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Abstract In this paper we present a numerical scheme for stochastic differential equations
based upon the Wiener chaos expansion. The approximation of a square integrable stochastic
differential equation is obtained by cutting off the infinite chaos expansion in chaos order and
in number of basis elements. We derive an explicit upper bound for the L? approximation error
associated with our method. The proofs are based upon an application of Malliavin calculus.
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1 Introduction

‘We consider a one-dimensional continuous stochastic process (X;)sc[o, 7] that satisfies
the stochastic differential equation

dX, = b(t, X)dt +o(t, X,)dW, with Xo = xo, (1.1)
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where (W;);¢[0,7] is a Brownian motion defined on a filtered probability space (§2, F,
(Ft)refo0,11, P). Various numerical approximation schemes for the SDE (1.1) have
been proposed and studied in the literature in the past decades. The probably most
prominent numerical approximation for the solution of (1.1) is the Euler scheme,
which can be described as follows. Let ¢, : R — R4 be the function defined by
©u(t) =i/nwhent € [i/n, (i +1)/n). The continuous Euler approximation scheme
is described by

dX] = b(pa(t). XL (,)dt + 0 (ga(t). XL ()W,  with X} = xo. (1.2)

The probabilistic properties of the Euler approximation scheme have been investi-
gated in numerous papers. We refer to the classical works [2, 3, 14, 16, 17, 23] for
the studies on weak and strong approximation errors among many others. Asymptotic
results in the framework of non-regular coefficients can be found in e.g. [1, 8, 9, 27].

In this paper we take a different route and propose to use the Wiener chaos
expansion (also called polynomial chaos in the literature) to approximate the solu-
tion of the SDE (1.1). To explain ideas let us fix an orthonormal basis (¢;);>1 of
the separable Hilbert space L>([0, T]). It is a well-known statement (cf. [6]) that if
X; € LZ(Q, F,P) forall t € [0, T], where F is generated by the Brownian motion
(Wi)teo, 71, it admits the chaotic expansion

Xi =) xa(H¥*, (1.3)
ael

where x,, are deterministic functions, ¥* are mutually orthogonal random projections
that are associated to the basis (e;);>1, and the index set Z is defined via

7 :={a = (&;)i=1 : @ € Noand almost all ;s are 0}. (1.4)

Such orthogonal expansions have been successfully applied in numerous fields of
stochastic and numerical analysis. We refer e.g. to [11-13, 25] for applications of the
Wiener chaos expansion in the context of SDEs and to [20-22, 26] for applications
of polynomial expansion in modelling, simulation and filtering of stochastic partial
differential equations. The aim of this work is to use the chaos expansion (1.3) to
numerically approximate the solution of the SDE (1.1). For this purpose we need to
truncate the infinite sum in (1.3). An obvious approach is to consider the approxima-
tion

xP =3 xanw, (15)

aeIp‘k

where the subset Z,, x C Z refers to using orthogonal projections ¥ only with re-
spect to the first k basis elements (e;)1<; <« and only up to the pth order Wiener chaos.
This method is mostly related to the articles [11, 12, 22, 21]. More specifically, the
works [21, 22] study the L>-error associated with the approximation (1.5), but only
for a particular choice of the basis (e;);>1. In this paper we will study the decay rate
of E[(X; —ti’k)z] when k, p — oo for a general basis (¢;);>1 of L2([0, T applying
methods from Malliavin calculus.
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The paper is structured as follows. In Section 2 we present the elements of Malli-
avin calculus. The main results of the paper are demonstrated in Section 3. Section 4
is devoted to proofs. In Section 5 we illustrate our approach with exemplary numer-
ical results for the Haar and a trigonometric basis, and propose a heuristic based on
sparse indices for computational speedup.

2 Background on Malliavin calculus

In this section we introduce some basic concepts of Malliavin calculus. The inter-
ested readers are referred to [24] for more thorough exposition on this subject. Set
H = L?([0, T]) and let (-, -)y denote the scalar product on H. We note that H is a
separable Hilbert space and denote by (e;);>1 an orthonormal basis of H. We con-
sider the isonormal Gaussian family W = {W (h) : h € H} indexed by H defined on
a probability space (£2, F, P), i.e. the random variables W (&) are centered Gaussian
with a covariance structure determined via

E[W(@WW)] = (g h)n.

Here and throughout the paper we assume that 7 = o (W). In our setting we con-
sider W(h) = fOT hyd Wy, where W is a standard Brownian motion. We define the
normalised Hermite polynomials through the identities

_1\n 2 n 2
Ho(x) := 1, mm»:(jgem(%>;(w4}%>> n>1. @21

The nth Wiener chaos H, is the closed linear subspace of L?(§2, F, P) generated by
the family of random variables {H, (W (h)) : ||k|ln = 1}. The vector spaces H,,
n > 0, are orthogonal and we have the Wiener chaos expansion

L*(2,F.P) = P Ha. (2.2)
n=0

(See [24, Theorem 1.1.1] for more details.) Next, for « € Z, where Z has been intro-
duced in (1.4), we define the random variable

W =[] He (Wen). (2.3)

i=1

where (e;);>1 is a fixed orthonormal basis of H. We define || = Zﬁl o; and ! =
]_[?i] «;! for « € Z. We deduce that the set {¥* : « € Z with |¢| = n} forms a
complete orthonormal basis of the nth Wiener chaos #,, and consequently {¥* : « €
T} is a complete orthonormal basis of L3(82, F, P) (cf. [24, Proposition 1.1.1]).

Now, we introduce multiple stochastic integrals of order n € IN, which are denoted
by I,,. For an element /%" := h ® - - - ® h in H®" with ||| = 1, we define

L,(h®") := Vn! Hy(W(h)), n > 1. (2.4)

Assuming that the mapping I, is linear, the definition (2.4) can be extended to all
symmetric elements 4 € H®" by polarisation identity. Finally, for an arbitrary func-
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tion h € H®" we set _
In(h) == I, (h),

where 7 denotes the symmetrised version of & € H®". By definition 7, maps H into
‘H,, so the multiple integrals of different orders are orthogonal. In particular, they
satisfy the isometry property

E[Ln ()1 ()] = nYF, W)pon Lpnmmy,  h € H®", g € HO™. (2.5)

Furthermore, for any symmetric 7 € H®", g € H®", the following multiplication
formula holds:

min(m,n)
m\ (n
In( () = ) r!( )( >1m+n_2r(g ® h), (2.6)

r)\r

r=0

where the rth contraction g ®, h is defined by
g R h(t, ..., thyn—2r) i= / glur, ... up, ty, . tiy—y)
0,71
XhWULy ooy Upy ty—r1s - - - tmgn—2r)duy ... du,.

(See [24, Proposition 1.1.3].) The Wiener chaos expansion (2.2) transfers to the con-
text of multiple integrals as follows. For each random variable F € L?(£2, F, P) we
obtain the orthogonal decomposition

o
F=Y"I(g), & €H, @7
n=0

where Iy = E[F] and the decomposition is unique when g,, n > 1, are assumed to
be symmetric (cf. [24, Theorem 1.1.2]).

Next, we introduce the notion of Malliavin derivative and its adjoint operator. We
define the set of smooth random variables via

S={F=f(Wh),...., Why)): n=1,h; € H},

where f € C;o([R") (i.e. the space of infinitely differentiable functions such that all
derivatives exhibit polynomial growth). The kth order Malliavin derivative of F € S,
denoted by D¥F, is defined by

n

ak
D'F= ) mf(W(hl),...,W(hn))hil®~-~®hik. (2.8)
L g,

Notice that D¥F is a H®*-valued random variable, and we write DXF for the real-
isation of the function D*F at the point x € [0, T]¥. The space D*4 denotes the
completion of the set S with respect to the norm

k

1Pl = (£l + Xl FILen])

m=1

We define D¥>° = Ng>1 DX-4. The Malliavin derivative of the random variable ¥¢ ¢
S, a € Z, can be easily computed using the definition (2.8) and the formula H, (x) =
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SrHy 1 (%):
° .
DY = Z Jaiei(s)w* D, where (2.9)
i=1
o (@)= (x1,...,0i—1,0 — l,ejqq,...) ifa; > 1. (2.10)

Higher order Malliavin derivatives of ¥ are computed similarly.

The operator D* possesses an unbounded adjoint denoted by 8%, which is often
referred to as multiple Skorokhod integral. The following integration by parts formula
holds (see [24, Exercise 1.3.7]): if u € Dom(s¥) and F € D¥2, where Dom(5)
consists of all elements u € L?(§2; H®¥) such that the inequality |E[(D*F, Uypok]| <
c(E[F?1)'/2 holds for some ¢ > 0 and all F € D2, then we have the identity

E[Fs* )] = E[(D*F, u)j e ]. @.11)

In case the random variable F € L>(§2, F, P) has a chaos decomposition as displayed
in (2.7), the statement F € D%? is equivalent to the condition Z;’;l n*n!|g, ||ﬁ4®,, <
oo. In particular, when F € D2 we deduce an explicit chaos representation of the
derivative DF = (D; F)¢[0,1]

DF =Y nl1(gn(.0). t€[0,T], (2.12)

n=1

where g,(-, t) : [0, T1"~! — R is obtained from the function gn by setting the last
argument equal to ¢ (see [24, Proposition 1.2.7 ]). Finally, we present an explicit
formula for the Malliavin derivative of a solution of a stochastic differential equation.
Assume that (X;);c[0,7] is a solution of a stochastic differential equation (1.1) and
b,o € C'(R). In this setting DX; = (DsX;)se[0,7] 18 given as the solution of the
SDE

9 9
Dy X, :G(S’Xs)"f‘/ ab(M,XM)Ds(Xu)dM‘F/‘ aa(’/‘a X)) Dy (X,)dW,,
s s

(2.13)

fors <t,and DyX; = 0if s > ¢ (see [24, Theorem 2.2.1]). Throughout the paper
d/0x denotes the derivative with respect to the space variable and d/9¢ denotes the
derivative with respect to the time variable.

3 Main results

We start with the analysis of the Wiener chaos expansion introduced in (1.3). Under
square integrability assumption on the solution X of the SDE (1.1) we obtain the
Wiener chaos expansion

x
X, =Y xgOW® with® =[] Ho, (W(en).
ael i=1
In order to study the strong approximation error we require a good control of the
coefficients x, (#). When X; is sufficiently smooth in the Malliavin sense, we deduce
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the identity

1 g .
() = E[x,w*] = —F|(D"X,, .®“f> ] 3.1
el ] Va! [< t§€, H®lal G-b

applying the duality formula (2.11). In fact, the coefficients x, (¢) satisfy a system of
ordinary differential equations. The following propagator system has been derived in
[12, 21]. We state the proof for completeness.

Theorem 3.1. Let (X;):c[0,1] be the unique solution of the SDE (1.1) and assume
that X € L*(2 x [0, T). Then X, possesses the chaos expansion (1.3) and the
coefficients xy(t) satisfy the system of ordinary differential equations

o0
X (1) = bo(t, X)) + Y Jaje; (D)o, (t. X)), (32)
j=1
Xe (0) = 1{g=0}%0-
Here by (t, X;) (resp. o4(t, X;)) denotes the a-coefficient of the Wiener chaos ex-

pansion (1.3) associated with the random variable b(t, X;) (resp. o (t, X)), and the
multi-index o~ (j) is defined by (2.10).

Proof. Using the SDE (1.1) and applying the formula (3.1) we obtain the identity

t

t
Xa () = x0l{g=0) + / [E[Wab(S, Xs)]ds + [EI:‘I/O( / o(s, Xs)dWS:|.
0 0

Applying the formula (3.1) once again for the random variable b(s, X) we immedi-
ately deduce that
ba(s, Xs) = E[¥*b(s, Xy)].

On the other hand, observing the identity 6 (10,0 (-, X.)) = fot o (s, X5)dW;, we get
by the duality formula (2.11) and (2.9) that

t o t
[E[w / o(s,xs)dws]=2 / Ve (OE[W? Do (s, X,)]ds
0 =170

o t
= Z/o Jaje;(s)oq-(j(s, Xs)ds.
j=1

Putting things together we obtain the identity

t o t
Xq (1) = x01{a=0) —{-/0 ba(s, X5)ds + Z/o Jeje;(s)og—(jy(s, X)ds.
j=1

Consequently, the assertion follows after taking the derivative with respecttot. [
We remark that the propagator system (3.2) is recursive. Let us give some simple
examples to illustrate how (3.2) can be solved explicitly.

Example 3.2. (i) (Scaled Brownian motion with drift) We start with the toy example
of a scaled Brownian motion with drift:

X;th+O'Wt.
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In this case we obviously have that x, () = O for any o € Z with |«| > 2. Applying
formula (3.2) we obtain the representation

< t T
X,:bt+oz</ ej(s)ds)f e;j(s)dWs,
oo 0

which is a well known Karhunen—Loéve expansion of the scaled Brownian motion.
(i1) (Geometric Brownian motion) Let us consider the geometric Brownian motion
defined via the SDE

dX; =bX.dt + o X;,dW;, Xo=x9>0.

In this setting the propagator system (3.2) translates to

X, (1) = bxo (1) + 0 Y Jaej(t)xg (1),

j=1
x¢(0) = l{a=0}x0.
This system of ordinary differential equations can be solved recursively. For ¢« = 0

we have x(t) = bxo(t) and hence xo(r) = xq exp(bx). If « is the jth canonical unit
vector in Z (and hence || = 1) we obtain the differential equation

Xg (1) = bxg () + 0ej (1) x0(t),
Xq(0) = 1{g=0)X0-

Hence, x4 (t) = xgo exp(bx) fot e;j(s)ds. Following this recursion we obtain the gen-
eral formula
1 00 t aj
Xo(t) = ——xo0o? exp(bx) (/ e '(s)ds)
o \/(? P Jlj[l 0 J
for any o € Z with || = p.

For a general specification of the drift coefficient » and diffusion coefficient o
in model (1.1) the propagator system (3.2) cannot be solved explicitly. Thus, precise
infinite dimensional Wiener chaos expansion (1.3) is out of reach. For simulation
purposes it is an obvious idea to consider a finite subset of Z in the expansion (1.3).
We introduce the index set

Ipk = {oc €Z: |la|] <p and o; =0foralli > k}. 3.3
The approximation of X; is now defined via (1.5):
xPt = Z Xo ()P, (3.4)
O[EI],,k

We remark that the quantity X7 ' is more useful than the Euler approximation X}
introduced in (1.2) if we are interested in the approximation of the first two moments
of X;. Indeed, the first two moments of X/ * are given explicitly by

E[x/* ] =x@) and E[(x/)]= > 22,

OlEIpyk
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while higher order moments can be computed via an application of the multiplication
formula (2.6).

The strong approximation error associated with the truncation (3.4) has been pre-
viously studied in [21, 22] in a slightly different context. In particular, in both papers
the authors consider one specific basis (¢;);>1 of L2([0, T]) whereas we are inter-
ested in the asymptotic analysis for a general basis (e;);>1. While [22] mostly uses
methods from analysis, our approach is based upon Malliavin calculus and is close
in spirit to [21]. The main result of our paper gives an upper bound on the L>-error

p.k 2
E[(X; — X)7].

Theorem 3.3. Let (X;):c[0,1] be the solution of the SDE (1.1). Suppose that the
coefficient functions b and o satisfy the Lipschitz and linear growth conditions

|b(t,x) —bt, )|+ |o(t,x) —o(t,y)| <Klx—yl, te]0,T], (3.5)

b, ) + o 0 < K21 +1xP), t€l0, T

Moreover, assume that b, o € Cl’oo([O, T] x R), where C1’°°([O, T] x R) denotes
the space of functions f : [0, T] x R — R that are once continuously differentiable
in the first component and infinitely differentiable in the second component, such that
=Klx -yl

bit.x) = S b )|+ | S0 (1 6) = S0 (1)

atloxm Jt
fort €[0,T], anyl =0, 1, and m > 0. Then it holds that

1
E[(x/* — X,)*] < c(1 +x02)<( Tt Z (E, (r)+/ E?(r)dz>>,

I+m I+m ‘ ) +m al+m

I=k+1
(3.6)
where C = C(t, K) is a positive constant and the function E;(t) is defined by
t
E|(t) := f ei(s)ds. 3.7
0

Let us give some remarks about the statement (3.6). First of all, recalling the
Karhunen-Loéve expansion W; = Zfil E;(t) fOT ei(s)dWs, we readily deduce that

o0
WZ] = ZEZZ(I) < oo and

t X et
/ [E[Wsz]ds = Z/ E,z(r)dr < o0.
0 =1 Y0

Hence, the upper bound on the right-hand side of (3.6) indeed converges to O when
p,k — o0o. We also note that the error associated with the truncation of the chaos
order does not depend on the particular choice of the basis (e;);>1, while the error
associated with truncation of basis strongly depends on (e;);>1 (which is not really
surprising). Furthermore, we remark that it is extremely computationally costly to
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compute all coefficients x4 (t), @ € I, , for a large chaos order p. Thanks to the
first bound ((p + 1))~! in (3.6) it is sufficient to use small values of p in practical
situations (usually p < 4).
Example 3.4. Let us explicitly compute the last terms of the upper bound (3.6) for
two prominent bases of L2([0, 1).

(1) (Trigonometric basis) Consider the orthonormal basis (e;);>1 given by

el(t) =1, e2j(t) = V2sinQ27j1), e2j41(t) = V2cos2mjr), j = 1.

In this setting we obtain that

BH 0 = 5oy (L= eosCain)s B30 = 5 (1 = sincmn)
for any j > 1. Consequently, we deduce that
o t C
Z (Ef(r)+/ E,z(r)dr) <- (3.8)
I=k+1 0

for some C > 0.
(i1) (Haar basis) The Haar basis is a collection of functions

leovejn: j=1,....27 n>1}
defined as follows:
20702 e 27— 1,272 — D,
eo(t) =1, ejn(t) = -20=D/2: te27n2j —1),27" ],
0: else.

In this case we deduce the following representation for E , (¢):

20002 =27 =) s e 27 - D, 27"2) — D]
Ejn(t) =202 j—n): te272j — 1,27,

0: else.

Since max;e(o,1] Ejzn(t) — 2—+D 444 Ej,t) # 0 only for 1 € [2—n+1(j _
1), 27"*1 ], we finally obtain that

oo 2" '
Z Z(E]%,(t)Jr/O Ejz»yl(r)dr) <C27". (3.9)

I=n+1 j=I
Note that the exponential asymptotic rate for a fixed pth order Wiener chaos is equiv-
alent to O(k~1), if we choose k = 2" basis elements (¢;). We will come back to these
two bases in Section 5 where we provide exemplary numerical results that highlight
this identical asymptotic rate, but also the different error distributions over time.

4 Proofs

Throughout the proofs C = C(¢, K) denotes a generic positive constant, which might
change from line to line. We start with a proposition that gives an upper bound for the
L2%-norm of the Malliavin derivatives of X;.
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Proposition 4.1. Under conditions of Theorem 3.3 we obtain the estimate

E[(DL . X)) < C"(1+x3). 4.1)

----- Sn

Proof. We show the assertion of Proposition 4.1 by induction over n. Forn = 0
the result is a well-known consequence of the Lipschitz and linear growth conditions
(3.5) on the functions b and o (see e.g. [15, Theorem 2.9, page 289] which relates the
second moment of X, to the second moment of the initial condition Xy = xg). For
n = 1 we known from the formula (2.13) that the process (DsX;)se[0,7] satisfies the
SDE

9 9
DsX; =0 (s, Xs)+/ b(u, Xu)Ds(Xu)du+/ o(u, Xyu)Ds(X,)dW,,
s 0x s 0x

fors <t,and Dy X, = Ofors > t. Next, we introduce the two-dimensional stochastic
process (YS(.IZ));ZS via

v = (X;. DyX)).

Note that the process (Y. (1 )) 1> satisfies a two-dimensional SDE with initial condition

given by Y(l) In partlcular setting Y(l) (Y(1 b Y(1 2)) we have the representation

t t
DX, =0 (s, YS(;IS'I)) +/ b(u, Ys(;lu))du +/ o (u, YS(;lu))qu,

s s
where b(u, y) = =b(u, y1)y2 and 5(u, y) = 2o, y1)y2 for y = (y1, y2). Ap-
plying again the estimates of [15, Theorem 2.9, page 289] to the diffusion process
(Y M )r>s, we conclude the estimate

E[(Dsx0?] < E[|v 77T < (1 + [ r D))
< C(1+E[XZ] + E[o (s, X»)?])

< C(1+x3). 4.2)

Now, we will perform the induction step. Notice that Dy X; € D', so its Malliavin
derivative satisfies again an SDE according to [24, Theorem 2.2.2]. We define the
stochastic process

vy o= (X Dy X DL Xy DY X,

S8n3t ,Sn
Assume that the assertion of Theorem 3.3 holds for all k = 1,...,n — 1. In order
to compute the estimate, we have to con51der the initial values of the SDE system
satisfied by Y<n) st The formula below can be found in [24, Theorem 2.2.2]. Be-
fore we state 1t we need some additional notation. The stochastic process D" X, =

{DYl ,,,,, X, | (s1,...,8m) € [0, T]} depends on the m time points s, ..., Sy. For
any subset J={ji < < jy}of{1,...,m} with |J| = n < m elements, denote
s(J) = (sj,,---,sj,). Further on, we define
™ sG] Is ()]
3,510y Sm) =Za—ma(t XDV X+ DG X, 4.3)

mm
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and
9" J 7
st im = 3 bt X)L X DX )
mm
where the sums run over the set 3" of all partitions J{ U- - -UJ, of {1, ..., m}, where
J1, ..., Jy are disjoint sets. We determine 3(t) = o (¢, X;) as well. With these nota-

tions at hand, we find by (2.13) and induction that the nth order Malliavin derivative
Dy, X satisfies the linear SDE

..... K Zﬁ(sz’sl’~--7Si713si+]a'-~,sn)

t

+[ l)(u,sl,...,sn)du—i—ﬁ 3(u, 81, ..., 8,)dW, 4.5)
N N

for § := max{si,...,s,} < tand D, X, = 0 else. Hence, its initial value is

given by

n
Zz(si,sl,---,si—l,siﬂ, s Sn)s

where

n

0
3(S17 "'3S}’l) = 870-(319}(51)

x (D, Xy, -+ Dy, X, + D

52,53

Xg - Dy Xg -+ Dg, Xo + -+ DI X)),

.....

Finally, we apply [15, Theorem 2.9, page 289] as for the case n = 1 and taking into
account that the assertion holds fork =1,...,n — 1:

s X T < B ]
]

This completes the proof of Proposition 4.1. d

<C<1+[E[|X| [

(Si, 815« Si1, Sit1s -+ Sn)

< C"(1+x0°).

Now, we proceed with the proof of the main result of Theorem 3.3, which follows
the ideas of [21, Proof of Theorem 2.2]. Observe the decomposition

E[(x/* - x.)*] szz ZN)HZ Z Yo %R0, (46)

n=p+1 |a|=n I=k+1 n=0 |a|=n
d(a)=I

=:A1(p)
=:A2(p.k)
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where d(«) := max{i > 1 : o; > 0}. To determine an upper bound for A;(p), we
use the chaos expansions (1.3) and (2.7) of X;, i.e.,

X, = i PIEMOLIAES iln(én(t”; )

n=0 |a|=n n=0

with t" = (¢, ..., t,) and symmetric kernel functions &, (t"; t) being defined by

En(; t)—— [D"X,]

for all n € Ng. We conclude that

3 520 = [[( ) xa(t)lllo‘)z] = E[(n (& (t": 1)))*]

la|=n lot|=n

= g (€ 1), & (" 1))y,

— (nN2 (m:t n. 2 50
= (n)) (E,,(t ; t)) dat", 4.7

where we abbreviate

(n);t t 23
f f(Hdt" :=/ / fGde .. .dty,.
0 0

Therefore, we deduce via (4.7) that

(n); t
2
Ai(p) = Z (n')zf (& (t7: 1)) at" = Z f ,,,,, n Xi)"Jdt".
n=p+1 n=p+1
(4.8)
Finally, using (4.8) and applying Proposition 4.1 we obtain
ad (n);t )
mr= 3 [ E L x) ar
n=p+1
x (n);t
< (1 +x02) Z C"/ dat"
n=p+1
oo
) (Cl‘)n
(1 + xo ) Z '
n=p+1
<1 +x%)— (49)
(p+ D!
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The treatment of the term A,(p, k) is more involved. Recalling the definition of
d@) = max{i > 1 : «; > 0}, we introduce the characteristic set (i, ..., i,) of
o €Zforii <ip <--- <i,and |a| = n. It is defined as follows: i; is the index
of the first non-zero component of «. If o;; = 1 then i5 is the index of the second
non-zero component of «; otherwise ij = ip = -+ = iail and ia11+1 is the second
non-zero component of «. The same operation is repeated for the index laj +1 and fur-
ther non-zero components of «. In this fashion, the characteristic set is constructed,
resulting in the observation that d(«) = i,. To give a simple example, consider the
multiindex o = (2,0, 1,4,0,0, ...) € Z. Here the characteristic set of « is given by

(1,1,3,4,4,4,4).

For any o € Z with || = n and a basis (¢;);>1 of H = L2([0, T]), we denote by
€y (t") the (scaled) symmetrised form of ) el@“i defined via

e (t") = Z e, (tz(1)) - - - ei, (tx(n))» (4.10)

T ePr
where (i1, ..., iy) is the characteristic set of & and the sum runs over all permutations
s within the permutation group B” of {1, ..., n}. From (3.1) we know that x, () =

E[X,¥“]. On the other hand, we have the representation

wa 1 I é ®ai 1 I 1 2
= — e: = — —ey ).
Ja! ! izl ! JVa! ! lex|! “

Now, for any o € Z with || = n, we obtain the identity

n! (n);t
o = — (7 1) ey (67)dt", 4.11
xq (1) T £, (" 1)en () (4.11)

by (2.11). Since
n
za (tn) = Z ei/l (t]) ’ Z’ai(in) (t‘};)’

where t’; is obtained from t" by omitting ¢; and &~ (-) denotes the diminished multi-
index as defined in (2.10), we deduce that

n! i (=1t / ptj ( ) ) (n) .

Xg(t) = —— (/ E(th 1 ein(tj)dtj>g —Gp(th)dt:,  (4.12)
\/ajzl fj-1 s

with 7o := 0 and #,41 := ¢, by changing the order of integration. Then for any

i, =1 > 1 we integrate by parts to deduce

Litt n. N n. NG i 9 . Nt
E(t; 1) er(t)dij = [E (" 1) Er2))],! Ea(t"; 1) Er(e))dty,

ti=tj_1 .
tj-1 Y i 01

(4.13)



158 T. Huschto et al.

where s
Ei(s) = f ei(u)du.
0

Now, we use substitution in (4.12) by renaming t;’. in the following way for each j:
Withs; = t; foralli < j — 1 ands; = t;41 foralli > j — 1, we have "~ := t’}

by setting so = 0 and s, = ¢. Moreover, we denote with Lo =1,...,n—1,

the set that is generated from s"~! by taking s, twice. To finalize this notation, we set
§" 10 = (50, 51, ..., 8p—1) and 8"~ 1" = (s, ..., s4—1, sn). Then

BIGR: )Eza,)]” ”“ b=&, (") Eisp) =& (8" T EiGsjmn), j=1,.m

Because E;(sg) = El(O) = 0 and E;(s,) = E;(t), from (4.13) we see that by sum-
ming over j all terms except one cancel out. Hence, setting

Yi(s" 1) i= & (s Enr)

_/(; 951 én( ;t) Ei(t)dt

n—1 si
- Z/ S s TS5 1) E(D)dT
j=2 Sj—1 J

t
- / Esn( Urit) Ei(n)de,

we obtain from (4.12)

) n! (n—1);t 2
I Py <f vi(s" 5 1) ) (S"_l)dS"_l)
la|=n lor|=n o
ip=d(a)=Il in=d(a)=l
2y ((”—1)!/("_1)” (1) T (") 1)’
<n wls‘;t’é,gs‘ds‘>,
/B1
|Bl=n—1 B!
since |~ (i|q|)| = || — 1 and ! > o™ (i}¢|)!. In order to interpret the last sum, con-

sider the random variable I,,_; (Y (s"':1)). Then, following (4.7) and the identity
(4.11), we conclude that

E[(Lma (11(" " 1)))]

(n—=1);¢
((n — 1)!)2f Y2(s" " 1) ds" !

_ (n—1);¢ 2
Z ((n\//?:)!/ t/fl(s”_l;t)?ﬁ(s'l_l)dsn_l) )

|Bl=n—1
Thus, we get the estimate

(n—1);t
> xe’ (t><<n')/ Y (" r)ds

|ae|=n
in=I
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Now, using the Cauchy—Schwarz inequality we deduce that

Vi) = 1)(&3(s""") E} (1)

2
/El(r)dt Z/ ‘—E,, i1, Ty Sjql, - ) dr).
Sj—1

Recall the identity &, (-; t) = (n!)’1 E[D" X,]. Using similar arguments as in the proof
of Proposition 4.1, we obtain the inequality
2 n

0 n C
’8_[1'5’1(1‘17.”’1‘"’ t) S(l—i_-xo)ms =1, , .
Since |s; — 51| < t, we finally conclude that
_ C'"(n+1) !
2 2 2
Y he) < (1 +x )W@, ®) +/O Ef(t)dt ). 4.14)

Consequently, we deduce

t
> x () < (1+x )%(Elz(t)—}-/ Elz(r)dr).
: 0

|a|=n
in=l

Putting things together we conclude

0 P
Ap k=Y > Y xF0)

I=k+1 n=1 |u|=n

in=l

o0

— C" 1 !
< (1+x§)2ﬁ~ ) (Ef(r)+/o Elz(r)dt)

n=1 I=k+1

A

o0

t
<Cc(1+x3) > (E,z(t)—f-/o Ef(r)dt). (4.15)

I=k+1
Combining (4.9) and (4.15) we obtain the result of Theorem 3.3.

5 Numerical results and sparse truncation

To get an idea of the performance of the polynomial chaos expansion for different
bases and truncations, we apply the trigonometric basis from Example 3.4 (i) and
the Haar basis from Example 3.4 (ii) to the geometric Brownian motion from Exam-
ple 3.2,

dXt ZMXtdt'i‘O'Xtth, X()Z.X'() (51)
on the horizon ¢ € [0, 1] with u = 0 = x¢ = 1. In this setting we have the identity
Var(X;) = x> exp(Z,ut)(exp(azt) -1),
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Trigonometric basis, k = 16 Haar basis, k = 16

kRPN

Trigonometric basis, p = 5 Haar basis, p =5

k=2 ——

k=4

k=8 ------
k=16

ST 2. W \/ e Voo

0 0.2 0.4 0.6 0.8 1
Time Time

Fig. 1. Absolute errors of the variance as calculated with different polynomial chaos expansions

for the Geometric Brownian Motion, |Var[X;] — Var[X ,p ’k]\. The trigonometric and Haar
bases (with k = 2") from Example 3.4 are shown

which can be used to compare the absolute errors of approximated variances us-
ing different bases and values for k and p. We used the ode45 solver with stan-
dard settings within Matlab 2017b (64bit, single core) on an Intel Core i5-6300U
(2.4GHz, 8GB RAM).

5.1 Absolute errors of variances

Figure 1 shows the absolute errors between the variances of the analytical solution
and different polynomial chaos expansions. One observes the fast decay of the ap-
proximation error for fixed k and increasing p, and vice versa. The main difference
between the observed errors is that the maximum of the trigonometric expansion is
always at the end of the time horizon at ¢+ = 1, while the Haar basis leads to almost
zero error on k equidistant time points, including r =0 and r = 1.

Table | in the Appendix lists approximation errors, numbers of coefficients, and
computational times for several choices of p and k. The exponential increase in the
number of coefficients with increasing p and k leads to an exponential increase in
runtime, as expected. To overcome this issue, we propose a heuristic to reduce the
computational burden.
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5.2 Sparse truncation

The information contained in the coefficient functions x, () decays with increasing
order p of the basis polynomials ¥ and the decaying rate of the Gaussian expansion,
i.e., the index k of the basis polynomials e; used for constructing ¢ [22].

Hence, we can define sparse index sets for reducing the number of multi-indices
a from the full truncated index set Z, ; without losing too much information, i.e.,
accuracy in a numerical simulation.

Definition 1 (Sparse truncation of first order). Let p be the maximum order of the
index @ € Z, x. Then the first order sparse index r = (ry, ..., ry) satisfies p =ry >
rp > --- > ry and we define the first order sparse index set

III‘

pk—{OtGka|Ol,<l’,Vl<k} 5.2)

Example 5.1. Let k = 5 and p = 3. Then a possible choice of the sparse index is
r = (3,2,2, 1, 1). For constructing the first order polynomials all five first order basis
polynomials can be used. The second order polynomials are comprised by all possible
combinations of first order basis polynomials depending on e, ..., e5 and the sec-
ond order basis polynomials of e, e2, e3. Analogously, the third order polynomials
are constructed. By using this first order sparse index set Z"  the number of coef-
ficient functions x,(-) appearing within the propagator system (3.2) can be reduced
drastically without impairing the solution much. The full index set Z, ; consists of

(kkT;f!)! = 56 terms, whereas this first order sparse index set includes 42 terms.

An even more rigorous reduction of the number of coefficients included in the
propagator system can be achieved by using a second order sparse index, i.e., a series
of first order sparse indices (r/) j=0,...,p that depend on the actual order of the poly-
nomials ¥ with j = |«|, [22]. This approach allows to exclude crossing products of
random variables W (e;) from the construction of higher order basis polynomials ¥“
that add only negligible information to the system.

Definition 2 (Sparse truncation of second order). Let p be the maximum order of the
index o € Z, . Then the second order sparse index (r) = ([PJ ) j<p isa serles of first
order sparse indices r/ = (rlj, .. ) satisfying j = r1 > ré > e > rk for all
J = || < p and we define the second order sparse index set

I(U‘)

o ={a eyl <r/Vi<k Vj<p} (5.3)

Example 5.2. Considering again the setting of the previous example with k = 5
and p = 3, one possible choice of a second order sparse index is given via r! =
(1,1,1,1, 1), r2 = 2,2,2,1,0), and r = (3,2,0,0,0). In constructing basis poly-
nomials of order |«| = 3 we can use all combinations of basis polynomials depending
on the first two random variables e; and e up to orders 3 and 2, respectively. Thus,

these are \/6H3(e1), \/EHg(el)Hl (ep), and \/§H1 (e1)Hz(ez), compare [22].

Table 2 in the Appendix lists the first and second order sparse indices that were
used for the numerical study. The results in Table | show that at the price of a slightly
higher error, and of course the loss of a guaranteed upper bound as in (3.6), the com-
putational times could be reduced by several orders of magnitude.
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Table 1. Computational times in seconds and error estimates for trigonometric and Haar bases
from Example 3.4 and different values of p and k. The number of coefficients n¢qefr depends
also on the type of truncation, compare Table 2 for details. error;— is the absolute error of the

expansion’s variance |Var[X;] — Var[X,p‘k]l at t = 1 while errorpax is the maximum value

overt € [0, 1]

Trigonometric basis Haar basis
k p  ncoeff type time  error;—|  eIrormax time  error;—|  errormax
2 1 3 full 0.04 6.04 6.04 0.03 5.31 531
4 1 5 full 0.02 5.68 5.68 0.02 5.31 5.31
8 1 9  full 0.22 5.49 5.49 0.04 5.30 5.30
16 1 17 full 0.05 5.40 5.40 0.19 5.31 5.31
32 1 33 full 0.17 5.35 5.35 131 5.30 5.30
64 1 65  full 1.28 533 533 10.12 5.31 5.31
2 2 6  full 0.02 3.04 3.04 0.02 1.61 1.83
4 2 15 full 0.03 2.35 235 0.05 1.61 1.76
g8 2 45 full 0.20 1.98 1.98 0.82 1.61 1.69
8 2 41 sp! 0.31 1.99 1.99 0.24 1.61 1.69
8 2 19  sp? 0.04 2.16 2.16 0.07 1.61 1.72
16 2 153 full 3.85 1.80 1.80 18.61 1.61 1.65
16 2 141 sp? 1.00 1.80 1.80 4.60 1.61 1.65
16 2 27 sp? 0.05 2.07 2.07 0.19 1.61 1.67
32 2 561 full 86.83 1.71 1.71 554.61 1.61 1.63
32 2 537 spd 22.80 1.71 1.71 143.90 1.61 1.63
32 2 69  sp® 0.31 1.84 1.84 3.22 1.61 1.64
64 2 2145  full 2189.70 1.66 1.66 | 1723451 1.61 1.62
2 3 10 full 0.02 2.15 2.15 0.02 0.38 135
4 3 35 full 0.10 1.29 1.29 0.19 0.38 1.01
8 3 165  full 2.76 0.84 0.84 10.58 0.38 0.76
8 3 127 sp’ 0.53 0.85 0.85 1.77 0.37 0.76
8 3 37 sp8 0.06 .11 .11 0.13 0.38 0.86
16 3 969  full 200.34 0.61 0.61 1070.17 0.38 0.58
16 3 763 sp? 45.61 0.62 0.62 169.16 0.38 0.59
16 3 45  spl0 0.14 1.02 1.02 0.39 0.38 0.76
2 4 15 full 0.02 1.94 1.94 0.02 0.07 132
4 4 70 full 0.30 1.04 1.04 0.79 0.07 0.87
8 4 495  full 26.99 0.57 0.57 117.55 0.07 0.56
8 4 303 spl! 434 0.57 0.57 12.30 0.07 0.52
8 4 32 spl2 0.05 0.96 0.96 0.12 0.07 0.75
16 4 4845  full 5986.44 0.32 032 | 30591.94 0.07 0.33
16 4 40 sp'd 0.08 0.87 0.87 0.36 0.07 0.67
32 4 92 splt 0.50 0.59 0.59 3.56 0.07 0.45
2 5 21 full 0.03 1.91 1.91 0.03 0.01 1.27
4 5 126 full 0.92 1.00 1.00 2.04 0.01 0.87
8 5 1287  full 192.98 0.51 0.51 855.07 0.01 0.53
8 5 599 spld 10.04 0.51 0.51 50.03 0.01 0.55
8 5 36 spl® 0.03 0.92 0.92 0.11 0.01 0.74
16 5 20349  full | 120469.96 0.26 0.26 | 600591.17 0.01 0.28
16 5 44 spl7 0.06 0.83 0.83 0.28 0.01 0.65
32 5 98 sp!® 0.51 0.55 0.55 3.60 0.01 0.42
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Table 2. List of first and second order sparse indices used in Section 5.2 together with the
number of resulting coefficient functions. The reference numbers coincide with those in Table 1

symbol P k order index r/(r) Neoeff
sp! 2 8 1 r=(2,2221111 41
sp? 8 2 rl=q,...,1 19
r2=(2,2,2,2,0,0,0,0)
sp> 2 16 r=(2,2221...1 141
sp? 2 16 2 rl=q,...,1 27
r2=(2,2,22.0,...,0)
spd 2 32 1 r=(2,22222221,..1 537
sp® 2 32 2 rl=q,...,1 69
r2=(2,2,2,2227220,...,0)
sp’ 3 8 1 r=G3,3,221111) 127
sp® 3 8 2 rl=q,...,1) 37
r2=(2,2,2,2,0,0,0,0)
r=(3,3,2,2,0,0,0,0)
sp? 3 16 1 r=(3,3,221,...1 763
sp!0 3 16 2 rl=q,....,D 45
r2=(2,2,220,...,0)
r=3,3,2,2,0,...,0)
sp!! 4 8 1 r=(44221111 303
spl2 4 8 2 rl=q,....D 32
r2=(2,2,22.0,...,0)
r}=(3,3,2,.0,...,0
r* = (4,3,0,...,0)
sp!3 4 16 2 rl=q,...,1 40
r2=(2,2,220,...,0)
r=(3,3,2,0,...,0)
r*=(4,3,0,...,0)
spl4 4 32 2 rl=q,...,1 92
r2=(2,2,2272272720,...,0)
r3=(3,3,2,2,0,...,0)
r*=(4,4,0,...,0)
sphd 8 r=(5,5221111 599
spl0 8 2 rl=(,...,] 36
r2=(2,2,2,2,0,...,0)
r=(@3,3,2,,0,...,0)
vt =(4,3,0,...,0)
r =(5,3,0,...,0)
sp!’ 5 16 2 rl=(,...,] 44
r2=(2,2,2,2,0,...,0)
r3=(3,3,2,0,...,0)
rt=(4,3,0,...,0)
r =(53,0,...,0)
sp!® 5 32 2 rl=q,...,1 98
r2=(2,2,2,2,22220,...,0)
r3=(3,3,2,2,0,...,0)
rt=(4,4,0,...,0)
r =(5,5,0,...,0)
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