as follows:

g1

:Z wjk

j=0 k=0
Oéjk( ) € R7

[~}

ajr(0) = vjk. (49)

We define a projection P, : V' — V), by truncating the
wavelet expansion

n 29-1

=> ) aptvis(z)  (50)

=0 k=0

un(t, ) = Pyu(t,x)

for u,(t,-) € V,,, where V,, is the finite-dimensional sub-
space of V' that is spanned by the finite collection {1, 1 },
j=0,1,...,n,and k =0,1,...,2/ — 1.

In our case the norm equivalence is of the form (von
Petersdorff and Schwab, 2003, p. 168)

co 291
CS/HV”g{S'(L{) < Z Z |O‘jk|222js < CS’”VH%(S’(U)

=0 k=0
(51

forvely,0<s <1.
Now we consider Eqn. (11) putting v(z) = 95 :(x),

1=0,1,...,5=0,1,...,2 — 1, and we use (38) for the
Wiener process V' (t). We obtain

(yute), 1) + Blus 01

(o @ Y =0 62

We substitute w.,(t) for u(t) and, using the fact that

(% Zni Qil i () k() p, g(a;))

7=0 k=0
j—l

:Z wjk

=0 k=0

[N~}

from (17) we get

> Z_ o () (V.0 (2), Y7 5(2))
7j=0 k=0

S

=0 k=0

(s wfg(aw}

n 291
dY (¢
-3 (o @) o )
7=0 k=0
Further, we shall need the derivative of ¢, x (x):
9 3j/2 ,
%zm( x) =282, (2x—k), i=1,....d. (55)

From (12) and (50) and integration by parts we get

E[Umwl §vt]
:E{Xn:i ik (£ (0 (m),t]

n 271 B
:;kz_:oajk(t%u Yy (@) () da

(56)
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Due to the properties (33) and (33) we obtain

v (¢)

a(t) (o7 F@)2 P — k) =

(57)
with the initial condition
n 29-1
SN ar(0) (W (), by 5(2) = (uo, ¥y 5(x)) (58)
j=1 k=0
forall [ = 0,1,...,m,5=0,1,...,27 — 1. The last term
has, by (3), the following form:
n 29-1
>3 an® (o F@)2 (2l — k)
=0 k=0
dY( ) o2
,2
2222l - 5)

t (alf(x)2j/21/)(2jx —k)

av(®)

dt } 272 x_§>>

ae(t) (07 f(2))?27 29 (22 — k),

=0 k=0
2122z — 3)) .
n 27-1 (59)
+3°% apl) (aflf(x)zj%(zjx k)
§=0 k=0
x d‘gtt) 2l 220y — g))

Let S; = suppvjk. The diameter of S, is

bounded by C2~* and

Oks = cmax{2‘”+c(2"_k_g), 27k 275}

with some parameters ¢, C' > 0. For the meaning of the
compressed parameters ¢ and C' we refer to (von Peters-
dorff and Schwab, 2003).

We define the compressed matrix L (Y) and the cor-
responding bilinear form by replacing certain small matrix
elements in L(Y") with zero:

L iy i) (Y)

if dist(Sjk;S75) < k.3 (60)
or SjNAU # 0,

0 otherwise.

L iy s (Y) =

Finally, we get, in the matrix form, the following sys-
tem, simpler than (19)—(20), to compute the unknown vec-
tor a(t):

Md/(t) + a(t)D; L (Y)D; !
—a(t)D;'BD;t =0, (61)
for t > 0, where M is the mass matrix described in Re-

mark[Tl L is the so-called stiffness matrix, B is the matrix
given in the last term of (57), and «(t) is the vector of
unknowns. We notice that the stiffness and mass matrices
are symmetric and positive-definite.

During time discretization of the increments of the
Wiener process V' (t), appearing in dY (¢) in the last term
of (57), we get the following expression using (3), 37)
and (B8) for ¢, = kA and A = T/m, x = 0,1,...,m,
T>0n=12...:

V™(t,) — V™ (t—1)

= Xo(w)Ho(t) + >

Gije = V2 1t, =277 (k—1)—t,1 + 277 (k—1)]

= V2i-1[t, — t,_q] = V2—1A
ifty,te1 €279 (k—1),277k),

Gip = V21277 (k+1) =ty =27 (k+ 1) + b, _1]
VBt tey] = V2N

ifty, te1 €279k, 279(k + 1)),
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Gir =V2 1279 (k+1) —t, — 279 (k— 1) + t,_1]
= V212170 —t, b y], = V2ITT[217 - )]

ift,_1€279(k—1),277k), t, € 277k, 277 (k + 1)).

Observe that A = ¢,. — t,._1. Notice that in the above
we can assume that \ is so small that ¢,,_; and ¢, are
situated in the same dyadic subinterval 277 (k—1),277k)
or [277k,277(k+1)) in (37) and (62). Thus we only have
the first and the second situation, that is,

V™ (te) — V(te1)| =2V D2 (1, — t,_1)

=20-D/2)\ = (n)A 3
and
E[V™(te) = V™(te-1)]> = c(n)A\?, (64)
for c¢(n) = (¢(n))?.
6. Convergence theorem
The outline of this section is as follows: First, we

shall consider the convergence of the schemes defined in
(65)—(69) for the implicit Euler approximation with re-
spect to time and for the wavelet-Galerkin approximation
with respect to space. Second, we shall also compute a
constant of the rate of convergence.

Namely, in Proposition 3] we give the convergence
result. Then we formulate Theorem [ on the rate of
the convergence of our two schemes. To prove The-
orem [4] we shall need two auxiliary Lemmas P3| for
the rate of the convergence for the Euler as well as the
wavelet-Galerkin approximations, respectively. Third, we
use the wavelet basis introduced in Section 4 and we ap-
ply the well known generalized minimal residual method
with my iterates to solve the linear systems that appear
in our wavelet schemes. We denote this method by
GMRES(myg). To estimate this scheme (see Lemma [)),
we shall proceed similarly to the technique of (von Peters-
dorff and Schwab, 1996, Lemma 6.1).

Finally, we denote by u/"™ the inexact equation so-
lution by GMRES iterations. We conclude that at each
time step one can show, similarly as in (von Petersdorff
and Schwab, 2003, pp. 178-179), that the solution @/>"™

satisfies the same error bound as the solution . with
the wavelet compressed operator and with all linear sys-
tems solved exactly.

At the beginning, let us mention that for the usual
Hermite polynomial basis we have a similar time dis-
cretization in (Itd, 1996). We shall apply this result to
the Wiener process representation given in (38).

We introduce the probability space S = (2 x [0, 7],
F x B, dP x dt). Throughout this section we set

T
for A\ = —,

"= tw ‘/7
u® =u(ty) € —

t, = KA

where k = 0,1,...,m.

We consider the wavelet-Galerkin approximation
scheme for Eqn. (4):

Aty (£) + L (Y (£))t () dt = By (), (£) AY (2),
Un(O) = Un,0, (65)

where L, (Y (t)) and By, (t) are the projections of the op-
erators given by (5) and (6), respectively. Moreover, uy, o
is the orthogonal projection of u onto V,, of H.

For m € N take the sequence {u""} generated by
the following Euler scheme for Eqn. (4):

+ [L(Ye_1) + BIur™

~ Yrm _ Yn—l,m
:ﬂu“_l’m—I—B(t,i,l)u“_l’m 3 7 (66)
u™™(0) = ug € L*(U)

or

ey N (Vo) + BT
_ Aﬁun—l,m + g(tﬁ_l)un—l,m(yn,m _ YK,—l,T)’L),

u™™(0) = up € L*U),

(67)
where Y, = Y (kA) = Y(¢s). This method is defined
by replacing the time derivative by a backward difference
quotient.

Now, for n,m € N take the sequence {uf"™} ap-
proximating the solution to (4) by the wavelet-Galerkin as
well as the Euler schemes:

w™ — N ALy (Yeo) 4 BT u™
_ Aﬁun—l,m (68)
B (Y Juf Y =y,

n

Let
up'(t) = ul™ on [k, (k + 1)N). (69)

Let us moreover write

up ™ () —u(t) = (up™ (1) — u™™(t))
@R () — ut () = T+ T,
(70)

where 4™ (t) is the solution to Eqn. (67).
We have the following convergence result.

Proposition 3. Suppose that the operators En(Y) and By,
satisfy the following approximation conditions:

@ [ILu(V)¢llv+ < nll¢llv and | Bud|m < 4|
n > 0, uniformly inn andY € RP

(i) (Ln(Y)0,0) + 3|1 Badl3 + BloI% > 3716113 for
allp € VY € R?

v,

aamcs
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(i) [|Ln(Y)d — L(Y)|lv- + | Budp — Bo|lm — 0 for
allp e VY eRL asn — oo,

and ||un,0 — uollgr — 0asn — oo.

Then the sequence {ul’'} of solutions to (68), given
in (I0) and satisfying (1)-(iii), converges strongly in
L2(S,V) and weak-star in L (0, T; L?(2, H, dP) to the
unique solution u(t) to Eqn. @) as m,n — oo.

Proof. We notice that the operators L,,(Y) and B,, satisfy
the above assumptions (i)—(iii). Indeed, it is obvious that
condition (i) is satisfied. The condition (ii) follows from
(9) since the left-hand side of (ii) is the restriction of (9)
onto V,,.

The condition (iii) is satisfied because ||P{}¢ —
¢|lv — 0as n — oo, where P} is the orthogonal pro-
jection of V onto V/,.

Thus Theorem 2.1 of (Itd, 1996) can be applied to the
Galerkin approximations. [ |

_ Now we shall assume the consistency condition for
I(,-) given in (13), that is,

(iv) There exists a constant 7 < 1 independent of n such
that

I 1

[t vn) = 1 (un, vn)| < nlftin|aflvnlla

for every uy,, v, € V,. (71)

The condition (71) shows that on V,, x V,, the form
I(-,-) is equivalent to 1 (+,-) in the following sense: for
1 < 11in (71) we have for some constants 0 < # < a <
oo independent of n:

i

(tn, vn)ll < Nllunllallvnlla

for every uy,, v, € V. (72)
Moreover, we assume that

(v) We have
T ~ ~
/ E[IL(Y)u(®)[[}, dt < M, E|Bu(t)|[}, <M
0

for any M > 0, independently of ¢ € [0, T.

Remark 2. Notice (Kloeden and Platen, 1992) that the
order scheme for stochastic differential equations is some-
times less than for the corresponding deterministic differ-
ential equations. This is because the increments AW,, of
the Wiener process are of root mean square order % and
not 1. One can prove (Kloeden and Platen, 1992) that for
the classical definition of the Wiener process we have

EW(t+\)-W@H]P*"=1-3----- (2n — 1)A™. (73)

For example, the Euler scheme for stochastic differential
equations has strong order equal to 1/2, in contrast to the
order 1 of the Euler scheme for deterministic ordinary dif-
ferential equations. We stress that in the case of the repre-
sentation (38) of the Wiener process, we get the property
(64), different from (73).

The rate of the convergence of our two schemes is
computed in the following theorem.

Theorem 4. Assume that the operators Ly, (Y) and B,
satisfy the assumptions (1)—(iii) of Proposition 3l together
with the assumption (v). Then the rate of convergence of
the numerical scheme (&) is of order \*/? in the sense of
the inequality

K
Bllug™ — |} + 2B Y A up™ —ut|}
=1

t
# 2 [ @RI B )~ w9 ds
0

_ 278 _
< CEllullfy + Cn) + MA— 27—, (74)
where u>™(t) and u"(t) = wu(ty) are the solutions to

Eqns. 68) and @), respectively. Moreover, M = M (k) >
0, c = (1 + AB)?% and C(n) is given by @6) in Lemma[3
below.

First we shall prove two lemmas. We start from the
estimation of 11 in (70).

Lemma 2. Assume that the operators Ly, (Y) and By, sat-
isfy the assumptions (1)—(iii) of Proposition Bl and, more-
over, the assumption (v). Then

K
Bllu™™ —u®|[} + %EZ A fup™ — [}
=1

=L s
< 7

< 25 (75)
where u™"™(t) and u"(t) = u(t,) are the solutions to

Egns. @) and @), respectively, M = M (n) is given in
the formula ©@4) below, and c = (1 + \3)*.

Proof.  To get an estimate of /I in (70), we proceed
similarly as in (Itd, 1996) in the following manner. For
k > 0 we define the approximation error

e =W — @) (76)

with

= MB(ulty) —ults—1)), 77
ed) = / " Blu(t) —u(t))dY (), (78)
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where wu(t) is the unique solution to (4) and ¢, = KA, so
A = t, — tx—1. Further, we write for simplicity L =

z (Y (tn -1 ) ) .
Now we write (4) equivalently as

u(t,ﬁ)—u(tn_l)—l—/ﬁ LV (8)ut) dt

tr—1

_ / - B(t)u(t)dY (t) =0. (79)

tr—1

Define the error function §(u,) = u™™ — u(t,). It
satisfies the equation

8(u) — O(up—1) + AL + BI)6(u,.)
= ABO(tn_1) + BO(upn_1)AYy —e,, (80)
where AY,; = Y (¢,;) — Y(tx—1) is an RP-valued random

variable with mean zero and covariance \. Indeed, from
(77)—(79) and (67) we get

() — 6(un—1) + A[L + BI]6(uy)

23 ~
— \up_ 1 + Bux 1AY, + / LY (0)u(t) dt
th—1

- / " Blyu(t) dY (6) — ALu(t) — ABu(t)

tr—1

and also

A36(up—1) + BS(ty—1)AYy — €, = ABuy_1
— Mu(te—1) + Bup_1AY, — Bu(te_1)AY,

+ / TR @)t - LY (©)ulte) dt
— ABu(ty) + APu(ts—1)

_ /t " B)ult) — Bb)ulte1)]dY (¢)

tr
— \Bup_ 1 + Bux 1AY, + / LY (0)u(t) dt

tr—1

- / B(t)u(t) dY (t) — ALu(t,) — ABu(t,).

Multiplying (80) by §(u, ) we obtain

(8(u) = 8(un—1), 8(un)) + (AL + BI]8(ur), 6(ur))

— (ABO(us—1), 6(ur)) = (BO(us—1)AYs, 6(uy))
— (£n,8(us)) = 0. (81)

Define a linear operator Eg =L+ (BI. Then by (8)
weget Jy =[[+XLg|~t e L(V* V).

For a V-valued random variable x, the equation
T — 1+ ALgZ = A3z + BzAY (82)

has a unique solution = J) ([1 4 AB]z + BzAY,)). We
multiply (82) by & and get

( — (L + AB)2,7) + MLsZ, ) = (BrAY,, 7). (83)

From this, using the definition of the norm || - ||z, we
obtain

1, - ~

5 (1217 = L+ A8l + 117 = (14 AB)e(%)

+ MLpZ,Z) = (BzAY,,T). (84)

Now we set z = (1 4+ AB8)z + BxAY,. Then from
(82) we have 7 = Jyz and

[Jxz = 23 = |E = (1+ A@)z — BaAY| %
= IIE—E1 +20)z||% @5)
- 2(BxAYK,§ - (14 )\ﬁ)x)
+ | BzAY,||%.

But E(BzAY,,z) = 0 because x and AY,, are indepen-
dent random variables. Thus from (84) and (85) we get

(BlIZ% — 1+ A3)*El|=||7)

N | =

~ 1 ~
n AE(<L53;,J;> - 5||Ba:||§{) <0. (86)

Coming back to (81), we have, writing Z = §(ux),
= 08(ug_1)and c = (1 + \3)2,

B0 (uwi) |3 —cE||0(we—1) |3 +2ME(Ld (), 6 (us))
< E||B(un_1)AY, — P2, (87)

because E(0(ug—_1), 5,&2)) =0.
From the assumption (ii) applied to the operators L
and B it follows that there exists an € > 0 such that

~ ~ 3 1
2(Lp¢, @) — 1BellE + BlglE = 714l + 7814115,
SO
~ ~ 3
2Lp¢, @) — (L+o)|Bollz = 70llT  (88)

for all ¢ € V. Moreover, from the Young inequality ab <
£a? + 5-b* we have

E||B8(u.—1)AY,, — @2
= E[(BS(ug_1)AY, —e? Bo(u,_1)AY, —e®)]

~ 1
< (U+9)BIBS(un) I + (1+ 2) BIP

@amcs
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But, once more from the Young inequality, we see that

Ay 4
2(0(ux), i) < ollo(un) I3 + EH#)II%,

and from this we obtain

~ A
B()|6(we) |3 + A B(Su)I3) + %EH&(MH%
< cB(|16(un—1) 13 + M B (us—1)|I3)

4\ 6,(3) 2
+ = +(
Y

1
L+ =) Ele@ 3 89)

Now we multiply (89) by ¢* and take the sum over

k. We obtain

N
123 e 5w

=1

P E(8 (w7 +

K (1)
Z 4 €
=1 v >\

for 1 < k < m. Note that we can write (4) as

2 1_|_l
ot Bl | o0

u(t) —u(s) + / LY (1))u(r)dr

_ / "B )u(r) dy

for s < ¢t. Moreover,

(1) =0, u(0)=uo O

u(tn)—u(s)+/ LY (F)ulr) dr

- / " Blryu(r) dy

Subtracting the above equalities and taking the ex-
pectation we deduce from the assumption (v) that

Ellu(t) — u(t)|?
<olt—t, / " BILOY ()u(n)|? dr

(r)=0. (92)

93)

tr

+2 E||Bu(7)||3 dr
t
<M (|t — te| +1).

From (77) and (78) it follows that there exists a con-
stant M such that we can estimate

+1
H E B,

4 1 1 / " (94)
<M (1+g)(M/\+M e(n))

= M(n)A = M

for 1 < k < m. Indeed, from the assumption (i) and (64)
we have

1) 9
éE €r éi()\QM/—l—)\QMN)—éMW,
gl ve T oy A ¥
1 6
L plep,
1_|_ to—1t+A 2
=~ [ B - wiave)
-1 H
1 1 tr—1+XA _ 2
_ 1+ / Blult) — u(ty)o " f(z)dt
A tr—1 H
1+ 1 to—1+A 2
| [ B - ueyave
tr—1 H
141 1
< %M’AQ - %M"c(n)A < M"'(n)x.

Observe that ¢ = (14 \3)? > 1. We also use the fact that
1+u < e“foru > 0, that is, (1 + u)?* < €2, Now
from the formula for the sum of x terms in the geometric
series with quotient 1 /¢ < 1 we get

& K—1t [(1 + /\ﬂ)Q]K -1
2T
2,%7,8 -1

26
28 —1

< - -
< 23

for 1 < x < m. From (90) we have

=1

<

VN
E||5(UK)H2+§EZ/\C 16(w.) I3

=1

- 4
<FE Z AT {—’
=1 v

< J\//f)\i: AcETE < MA

=1

1) 2

L

H 142
A v

=P
e2Th _1q
28

which completes the proof. [ ]

To estimate the term I, we notice that, instead of I =
ue™ —ur, it is sufficient to estimate the Galerkin scheme
only, thatis, I’ = u, (t) — u(t). Therefore, we have what
follows.

Lemma 3. Assume that the operators Ly, (Y) and By, sat-
isfy the assumptions (i)-(iii) of Proposition[Bltogether with
the assumption (v). Then

(b,
t
/ 2905 Blluy (s) — u(s)|[? ds
0
< CElluoll3; + C(n), (95)

Eljun(t)

+

N
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where u,(t) and u(t) are the solutions to Eqns. ®3) and
@), respectively, and C(n) is given by the formula (Q8)
below.

Proof. Let

n(t) = 0 — / Lo (Y (5))un (s) dr
+ /O B(s)un (s)AY (s), 1 (0) = tn .

From It6’s lemma (Krylov and Rozovskﬁ, 1981, Theo-
rem 3.23; Liptser and Shiryaev, 1977) applied to the func-
tion p(uy, (t)) = e2P E||lu,(t) — u(t)||% it follows that

Ellun(t) — u(®)|3
tezﬁ(tfs) L $)) (un(s) — u(s
v / B(2Lnp(Y (5))(un(s) = u(s))

+ Las (Y (5))uls) — La(Y ())u(s), unls) — u(s)
= [[Bn(s)(un(s) — u(s))
+ Bu(s)us) = B(s)u(s)|l% ) ds
= ¥ B|lun,0 — uol%.
From the assumption (i) for the operator L, ()

and from the Young inequality zy < 522 + 3%, ¢ > 0,
for e = y/2 we obtain

(Lng (Y (3)un(s) = LY (5))u(s), un(s) = u(s))
< llun(s) —u(Il,

+%Ilfn,ﬁ(Y(S))un(S) — Ly(Y (9))u(s)]}-

Similarly, from the assumption (i) for the operator En and
from the same inequality of Young for ¢ = ~/2 we obtain

(Bu(s)(un(s) = u(s)), Ba(s)u(s) — B(s)u(s))

< Fllun(s) = u()[F

+ LRI Bateate) - Blsyutoly)

From the assumptions (ii) and (iii) we get

Ellun(t) — u(®)|I%

t
+ %/ 0 Blfuy (s) — u(s)|? ds
0

t
< 2By o — uoll% + / 281-9)
0

2
V*

< E(%Hin,ww))u(s) ~ Ea(¥())u(s)|

+ ("—; +1)[|Ba(s)u(s) - E(s)u(s)HZ) ds.

Therefore, denoting the last integral in the above inequal-
ity by C'(n), that is,

o= [ et
0

X E(% | LY ())u(s) — La(Y (s))u(s)|}

V*

2 ~ ~
(5 1) [Bulsuts) - B(s)u(s>||2) ds, (96)
we arrive at

Bllun(t) — u(®)|%

t
+ %/ eI B lun (s) — uls)|3 ds
0

< Clluol3 + C(n),
where C' = €287 which completes the proof. ]

Proof of TheoremHl Together with inequalities (75) and
(95) this completes the proof of the theorem. [ ]

Now, we apply the wavelet basis. First we compute
the mass matrix M and the stiffness matrix L , both in our
wavelet basis. With the compressed matrix L, we asso-

ciate the solution u ™. We consider the difference

r+1m

_z zﬁm
=u, —uy" eV,

satisfying the equation (derived from (68))

~

A5 0n) 4 (L (Yeer) + 105 o)
— ﬂ(i Z,Wramfl,m7 Un)
+ )\71 (En ﬁzfl,m(ym,m _ mel,m), 'Un)
for every v, € V,,. From this, adding and subtracting the

term L, (Ye—1) w5~ 1™, we get

n " vn, ]
FATY( By by R hmy g,
7)
Denote by
K=X'M+ [73 + BI) (98)
~ k+l,m

the left-hand side of (97).

~

~
K,m o~ K,m
wy A u .

Then update !l

@amcs
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Let @ "™ denote the coefficient vectors of 1717;’”
with respect to the wavelet basis. Therefore, we get a lin-
ear system

N oem _ pr,m
Kwl™ =B

with the known right-hand side of (98) denoted by B*™.

Further, we shall use the well-known generalized
minimal residual method with m iterates to solve the lin-
ear systems. We denote this method by GMRES(my).
We shall proceed similarly to (von Petersdorff and
Schwab, 1996, Lemma 6.1).

Lemma 4. Consider the linear system Kx = B with the
matrix K given by O8) and with known right-hand side.
Let the assumptions (i)—(iii) of Proposition Bl be satisfied.
Denote by xj, for j € N, the iterates obtained by the
GMRES(mg) method with initial guess xq. Then

Ellx — 2|3 + Ellx — 2|3 < O ||l — zol,  (99)
where C and q < 1 are independent of \, 3, L

Proof. Let ¢q,...,¢7 be some positive constants inde-
pendent of m and A. Let D be the diagonal matrix, that
is, D = Doy = diag{2'/?}. Because of the norm
equivalence (51) we have, for all z, y € R?,
alzli < 2" Ma, (100)
2" My < &|el7, IylI3,- (101

Further, using the consistency condition (71) and the as-
sumption on continuity (72), we get

|| Da|l?, < 2" L, (102)
e Ly < & Dz, | Dyll7,. (103)

Thus the matrix K satisfies, because of (102) and
(100), the inequality

Csxl (AN + BI 4+ D)z
=Gt N 'a + Gl fa + ot D (104)
< Gl (ZVIM + 61 + z)x =z K,

and using the Cauchy-Schwartz inequality we deduce
from (101), (103) that

Ty = a:T(/\_l./\/l + [Z + BI)y

<A 'G|lI7 1ylI7, + callDlI7, [ Dyll7,
+ B2, llyll7,
~(O‘1+ﬂﬂmmAwm2+HDﬂMHDym9
& (||l (A + BT+ D*)|yllr,]

< C(xT (A 4 BI + D)) /2
(

x (y"(ATH + BI + D?)y)' /2,
(105)

where ¢5 = min(cy, ¢3), ¢G5 = min(52,54) Moreover,
scaling with the diagonal matrix D = (A~ 1I + BI +

D?)V/2 and with K = (D)"'K(D)~', & = Dz, 5 = Dy
we obtain

&llal?, < a"Ke, (199

Ty < &l |13 lyll?, (107)

forall x,y € R<. From this we get

(K+EU)

E/5 S Amin( 9

(108)
and R
IR < .

Now, by (Eisenstat et al., 1983, Theorem 4£>) the
GMRES iterates and their residuals 74, = B — Kz,
satisfy for v = 1, ..., mg the inequality

Cs v/2
Iyl < (1=2) Tl (109)
Co
Further,
Gllay 2l < @y - )Rl =) o
< Collaj — ||l
o) o
|z — ;|| < Cq’llz — o
for ¢ < 1, which completes the proof. [ ]

Finally, we define the Euler scheme with the
GMRES(mg) approximation as follows. Set my = 1
for the restart number and a value N\ for the number of
GMRES iterations. Let u%"™ denote the inexact solution,
where the linear system for each time step is solved with
N steps in the GMRES(m) method, using zero as initial
guess. At each time step, under the consistency condition
(71), one can show, similarly as in (von Petersdorff and
Schwab, 2003, pp. 178-179), that the solution u™ sat-

isfies the same error bound as the solution = with the
wavelet compressed operator and all linear systems solved
exactly.
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