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Abstract

We present two cubature on Wiener space algorithms for the numerical solution of
McKean-Vlasov SDEs with smooth scalar interaction. First, we consider a method intro-
duced in [TY] under a uniformly elliptic assumption and extend the analysis to a uniform
strong Hormander assumption. Then, we introduce a new method based on Lagrange
polynomial interpolation. The analysis hinges on sharp gradient to time-inhomogeneous
parabolic PDEs bounds. These bounds may be of independent interest. They extend
the classical results of Kusuoka & Stroock [B2] and Kusuoka [B1] further developed in
[9, 12, 5] and, more recently, in [I7]. Both algorithms are tested through two numerical
examples.

Keywords: Cubature on Wiener space, Lagrange polynomial interpolation, McKean-
Vlasov SDEs, Kusuoka-Stroock Functions.

1 Introduction

In this paper, we analyse the error in two different algorithms that use Cubature on
Wiener space to weakly approximate the solution of a McKean-Vlasov SDE with smooth
scalar interaction. By scalar interaction, we mean that the dependence on the measure is
through the integral against a scalar function, so the McKean-Vlasov SDE takes the form

t d t
Xf=a+ / Vo(X2, Elpo(X2))) ds + 3 / Vi(XEElpi(XD)) 0 dBl, (L)

where ¢; € C;°(RY;R), V; € CG°(RY T RY) and B = (B', ..., Bd) is a Brownian motion.
We wish to approximate E [f(X7)] for f Lipschitz continuous and T' > 0 a fixed time.
One common way of approaching this problem is to consider a discretisation of the
equation, such as the Euler-Maruyama scheme, along with a Monte Carlo approximation.
At each time step, an approximation of the law of X} is then given by the empirical
distribution of the entire Monte Carlo population. However, estimating the error due
to approximating the expectation inside the coefficients by the Monte Carlo estimator is
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exactly the problem one wishes to solve in the first place. This leads to a more difficult
analysis than for classical SDEs. Nonetheless, this analysis has been carried out under a
number of different assumptions when the coefficients have the form

Vi(XE, [ hi( X} —y) Px=(dy)),

(different from (I)). This type of scheme was studied in papers by Bossy, alone [4] and
along with Talay [B]; Kohatsu-Higa & Ogawa [24], and Antonelli & Kohatsu-Higa [?]. In
all of these papers the total error is composed of a discretisation error of order Vh or
h, where h is size of the largest time step, and statistical error of order NV A}lc@ where
Njsc is the number of Monte Carlo samples. A Milstein discretisation is also analysed in
Ogawa [40]. In [42] Tachet des Combes proposes a deterministic numerical scheme based
on discretising the PDE satisfied by the density function of the solution to (II). More
recently, in [A7)], a Multi-Level Monte Carlo scheme has been analysed for equations of the
type ().

Systems of the time (D) have been studied in [27]. The particle representation of the
solution of equation (Il) appears explicitly in [29]. A generalization of the model can be
found in [2T]. Section 1.8 in [26] presents the origins of this model which can be traced back
to the Vlasov equation for plasma which was then augmented by McKean with a stochas-
tic term. In the same section, the Landau-Fokker-Planck equation is discussed. However,
the nonlinearity is different here as, in the case of Landau-Fokker-Planck, the coefficients
depend on the convolutions (shifted expectations), rather then just the expectations. The
introduction of diffusive noise can be considered as arising from natural scaling of various
finite state space models, see Section 5 in [25] . Equation (Il) appears in many applica-
tions: for example, see [B8] for an applications to Mathematics Biology, [B, B5] and the
more recent [§] for applications to mean field games and [I1] for an application to asset
pricing through competing traders valuations.”

Cubature on Wiener space is a high-order alternative to Monte Carlo methods. It is
part of a class of methods called Kusuoka-Lyons-Victoir methods that have been shown
to be highly effective in practice, see e.g. [BU], [3Y]. Applications include the non-linear
filtering problem [0, IR, B4, B8], backward stochastic differential equations [I3, T4] and
calculating Greeks [43] in finance. Convergence of the cubature approximation for some
path dependent functionals has also been shown in [B]. The starting point of the Cubature
on Wiener space method is to view X7. as a functional of the Brownian path (B;)e(o, 17,
say

X7 = ax1r((Bs)sep.)s  @ar:Co([0,T];RY) — RY,

and to view the expectation E[f(X7)] as an integral over the Wiener space

B = [ (70 an) (o) B(da), (12)
where Q = Co([0,T]; R?) and P is the Wiener measure. The key idea of the cubature on
Wiener space method is that one can approximate such integrals by replacing the Wiener
measure, P, by a discrete measure supported on finitely many bounded variation paths,
called a cubature measure. If the cubature measure is chosen so that iterated Stratonovich
integrals of Brownian motion up to some order have the same expectation under the
cubature and Wiener measures and the time interval [0, 7] is small, then by considering
the Stratonovich-Taylor expansion of the solution of the SDE, one can show that the target

!The authors would like to thank Vassili Kolokoltsov and Tom Kurtz for pointing out relevant references
to the model considered here.



expectations under the cubature and Wiener measures agree up to some high order error.
When the time interval is not small, [0, 7] can be partitioned into sub-intervals and the
approximation performed over each sub-interval. In the original paper [B7], dealing with
ordinary SDEs, evaluating the functional oy 7 at a bounded variation path w amounts
to solving an ordinary differential equation (ODE) and evaluating integrals such as ()
under a cubature measure amounts to computing weighted sums of solutions of ODEs. The
complication for McKean-Vlasov equations like (IT) is that the functional o, v depends
on the paths {(Eg;(XY))sepo,r):i=0,...,d} which are unknown. Instead, one must
include an approximation of the functional oy r in the design of the algorithm.

To our knowledge, the first algorithm involving Cubature on Wiener Space in rela-
tion to McKean-Vlasov SDE was introduced by Chaudru de Raynal & Garcia-Trillos [LY].
Their idea is to partition [0,7] into {0 =ty < t; < ... <t, = T} and over the interval
[tj,tj+1] to replace Ep;(X}) appearing in the coefficients with the cubature approxima-
tion of the Taylor expansion of the path t — Eg;(X}) around t; up to some order, g.
The global error can, as in the original case, be decomposed as a sum of local errors, and
these local errors naturally split into an error due to the approximation of E¢;(X[) in the
coefficients, and an error due to replacing the Wiener measure by a cubature measure. In
[19], the authors consider the case of smooth and bounded uniformly elliptic coefficients
and prove that the error is of order n~UatDAC=D/2] where n is the number of time steps
and [ is the degree of the cubature formula. In this paper we show how to extend the error
analysis to the case when the coefficients satisfy a uniform strong Hérmander condition.
One of the reasons the authors of [[Y] choose to impose a uniformly elliptic condition
on the coefficients of equation () is the lack of available sharp derivative estimates for
time-inhomogeneous parabolic PDEs (which are necessary for the error analysis) under
any more general conditions. For this reason, a secondary goal of this work is to de-
velop derivative estimates for time-inhomogeneous parabolic PDEs under more general
conditions and to analyse the error for the cubature on Wiener space algorithm in this
case. These estimates may be of independent interest. They extend the classical results
of Kusuoka & Stroock [32] and Kusuoka [B1], further developed in [d, T2, T3] and, more
recently, in [17].

In the second algorithm, which we call the Lagrange interpolation method, over the
interval [t;,t;41], one simply replaces Ep;(X;") with the Lagrange polynomial which in-
terpolates the cubature approximation of E¢;(X;’) at the previous r points in the time
partition.

For both algorithms, we deduce upper bounds for their corresponding rates of con-
vergence when approximating E [f(X7)]. The bounds are presented as explicit functions
of the type of partition used, the number of points in the partition, the smoothness of
the the function f, the cubature order, the order of the Taylor expansion (for the first
algorithm) and, respectively, the order of the Lagrange approximation (for the Lagrange
interpolation algorithm). See Theorem [ below for details.

The paper is organized as follows: In the following we present a brief introduction of
cubature on the Wiener space followed by a detailed description of the paper framework,
the assumptions, the algorithms and the main results. In Section 2 we collect a number
of preliminary results required to prove the main result. The proof of the main result,
Theorem [ is done in Section 3. In Section 4, we test both algorithms on two numerical
benchmarks. We complete the paper with an appendix containing derivative bounds for
time-inhomogeneous parabolic PDEs under the so-called UFG condition which may be
of independent interest. These bounds are the cornerstone of the convergence analysis of
the numerical algorithms. Several other generic results used in the earlier proofs are also
incorporated in the appendix.



1.1 Cubature on Wiener Space

First, we detail what we mean by a cubature method on Wiener space. We need to intro-
duce notation for iterated integrals with respect to components of the (d+ 1)-dimensional
process (B%, BY, ..., BY) consisting of time and the d-dimensional Brownian motion. We
use the following notation for multi-indices on {0, ...,d}:

A= {0} UUp>1{0,1,...,d}* and A, :=A\{0,(0)}.
We endow A with the concatenation operation

axf:=(a1,...,a5,P1,...,01), where a = (ay,...,ax), B=(P1,..-.,0) €A

and we define @’ = (a;) and —a := (ag,...,ax), so that & = o’ x —a. We define the
following n-tuples lengths:

k, ifa=(a1,...,ax),
|a|¢={

af ;=|a|+card {i : ; =0, =1,...,d},
) ey laf) i= | | +card { }

and define the set A(l) := {a € A : ||a]] < I} and define A;(l) similarly. For o € A,
we denote by I} (Y) the iterated Stratonovich integral of the process Y over the interval

[t, s]: Lo .
17, (Y) = / / / Vs, 0dB& -+ 0dBX ' o dB2™.
t t t

Similarly, for a bounded variation path w = (w',...,w?) € Cy([t, s];RY) we set w(s) = s
and denote the iterated integral of a process Y by I} [w](Y):

With this notation in hand, we can define a cubature formula.

Definition 1.1 (Cubature formula [37]). A set of Noypy bounded variation paths,

Wiy ey WNewy € Cou([0,1];RY), for some Nouy, € N, together with some weights
)\1, .. ANC‘ub € R" such that ZNC“” A; =1 define a cubature formula on Wiener Space
of degree L if, for any a € A(l),
Ncub
E[I54( Z Aj LG wjl(

We note that for a given I € N, Lyons & Victoir [37] proved that there exists a cubature
formula on Wiener Space of degree [, with concrete examples given, for certain pairs (I, d),
n [B7 and [20]. From the scaling properties of the Brownian motion we can deduce, for
0<t<s,

l
Itas Z tswjts}(l)v

where w; (¢, 5) is the re-scaled path defined by w;(t,s) (u) = v/s — tw; (S t), € [t,s]. In
other words, the expectation of the iterated Stratonovich integrals I* (1) with a € A(l)
is the same under the Wiener measure as it is under the cubature measure,

Ncup

= D Al
j=1



Once we have a cubature measure Q and a partition II,,, we can extend this to a
measure Q" on [0, T, supported on (N,,;)" paths along a tree. We use the notation
M, to denote multi-indices over {1,..., Noyp} of length exactly k. We use this set to
index the nodes in the cubature tree after k time-steps or, equivalently, the unique path
leading to that node. To create the tree, one first creates the paths by concatenating the
re-scaled paths: for p = (p1,...,pn) € M, define the path

wp(t) = wp(ti_1) + wp, (ti_l,ti)(t) when t € [ti—17ti)~
Then, one can attach a new weight to each path by
Ap = H Ap;-
PiEP
Finally, we can define a measure on all paths along the tree by
Q= > Ayl
pEM~y
1.2 Outline & Main Results

In this section, let us make more precise our contribution. We introduce the following
processes

d t
Xt =at / Vi(X3" Epi(X;") 0 B, (13)
i=0""%
and
d t
X5 = g4 Z/ Vi(X5™Y B (X9Y)) o dBL. (1.4)
i=0""%

The first is just the McKean-Vlasov SDE started from x at time s. The second process
is also started from z at time s but with the path u — E[p;(X>¥)] appearing in the
coefficients instead of the McKean-Vlasov term. This process is therefore not a true
McKean-Vlasov process but an SDE with coefficients depending on time and a parameter,
y. We introduce the operators

Ps,tf(x) = ]E [f(th’mﬂ and ngtf(l,) = E [f(th,z,y)} )

We note that X 3" = X"V , so the quantity we wish to compute is
y=x

Porf(r) = P(?)J’Tf(m) ez
Now, let us denote by EY(¢;) a generic approximation of E[p;(XY)]. Later, we will
introduce specific approximations EtT Y(p;) and EtL ¥(p;), corresponding to the Taylor
and Lagrange interpolation methods respectively. We then introduce the approximating
process

d t
Xy =)y / Vi(EX3™Y, BY(¢;)) 0 dBL,
i=0"vS



and the operators
Pg() =E[g(*X7™")]  and  QVg(x) = Eq,, [¢("X{"Y)] .

In a similar way, we will denote the local approximation operator by Qi;{” and, once a
partition II,, of [0, 7] is fixed, we define

Pl QEELLQPYT fort € [ty tj51).

Then, QE 2ln £ (1) will be the final approximation of Py, r f(x), with the global error

E(T e, 1) = (Por — Q™) f(@). (1.5)
We note that

sup |E(T,x,[,11,)| < sup ‘(P&T— (I)ﬂ)&y,ﬂn) f(x)‘
rcRN z,y€RN

Now, for fixed y, {Pg ;0 <s<t<T} forms a two-parameter semigroup of operators.
This allows us to decompose the global error of the scheme as follows

N—-1

Y Y
|:PO,T QO it Qtl,tz ' Qtn 17tn:| QO t] |: t],tj+1 Qt],t]+1:| tJ+17Tf( )

j=0

Then, since HQg’ti’_(bH < 19|00, We are left to estimate the local error
o0

Y E.y Y(¢t.
[Ptjvt.7‘+l - tjvt.7‘+1] u?(tj+1, )

uniformly in x and y, where

u(t,x) := P/ f(x) (1.6)

solves a parabolic PDE with coefficients depending on the parameter y € R™. The
resulting error analysis relies on regularity estimates for the solution of this PDE.

Now, let us specify what the approximation Ef(y;) is for each scheme. First, the
Taylor method: we wish to perform a Taylor expansion of the path t — Egoi(X,? ), but

since the coefficients in the SDE satisfied by X are of the form V; (X?’z,]Egai(XE’m)),

we instead consider the Taylor expansion of this more general form. For a pair of functions
g € C°(RY x R;R) and ¢ € C;°(RY; R), Ttd’s formula yields

E [g (Xf"”,E@(X?’I))} = g(z, ¢(z))
+A [(Lig) (X0" Eo(X0™))] +E[(0y9) (X0", Ep(X0™)) ] E [(Lie) (X0™)] du,
(1.7)

where 0, is the derivative in the second argument of g and L7 is the differential operator

d
1
T . 0,z (. . 0,2\\2
Es i VO('7E900(XS )) + 5 E ‘/l( 7]E§01(Xs )) :

i=1



Note that each term under the integral in the right hand side of ([Z4) is again a product
of terms of the form E [g (XJ”, Ep(X"))] for different functions g and ¢. Let us denote
by S the set of all paths (S¢):co,r] of the form

St =E |g (X" Bp (X)) ]

for some g € Cp° (RY x R;R), and ¢ € C°(R™;R) and denote by S the set of all paths
(St)teo, 1 of the form

niy n2

Sl

i=1 j=1

where n; and ny are positive integers and S*/ € Sfori=1,...,n; and j = 1,...,na.
For t € [0,T], we introduce the notation 7 : § — S for the map

Eg (XO,JC’ E@(Xo,x))
E[(L7g) (X% Ep(X"))] + E [(8y9) (X*7, Bp(X""))] E [(L7¢) (X*)]

so that the expansion of G = (Gy)i>o defined as Gy := E {g (Xto’w,IEap(X?’g”))] in (3)
can alternatively be written as

G = G +/t7;(G) ds. (1.8)
0

For the Taylor expansion, we would like to apply 7 to the term 7(G). To do so, we
extend 7 to an operator from S to itself by linearity

r(3s) -3,
i=1 i=1
and a product rule
j=1 k=1j=1,j#k

Since now we have 7 defined as an operator on S, we can iterate the expansion in ([CX)
to get the Taylor expansion of order ¢ > 1

=tk k 1 ' q+1
=S @O+ oy [ @) as (1.9
k=0

Now, for all s € [0,7], k > 1 and G € S we define (7;Q)k (@) to be the same expression
as (TS)]~C (G) with all expectations under P replaced by expectations under Q"». Then,

the approximation of Ee;(X%¥) for the Taylor method, which we henceforth denote by
Ez’y (@1)7 is

q
1
ElY(g;) : Z* F(Epi(XO)) (s — ;)" for s € [tj,tj41).

To define the approximation for the Lagrange interpolation method, we denote by

L [{(t“xl)}le} the Lagrange interpolating polynomial of degree at most k — 1 with

7



L [{(t“xl)}le} (t;) = x; for all j =1,...,k (see page I8 for further details). We define
the approximation of order r by

60 = L [{ (2 ()10 et

k=0

In other words, EY (p;) for ¢ € [t;,¢,41] is the unique polynomial of degree minimal degree
which passes through the points

Tpn

O’ ITn 07
%(Xtﬁuww)) . (tj, EQ @i(xtjy)) .

That is, if the time index j is greater than »—1, we interpolate through the last r cubature
approximations of E¢p; (X ¥) along the partition. If j < r — 1, we interpolate through all
of the available previous points. We now detail both algorlthms.

(tj+1—(<j+1>m->vEQ

Algorithm 1 Taylor method

10:
11:
12:
13:

14:
15:
16:
17:

. Set (X ,No) = (z,1)
cfor0<j3<n—-1do

Let 79 be as in the main text.

for p e M; do
for 0 <i<ddo
q
1 xX
Set ET'(t) ZE t—t;)"(T; YV (B (XO7))
k=0
end for

for 1 <1< N, do
Define iji as the solution of the ODE:

d
dxPt = E Vi <X§’ ,EiT(t)) dwi(tj, tj+1)(1),
=0

pxl __ 3P
Xt], _th.

Set the associated weight: Apq = Ap\
end for
for 0 <i<ddo

Store Z Appi(X J+1)

PEM 11
end for

end for

end for
Final approximation of E [f(X7)] is

> A f(xD)

PEMp,




Algorithm 2 Lagrange interpolation method

9:
10:
11:
12:

13:

14:
15:
16:
17:

18

- Set (X2 Ag) = (z,1)
cfor0<j<n—-1do

for p € M; do
for 0 <i<ddo
JA(r—1)
Set EL(t) := L ik, Y Appi(XT ) (t)
pEM;—k k=0

end for
for 1 <1< N,y do
Define Xf:il as the solution of the ODE:

d
*[ sl i
dxP =3"v; (Xf ,EiL(t)) dwi(tj,tj41)(t),
=0

XP = xP.
J J

Set the associated weight: A, = Ay)\
end for
for 0 <i<ddo

for 0<k<((j+1)Ar)do

Store Z Appi( X7, )
PEM; 11—k

end for

end for
end for

end for
: Final approximation of E [f(X7)] is

> A f(XD)

PEMp,

Remark 1.2. The Taylor method requires finding an expression for (T;)* (Bw;(X%Y)) for
k=1,...,q9 and i = 0,...,d either by hand or using some symbolic computation. The
Lagrange interpolation method does not require this; the interpolating polynomial is defined
at each time step as part of the algorithm.

We state next the main assumptions of the paper. To do this, we introduce the
notation V], for iterated Lie brackets of the vector fields. In this setting each Vp,...,Vy:

RY x R — RY and we think of these as vector fields Vj(-,2’) on RY parametrised by the
second variable, 2’ € R, with the Lie Bracket between any two given by

[Vi’ ‘/j](l‘,l‘/) = 8£‘/J(x7x/>‘/l(x7x/) - al‘vi(x’x/)‘/j(xvxl)v

where OV (x, ) 1= (04, V¥(2,2"))1<ri<n is the Jacobian matrix of V; and similarly for



0, V;. Then, for a € U {1,...,N}* and i € {1,..., N}, we define inductively
k>1

Vi == Vi, Viawi) = [Vi, V]
Assumption 1.3.

(A1): Uniform strong Hérmander condition: There exist 6 > 0 and m € N such that for
all £ € RY,

. f / 2 > 2
ety o 2 (Va@a)§? 26kl
acuU {1,...,N}Fk

(A2): Smoothness of coefficients:
0 €CCRY;R), V;eCPRY xR;RY) i=0,...,d

(A3): We assume the paths in any cubature formula we use are absolutely continuous.

As is common with cubature on Wiener space methods, when the terminal function
f is not smooth, we will use an uneven partition of the time interval [0,7]. Here, we
introduce the Kusuoka partition and a modified version. We denote by II] the Kusuoka
[30] partition of the interval [0,7] with (n 4 1) points and parameter « > 1, defined by

j vy
tj:T(1—<1—>) for j=0,...,n—1,
n

tn =T.

We denote by II"" the modified Kusuoka partition, with r smaller steps at the start
whose size is determined by the overall order of the method we require. It is defined as
follows: for a fixed integer r and real parameter 7, we fix the first (r + 1) points as to = 0,
the1—ti = T~/ 4D for k = 0,...,7—1. Thereafter and we split the rest of the interval
[tr, T] using the Kusuoka partition, i.e.

N

t;=(T—t,) (1— (1— g;:) )—i—tr jefr+1,...,n—1}

t, =T
Recall that £(T, z,1,11,), as defined in ([3), is the global error of the respective algorithm
approximation. Then we have the following result, which is the main result of this work.

Theorem 1.4. Let f € C°(RY;R). Then, assuming (A2), the error for the Taylor
method satisfies the following

i

n—

sup |E(T7x7lann)‘ S c Z(t]+1 - tj)A(q’l)’

zERN

<.
[}

where A(q,l) := (g+2)A(I+1)/2. Under the same assumptions, the error in the Lagrange
interpolation method is

- jA(r—1)
sup |5(T7.’13, l7H Z { ]+1 H J+1 - t] k) + (t]+1 —t; )(l+1)/2}

zERN =0 ] + ]. /\ ’I" 0

10



Now, suppose f is only Lipschitz continuous. Assuming (A1)-(A8) and that we use the
Kusuoka partition II) with v > I—1, we can bound the error in the Taylor method according
to the size of m

m=1: sup |E(T,z,1,11))| < Cn~Bl@h=1/2, (1.10)
z€RN

m>2: sup |E(T,z,1,11))| < Cn~B@h, (1.11)
z€RN

where B(q,1) = (¢+ 1) AN52. Assuming (A1)-(A3) and that we use the modified Kusuoka
partition 1" with v € (I — 1,1), we can bound the error in the Lagrange interpolation
method according to the size of m

m=1: sup |E(T,z, 1, T < Cn~PrD=Y2 (1 —p/p)=t/2 (1.12)
reRN

m>2: sup |E(T,z, 1, I < Cn~PTD (1 —p/n)=/2, (1.13)
TeRN

where D(r,1) = (r — 3) A 52

Remark 1.5. 1. Let us comment on the term (1 — r/n)~Y? appearing in the error

for the Lagrange interpolation method. This term comes from the need to take small
steps at the start (for an accurate polynomial approzimation) and end of the partition
(due to blow up of the derivatives of uY(t,-)). We need to take r small steps at the
start, leaving n—r steps split in the style of the Kusuoka partition. This term reflects
the need to balance the size of r and n. Since it goes to zero as n — oo, it can be
bounded by a constant for sufficiently large n. For example, in the case m =1 for
a second order method, one must use a cubature formula of degree | =5 and choose
r=4. Then, for n > 10, we have that (1 —r/n)""? < 3.6.

2. The uniformly elliptic case covered by [19] is the case m = 1. Choosing the parameter
r appropriately, we also recover the same rate for the Lagrange interpolation method
up to the multiplication of the term (1 —r/n)~"/2.

3. In the case where m > 2, we lose 1/2 an order of convergence. This is due to the
difference in the way we split the error, which we explain in Section B.

Remark 1.6. The cubature method will still converge even if the test function is not
chosen to be Lipschitz, but only bounded and measurable. However, in this case, a control
on the rate of convergence of the cubature method will not be possible, regardless of the
choice of partition (Kusuoka, uniform) or the choice of the method (Taylor, Lagrange).
A similar result was obtain by the first author for the cubature method applied to classical
SDEs (not McKean-Viasov), see Theorem 3.7 in [10]).

2 Preliminary results

First, we have a lemma on the existence, uniqueness and moment bounds for the solution
of equation (I[4).

Lemma 2.1. Under assumption (A2), there exist unique strong solutions to equations
(3) and (). Moreover, for all s € [t,T], the mapping x +— X5™Y is P-a.s. smooth,
and for all multi-indices n on {1,...,N},

sup }|82X§’$’y||p <oo Vp>1 (2.1)
z,y€RN

11



Proof. Under assumption (A2), existence and uniqueness of strong solutions to equations
(I3) and ([A) is easy to prove and can be found in, for example, [22]. Now, we note that

we can view (X§7"”’y)se[t ) 8 the solution of an SDE with coeflicients

Wiy(sa Z) = ‘/;(Za E(pl(Xg’y»,
depending on time and a parameter. Due to Assumption I3 (A2), the map s — h(s) :=
Eo; (X %) is continuous in view of the path continuity of the process X%? and Lebesgue’s
dominated convergence theorem. Therefore, Itd’s formula applied to ¢;(X%®) shows that
the map h(s) is continuously differentiable with a bounded first derivative. This allows
one to apply Ito’s formula to £Y¢;(X%*) and get that the map s — ELYp;(X%*) enjoys
the same properties as h(s). Iterating the procedure, one obtains that the map (s,z) —
WY (s, z) is smooth, with bounded derivatives of all orders, with all bounds uniform in

y. The differentiability in z is assumed, and the differentiability in s comes from the
smoothness of each ¢;, which allows us to apply Ito’s formula to ¢;(X2¥), giving

0s [Eps(X)] = E [(LLp) (XJV)]
Then, Kunita [28, Theorem 4.6.5] guarantees that the moment bound (E7T) holds. O

In the next lemma, we collect some results on the regularity of u¥(¢,x) (defined in
(TH)) and the pure cubature part of the error. We use the notation, for ¥ € CZ(R™;R),

[Pll2,00 = SEI;QPN{IZD(I)IHV%/}( )|+ V20(a)]} -

Lemma 2.2. Let j € {0,...,n—2} and t € [0,7).
1. If feCr (RN R), then for both schemes corresponding to E = ET and E = E*

e H QL (tj+1»x)‘ < C (41 —t5) D2, (2.2)

z,yeERN
Moreover, the first two derivatives of u¥ are bounded:

sup —[u¥(t, )y, 00 < C. (2.3)
(t,9)€[0,T] xRN

2. If f is Lipschitz, then

I+1

sup H i Qt t”l} Y(tjpr, o ‘ <C Z —tjt1) k/2 (th —tj)(k+1)/2_
z,ye€RN
(2.4)
In addition, the first derivative of u¥ is bounded
sup [VuY(t,z)| < C (2.5)
(t,z,y)€[0,T] xRN xRN
and we have the estimate on the first two derivatives:
sup [|u? (¢, )|l 0 < C (T —8)7"/2, (2.6)
yERN '
Finally, for both schemes corresponding to E = EX and E = ET,
swp | [P, = QP £(@)] < O fluiglt — 512, (2.7)

z,yeRN
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Proof. We think of (X!™V)
coefficients

and (PXL7Y) as the solutions of the SDEs with

s€(t,T] s€(t,T]

W (s,2) := Vi(z, Epi(X2Y)),

K2

EWY(s,z) = Vi(z, BY(¢:)) i=0,...,d,

respectively. We think of {W/(t,-), “W¢(t,-) :i=0,...,d} as vector fields on R" de-
pending on time ¢ € [0,7] and the parameter y € RY. In the proof of Lemma BT, we
explained that Wy/,..., WY € ¢;°([0, T)xRY; RY) with all bounds uniform in y. The same
is true of the functions ¥ wy... B W. To see this, we note that for the both schemes, the
map s — EY(p;) is a polynomial, therefore smooth with bounded derivatives on [0, T].

We use the notation Wﬁ’l] and ¥ W[Z(’X] for iterated Lie brackets of the vector fields

introduced just before Assumption I3, Then, we note that for all (s, z,y) € [0,T] x RY x
RY and a € Ups1{1,.. ., N}k,

(Wiey(5:2),€)° 2 nf Vg (2,27), €)%,
so that

W27 2 il (Vo (,2'), )%

inf
(s,2,9)€[0,T] xRN xRN (z,2’)ERN xR

Hence, under the uniform strong Hormander condition (Al),

inf wY 2> 6¢)?
ooy 2 (Wi(629),07 2 81,
acur {1,..,N}Fk
so the vector fields {W? : i = 1,...d} satisfy a uniform strong Hormander condition.
Exactly the same holds true for the vector fields {¥W} :i = 1,...d}. This uniform strong

Hormander condition is stronger than the UFG condition, hence, we have the results
of Section =3 available to us, subject to slight modification since the coefficients in the
current setting also depend on a parameter.

Now, for f € C°(RM;R), by differentiating under the expectation and using the
moment bounds on 97X5*¥ contained in (E) we see that for all multi-indices 1 on
{1,..., N} with length at least one,

sup |0JuY(t,x)| < oo,
z,yeRN

so (E33) holds (recall that uY(t,z) was defined in (Id)). The one step cubature error
contained in (E3) follows from a stochastic Taylor expansion, noting that for all 3 € Ay,

sup ’Wguy(tw)‘ < 0.
z,y€ERN

This again follows from the boundedness of derivatives of u¥(t,-) and W/ (¢, -) uniformly
in y.
For f Lipschitz, the bound in (E=) is the same as (B—I8), adapted to the case where co-

efficients also depend on a parameter. Both estimates (E8) and (E8) come from Corollary
A0 adapted to the case where coefficients also depend on a parameter.
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Finally, when f is Lipschitz,

|[PL = Q2] £@)| = [BLF(X7)] - Eg [£(E X)) |
< [EF(X77)] = f(@)] + [Eq [f(PX7)] = f(2)]
< Ifllzip (BIX7™Y — 2] + Eg [ XY — af)
That E | XY — x| < C'|t — s|*/? is a standard result for SDEs with bounded coefficients.
For the other term,

Ncub
EQ ‘Eth,ac,y — .’L" = Z i
=1

EX;7I7y’Z _ x‘ )

where £ X" is the solution of the ODE along the i-th cubature path. Then, we have
Eq |PX;™Y — 2| < CJt — s,
due to a standard estimate on the solution of an ODE with bounded coefficients. O

Before we discuss how accurate the polynomial approximations are, we need a lemma
concerning the time partitions we use and a type of sum involving its increments which
will appear in the error analysis.

Lemma 2.3. 1. Leta>b>0, lety > Z—:i and let t; be times in points in the Kusuoka
partition, then there is a constant C = C(y) > 0 such that

n—2

D (i =) (T —tj41) " < Cnm 70, (2.8)
§=0

2. For the partition 117",

1 JN(r—1)
T N H (tjr1—tj—r) <Cn™" (2.9)
Goam U
and for a >b>0 and v > Z—:llj
n—2
Z(tjﬂ — ;)" (T = tj+1)_b <Cn D (1- r/n)_(a+b_1) . (2.10)
j=0

Proof. 1. This is proved in a slightly different format in Crisan & Ghazali [I0]. First,
note that




. 1
Then, we use that (l—j) <2<1—J+> for j € {0,...,n — 2} to get
n n

1 j+1\"!
tj+1—tjgcn(1— - ) : (2.11)
By definition,
i+1\"
th+1_T<1 - > ,
so that
n—2 n—2 . a(y—1) . —by
a —b —a J + 1 J + 1
> ()T —ty) SO Yo (-2 (-2
j= j=

Re-ordering the terms, we get

n—2 n—1 .\ a(y=1)—=by
tir — )T —ti1) b <n @ DN -1 (2 . 2.12
J J J

X X n
j=0 j=1

n—1 .\ a(y—1)—by 1
Z n~1 <J> < / 200=D=b7 1,
— n 0

a—1
and the condition v > p— guarantees that the exponent a(y — 1) — by > —1, so
a—

We note that

that the integral is finite.

. First, note tj+1 — tjfk = (thrl — tj) -+ (tj — tjfl) + ...+ (tjfk%»l — tjfk)' There
are (k 4+ 1) terms in this sum, and, in the case j < r — 1, from the definition
of the first r steps of the partition, the biggest of these is Tn /G, Hence,
tiv1 —tj_p < (k+1)Tn~ /U So, in this case,

: jAﬁl) ﬁ
. (tj+1 —tj— (tj41 —
1 G+l
G+ AN 2 o

J
GT H (k+1)Tn~/G+D
k=0
=T'n7"

In the case j > r—1, there is a constant K such that for each interval t; 1 —t; < K/n,
so that tj41 —¢tj_x < K(k+1)/n and

1 (rang)—1 lr—l

- tig1 —tji—g) = — (tje1 —ti—k)

! H(]-H Jj—k ,H Jt+1 =k
(rAg)! o s
17’71

SFHK(k—kl)/n
" k=0
=K'n™".
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Now considering the sum @:_2 tive —t)%T —t;41)7%, we split it into two parts:
j=0 \lji+ J 3+

when 0 <j<r—1,tj11 —t; = Tn~"/Ut) <Cn~'and T — tjit1 2T (1 - rn_l) ,

using that r < n/2. So,

r—1
S (1 — )T~ tj) P < Crn (1= ) <O (1—mY) ™" (213)

=0
For r < j <mn — 2, the same analysis as in Lemma P—3 gives

j+1—r)71

1
tj+1tj§0n<1 —

By definition,

T —tjp1=(T—t) <1W)72T(1r/n) <1j+1’")77

n—r n—r

The proof then follows as in the first part of this lemma to give for ~ > Z;_Il)

n—2
Dt = 1) (T = t340) ™ < C (1 =r/m) ™" (=)=,
Jj=r
1 1 1 .. L .
We then note that = . Combining this with (ET3) gives the result.

n—r nl-r/n
O

Lemma 2.4 (Polynomial approximations).

For the Taylor approximation, there exists a finite collection of functions H C Cp° (RN; R)
such that

sup  [Egs(XO) — BT ()] < c{m gyt

s€[t;,t541]

2.14
BTyl _ py (2.14)
+ Z t; — Loy V()| ¢
PYeH
For the Lagrange interpolation method:
1 JN(r—1)
Eopi (X%Y) — BY(ps)| < C{ s tiv: —tj_
se[fﬁ};ﬂ]‘ ® ( s ) s((p )| = {((] i 1) /\’I”)' kl:l(:) ( j+1 J k?)
= (2.15)

JN(r—1)
E,y,Il, 1
+ Z ‘(Q%—yk _P(;/,tj—k> Pi }
k=0

Proof. Taylor method: Now we recall, for the Taylor method with s € [t;,t;41],

16



We will estimate the error |Ep;(X¥) — ETY(¢;)| by splitting it into

[Eu(X0¥) — BT (p0)| < [Boi(X0) - Blen)| + | Bi(ws) - BT (p0)|,  (216)
where .
=~ 1
El(pi) = 1 (1) (Eai(X™)) (s = 1))", s € [ty tj11)
k=0

is the truncated Taylor expansion of s — E¢;(X>¥) of order ¢ around ¢;. It is straight-
forward that

[Bi(X09) = BY(e)| < C (s = 1)1,

and

BY(pr) — Bl < 30 26— )¢ |[(3)F — B ®euxowp)|. 21m)

k=0

Now, recall that ’Z;’; (Epi(X%7)) € S, so it can be written as a sum of products of terms
of the form
Eg (X7, Bo(X)")),

for some g € C°(RY x R;R), and ¢ € C°(RY;R). For this type of term, the error in
replacing expectations under P with expectations under Q™" can be bounded by

[Bg (X0 Eo(X07)) — Eqnu g (X017, Eqna o(X07))

0,z 0,z
<[Bo(X2") — Eqnu o(X0;7)

n ‘IE g (Xt” EQHM(XSJ@)) — Egn. g (X?w Eg. @(Xff)) ‘ :

Due to the form of T*(Ep;(X°%®)) € S, the error {(’Z}_j)k - (Tt?)k] (Epi(X%Y)) can be
decomposed as a sum of products of such errors for different functions g and . We define

H; i, to be the collection of these functions appearing in the expression for Tk (s (XO¥)).
Then, the error

(7)) = (T2)F] B (x°))]
can be bounded by a constant multiple of

S | By wxi| = 0 |(QF7 - By ) vl

YEH ik YEH k

So,

sup E‘( i) — E V(i)
SE[t5,t541]

T

=0 pEH; 1

and the largest term in the outer sum on the right hand side occurs when k = 0, so using
this and defining H := U{_;H,; o, the estimate (EI8) becomes

sup  [Epi(XY) — EDY(p;)] < C{(thrl — ;)7

SE[t .t 41]
T
+q Y |(QF ™ - R, ) v)| }

YeH
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Lagrange method

Let z € C*1(]0, T); R). Recall that we denote by L[(t1,x1),. .., (tx, 2))] the Lagrange
Interpolating Polynomial passing through the points (¢1,21), ..., (tg, 2x). It is a standard
result (see, e.g., Chapter 25 in Abramovitz and Stegun [[0]) that the error in approximating
z(t) with the polynomial L[(t1, 2(t1)), . . ., (tk, 2(tx))] for any ¢ € [0,T] is

#(t) = L[(t1, 2(t)), - - -, (e, 2(t))](2) = z(k) (2.18)

\ I >
H-
|
@4.

where £ is some point in [0, T]. Note also that we can write L[(¢1,21),. .., (tk, k)] terms
of the Lagrange basis polynomials L; : [0,7] — R as

L{(t1,21), .-, (tr, 1)) ij

where

t—1t;
Lity= ] —
N i
i=1,i#j
So, the difference between polynomials interpolating different points on the same time
grid is given by

k
L[(tbxl),“'a(tkwrk)}(t)7L[(tlayl)7 tkayk Z
7=0
and, in particular,
k
sup |L¥[z1,...,2k)(t) — L¥[y, ... yx)(t Zm . (2.19)

t€[0,T]

Now, recall the definition of the Lagrange interpolation approximation is

B{Y(pi) =1L [{ (tj—kJEQn" @i (Xz?ffk)) }j/\(rl)] (t), ety tjpl,

k=0

and consider the same object but with all expecations under the Wiener measure, P:

£%(00 =0 [{ (B (X)) |00 ettt

k=0

Then, we can split the error error Ep;(X;Y) — EY(¢;) into

[Eoi(XPY) = BFF(00)] + [BFY P (00) = BFY(00)] -

We are able to control using the first term suing (EI8) and the second term using (2.19).
The result follows immediately.

O
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3 Proof of Theorem T4

For the Taylor method, our proof is essentially the same as that in [IY], when f €
C°(RY;R). When f is Lipschitz, however, we split the local errors differently. In [I9],
the error is split into?

Yy Ey _ Y Ey Euy
[Ptyﬁthrl o tj,tj+1} u? = {Ptjvtjﬂ Pt t]+1} [Pt iy Qt it u. (3.1)
The term {Ptg’tﬁ L Pf”tyj N 1] uY is then estimated in terms of the difference of the gener-

ators of the processes X and ¥X applied to v¥, which in turn depends on an estimate on
V2uY. Tn the uniformly elliptic case with f Lipschitz, in [T9], |V2uY(t,z)| < C(T —t)~ /2.
However, in the Hormander case, |V2u?(t,z)| < C(T —t)~™/2, where m is the order of
the Hérmander condition, which could be very large. Instead, here, we split the error into

vy — oY w?
[ tirtj+1 Qtwta+1j| - [Qtjvtj+1 Qt]vtﬂrl] +{ tjtj+1 Qtwtnl ) (3:2)

y
We control the term [Qtj,tj+1

is uniformly bounded in time.

Qtj,tﬁl} uY using only the Lipschitz constant of ¥ which

3.1 Smooth bounded terminal condition

We introduce the generator associated to the process XY

d
1
L4 = Vo Epo(XP") + 5 3 Vil Bpi(X3))%,

i=1

and note that, as defined in (I8), u’(t, x) = P/ f(x) solves the PDE

(O + LY u¥ (t,z) = 0,

3.3

w!(Tz) = f (o). %)
In the analysis of each scheme, we split the local error into
E,

t17t1+1 Qtj tj41 w?(tjpr, @) = [Ptzjvtjﬂ - thtyjﬂ] u?(tj+1,2) (3.4)

+ [ J+1 Qt it +1} w(tjq1,2). (3.5)

Equation (84) is the error due to approximating the Eg; (X ) by EY(¢;), and (B3) is a
one-step cubature error. Now,

E, tj,x, E )
[Ptijtjﬂ - B tyﬁl} u!(tj+1,2) =E [uy(tjﬂ’Xt;ﬁ D)=t X j+:1i y)}

ti+1
= IE/ (¥ —chv)yu?(s,F X5"Y)ds.
¢

J

Using the Lipschitz property of the coefficients, we get

d
(€4 = £2¥) w? (.7 XD)| < Cllu? (s, )20 Y [Ei(XDY) — BY(03)] -

=0

?Recall that u¥ was defined in (ICH).
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Now, we recall from Lemma 22 that |[u?(s,-)||2.00 < C when f € Ci°(RY;R), so

J+1
[ngtﬁl o Pt.?;tyj+ } Ytjp, ) <C / Z |E902 XO ) — EY (e | ds (3.6)
tj =0

Now, to control the right hand side above, we use Lemma B4 and we split the proof
depending on the individual scheme.

3.1.1 Taylor Method
Using Lemma B, for the Taylor method, (B4) becomes

ET, 1
[Ptyj,tj_H Py Zl} u?(tjy1,2) < Cltjpn — tj){(tj+1 —t)*"

-5 (@ - )|}

YeEH

Summing up the local errors, the global error is then given by

[Poy,t Qt ,yH} <CZ{ (tj+1 —t5) ya+?

T
(tj+1 — Z ‘( tb; Wl P&tj) w(y)‘ + (tj41 — tj)(l+1)/2}_

PpeH
(3.8)

The above holds for any f € C;°(R™;R). In particular, we can take f = ¢ for any 1) € H.
Doing this and repeatedly applying the discrete version of the Gronwall inequality,

n—1

[Poy7tn gt}f()<CeXp qz j+1_t)

7=0

x Z { = 5) T 4 (i — tj)(m)/z}_

(3.9)

3.1.2 Lagrange interpolation method
Using Lemma P4, for the Lagrange interpolation method, (BG) becomes

JN(r—1)
L 1
[Pty-t- _PtEty :| y(thrl {,C) <C(tj+1_tj){- H (t”rl_t'*k)
Joti J ’ | J J
P Groan 1
JN(r—1)

s (e -RL)

I}

(3.10)
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The global error is then given by

L 1 JNA(r—1)
[ - @5 e <CZ[ = G 1L a6

k=0
JA(r—1)
* Z ‘(Qt o Pé/,tj,k> Vi } + (tj41 — tj)(l+1)/2 .
k=0
(3.11)
Taking f = ¢; for any i = 0,...,d and using discrete Gronwall inequality, we obtain
[ 0,tn QOEtyzy f(l‘) <Cexp|r Z(tj-i-l _ t_j)
Jj=0
n—1 (t ) t) JN(r—1)
gl ) ‘ ‘ ‘ \+1)/2
t —t._ t —t '
XZ{((jJrl)/\r)! H (it — tj—k) + (Lt — 1) }
g=0 k=0
(3.12)

3.2 Lipschitz terminal condition, m =1

In this case, the estimate we have on the first two derivatives of w¥ is [|uY(Z,-)]2,00 <
C(T —t)~'/2. Using this estimate we get, similarly to (B8),

t.7
[Pt tiv1 PtE);/J+1:| Y(tjpr,2) < C(T —tjt) o /t Z ’]E‘p% (X¥) = EY(pi ’ ds

=0
(3.13)
3.2.1 Taylor method
The same arguments as the previous section give the global error is
. _
Py, —-Qf yn] flw)y<CY (T- L‘j+1)1/2{(t1+1 —ty)0t?
§=0
i —1) 3 ‘(Qt B )M )’ + (i —tj)(l+1)/2}
hEH
+|:Pn1t Qtnlt}f(m)‘
(3.14)

Since ¢ € C;°(R™;R), in particular it is Lipschitz. The above estimate holds for all
Lipschitz f, so taking f = 1 € H and using the discrete Gronwall inequality, we get

n—2
T
Pe. — Qu ,y,Hn} Fl@) < Cexp | Y (T = tjan) 2t — 1))
j=0
y 3.15
Z —tj)” [(t 1 — )T (g — )2 (3.15)

Jj=

+ [P, -l | f).

21



Now, we recall that in this setting we use the Kusuoka partition II7 with v > [ —1. Using
Lemma 273, we can see that E;”:—&(T —t;41)"Y%(tj41 — t;) is bounded independently of
n. For the other two sums, we also use Lemma P23 and for the final term we use (E72) to
get

B, QE el } flx) <C (n_(l_l)/2 4@t 4 n—'v/2) .

Noting v > [ — 1 gives the result (II0).

3.2.2 Lagrange interpolation method
The same arguments as the previous section give the global error is

JN(r—1)

7., - Q] s <cz ~t0) 21 =t g 11 - to)

k=0

} + (tj41 — tj)(l+1)/2]

(rnj)—1

i Z ‘( ,ynn_Pg,tj_k)goi

EY,
[Pti 1tn Qtn,ly,tn:| ().

(3.16)

Since @; € C;°(RM;R), in particular it is Lipschitz. The above estimate holds for all
Lipschitz f, so taking f = ¢;, i =0,...,d and using the discrete Gronwall inequality, we
get

n—2
[Pg,t - Qv } fla) < Cexp | 1 Y (T —tje1) (01 — 1))
=0
n—2 1 JA(r—1)
- !
XY (T —tj) V2 G AN [T i = tmi) + (e — ) D72
j=0 k=0
L
+ [P -, ] r@).
(3.17)
By part 1 Lemma B3,
n—2
DT = tj1) 2 (tjga — )2 <O D2 (1 — g yn) 712,
=0

Now, we recall that in this setting we use the modified Kusuoka partition II)'" with
v >1—1. We note

n—2 1 JA(r—1)
(T —tj) P [ e —t5n)
= (G+DAnt L4
n—2 1 JA(r—1)
ST ) Rt — ) % | [T (e~ t)
2 Gruam L
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with the left hand term in the product above being bounded uniformly in n by part 1
Lemma P23 and the second term being less than n~ (=1 by part 2 of the same lemma.
For the final term in (BT4), we use (E70) to get

(P —QE [ pw < Cn—n2,

then noting that (n — r)™"/2 = ™2 (1 — r/n)™/2 < n==Y/2(1 — r/n)~"? when
€ (I —1,1), we finally obtain

|:Pé/’tn _ iL,y»Hj,ﬁT] f( ) < C( (1— 1)/2(1 _ 7’/71) l/2 n—(r—l)) )
This proves the result ([I32).

3.3 Lipschitz terminal condition, m > 2

When f is Lipschitz and m > 2, we split the local error into

Ey,I, Yy
(Pt = QU uttynso) = QT — QU8 ultyan, o) (3.18)
"‘[ titit1 Qt tﬁl} (]+17 ) (3‘19)

Equation (BIR) is the error due to approximating the Ep;(X{"Y) by EY(;), and (BI3) is
a one-step cubature error. For the term in (BI8), we note that

E7 1]‘-[’77/
’ |:Qt]7tj+1 - Qtj,zzj+1 :| Uy(tj+17 l')‘ :EQHn

<[V (11, 7) loo Egun

y ) tj,z,y y E )
u (t]+1,XtJJ_+1 )—u (t i+1, th+1 )’

th,fmy EXt VY

ti+1 ti+1
(3.20)
Now, using the Lipschitz property of the coefficients, we note that
Eqn., |X{7Y —F X[ ”‘
Ncup .
< Z Ak Z/ Vi(X5 ™Y (wr), Bpi (X)) — Vi(P X5 (wr), Es(91))| dwi(t,t541)(5)-

We recall the re-scaled path wj(t;,t;11)(s) = \/tj+1 — t; Wi ( i )7 so that, under the
assumption that wy is absolutely continuous,

sup d wi(ti, tir1)(s)] < ! sup d wi(s)
St i < Bl )
SE[tj,tj41] ds I Vij+1 — 1 s€[0,1] ds

So, there exists a constant C' which depends on maxy=1, .. Nc., SUPse[0,1] | Lwy,(s)| such
that

thymy EXt my‘
j ti+

tit1 1

Egr,

Equ, | X2V = X ¥| + By (X0¥) — Ey(y)] ds.

e
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Then, using Gronwall’s inequality, we have

<C\tizi—t; sup  |Epi(XY) — Eq(gs)

s€[t; tj+1]

tj,2,y B yiT.y
Ean th+1 X7 T

Now, going back to (B220), we have
L, E,y,I, /t ’
H ’tijtj+1 o tjgjﬂ} u(tjn,x ’ SOty =t [Sup | |E¢i(Xg Y) - ES(‘Pi)| :
tisti+1
(3.21)

From this point on the arguments depend on the individual scheme.

3.3.1 Taylor method
Using Lemma 24, (B22T) becomes

HQtJ, tan Qtj, o } y(tj+1’$)‘ < C(tjr — tj)l/z{(fjﬂ — ;)

+ 3 [(@F - Ry ) viy)| }
heEH
(3.22)

Since ¢ € C;°(RN;R), we can use the global error from the last section for smooth terminal
conditions contained in (B) to obtain

.,
H - Qr tfﬂ } (%‘Hﬁ)’ gC(th—tj)1/2{(tj+1—tj)q+

J

+ Z [(ti“ — )T+ (b — tz‘)(Hl)/Q} }

i=0
(3.23)

Now, we simply use that ¢;11 —t; < C/n to get:

ot et s oo oo 02}
<C (n—(q+3/2) + n—l/z)
(3.24)

Combining with the local cubature errors and summing up, we get the global error:

[Péj,tn - QiT’y’H"} flx) < C( (a+1/2) 4 7(172)/2> .

3.3.2 Lagrange interpolation method

Now, we only consider the modified Kusuoka partition II7'". Using Lemma 3 part 2 and
Lemma P74, (B220l) becomes

JNn(r—1)

EF, 2 ) - I,
’ [Qtyj,tj+1 - Qtj,t;ﬁl] Uy(tj+1,$)’ < Cltjyr —t;)" "+ Z ‘( y Péj,tj,k> @i

(3.25)
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Using the local error for functions ¢; € C5°(RY;R) contained in (B12), we get

j
’ [Qijj,tj+1 - Qiiﬁl] u?(tj41, :c)’ < COtjpr —t))'? {”T Y {”4 (i = ti)(mw}} '

Now, we simply use that ¢;11 —t; < C/n to get:
) { H - QtE]LtJZiI:| “y(tj+17$)‘ <Cn /2 {nfr +rn {nfr +n D21 - 7‘/”)71/2}}

titi+1
<C (n1/2_7" + n—Z/z(l _ T/n)—z/z)
(3.27)

Combining with the local cubature errors and summing up, we get the global error:

L ~y,r .
(P8, = QM fla) < € (w2 40221 — ) 12),

4 Numerical Examples

4.1 Example 1

In this section, we implement and compare both algorithms. We consider the following
example with dimensions N =d = 1:

t
X =q +/ E [X>"] ds + By,
0

which has the explicit solution
X¥ =ze' + By.

In this case, IEX;/J @ = ze! so the Taylor approximation of order ¢ is easy to compute:
0, T ok
7 (BX07) =30 5
k=0

We choose the Lipschitz terminal function f(x) = 2% := max{x,0} and, by integrating
the Gaussian density, we can compute

sy = i (5) 2010 )

where ¢ and ® are the density and cumulative distribution function, respectively, of a
standard Gaussian random variable. We use the cubature formula of degree 5 contained
in Lyons & Victoir [B7]. We use a fourth order adaptive Runge-Kutta scheme to solve
the ODEs. We choose our parameters in order to achieve the optimal rate of convergence
as given by Theorem 4. Since the coefficients are uniformly elliptic, expect to be able
to achieve order 2 convergence with a cubature formula of degree 5. So, we only need to
choose ¢ > 1 and v € (4,5) to achieve quadratic convergence in the Taylor method, and
r > 3 in the Lagrange interpolation method. We choose the parameters (z,T,v,q,7) =
(0.5,10,4.5,2,3) and the results are presented in Figure M. We fit a line to the last four
points on the log-log error plot and calculate its gradient as an estimate of the rate of
convergence. We see that both methods achieve the expected quadratic convergence rate.
In this simple example, the convergence is quite smooth and the Taylor method performs
better than the Lagrange interpolation method.
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Figure 1: log-log error plot comparison between the Lagrange interpolation
and Taylor methods for Example 1. The gradient of each solid line is given
by a linear regression on the last 5 points.

4.2 Example 2

We implement an example where the coefficients are not uniformly elliptic and N =d = 2.
We write Xt0 = (th, Xf) to lighten notation slightly. The example we consider is

XN\ [ "([2+sin (EX?)] v [T XE 2
() = () + (oo () oo

where the coefficients are

2 + sin(z’)

Vo=0, Vi(zi,22,2') = ( .

) ) ‘/Q(xlvm27m/) = <x2) ) ‘Pl(ml,a@) = T2,

1

for all (z1,22,2") € R%. We note that at z; = 0 the coefficients degenerate. Second, we
note that

€
Viazy (@1, 22, 2") = (2 + sin(z") — 1‘1) '

Since z1 and 2 + sin(x') — 21 cannot both be zero at the same time, we see that V;, Vs
and V[(1,2)) span R?. The coefficients therefore satisfy Assumption I3 (A1), the uniform
strong Hormander condition, for m = 2. For m = 2, with a cubature formula of degree
5, we expect to achieve a convergence rate of 3/2 according to Theorem IA. To do so,
we have to choose v € (4,5) and r > 7/2. We choose the parameters (z1,22,T,7,7) =
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(1,0.5,1,4.5,4), with the terminal function f(z) = x*. We implement the cubature
formula of degree 5 in dimension d = 2 from Lyons & Victoir [B7]. In this case, the
cubature measure is supported on N¢yp, = 13 paths. We could not find an explicit solution,
so we compare the cubature approximation to a Monte Carlo approximation with Euler-
Maruyama discretisation. The results are presented in Figure B. In this example, the

&
o

—~ ‘
— o Lagrange
grang
8 A Gradient = -2.05| |
— P o Taylor
O Gradient = -1.97
@ 1.5 0} o -
>
or— N
+~  2r N 1
ae! >
P 8] )
S'_{) 25 ° © 3 ]
SN——" Q
2 3+ ? €] i
80 oy
< ] 5
r—O( 35 | | | | |

o

0.2 0.8 1 1.2

logyo(n)

Figure 2: log-log error plot comparison between the Lagrange interpolation
and Taylor methods for Example 2. The gradient of each solid line is given
by a linear regression on the last 5 points.

convergence is not as smooth as Example 1, but the log-log error plot looks approximately
linear after 7 steps. After this, the performance of each algorithm is remarkably similar.
Empirically we observe second order convergence, whereas Theorem [ predicts a rate of
3/2.

A Derivative estimates for time-inhomogeneous parabolic
PDEs

In this section, we obtain estimates on the derivatives of the solution of the linear parabolic
partial differential equation (PDE)

(O 4+ L) u(t,z) =0, (t,z) €[0,T) x RY

w(T,z) = f(x), xeRY ’ (A1)
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where f is either Lipschitz or continuous and bounded, and L; is the time-inhomogeneous
differential operator, written in Héormander form,

Ly =Wolt ZW

The connection between parabolic PDEs and stochastic differential equations has been
well-studied. Under various types of conditions on the vector fields Wy, ..., Wy and ter-
minal condition f, the solution to (BE) is given by u(t, ) = E[f(X%")], where (X5%)sepm)
solves the following Stratonovich SDE driven by a Brownian motion B = (B, ..., Bd)7
with the convention BY = t,

d s
T=z4 Z/ Wi (u, Xo%) o dBL. (A.2)
ot

In the homogeneous case, Kusuoka & Stroock [B2] under a uniform Hérmander condition
and subsequently Kusuoka [B1] under the weaker UFG condition, establish sharp estimates
on the derivatives of the solution of (B). Crisan & Delarue [d] extend this analysis to
semi-linear equations. To our knowledge, these results have not been obtained without
using Malliavin Calculus.

When the vector fields defining the time-inhomogeneous SDE are smooth in time and

n RN+1

space, we can consider the space-time process (t, X? I) and adapt existing

te[o,T

results in the literature. There are three main works We[ dr]aW on: we first show how to
adapt the results of Kusuoka [31] to derive gradient bounds in the directions of the vector
fields except Wy; we then adapt an argument from Crisan & Delarue [9] to prove that the
time-inhomogeneous semigroup is a generalised classical solution to a parabolic PDE, and
finally using this PDE as a tool, we adapt a result from Crisan, Manolarakis & Nee [[I3]
to derive gradient bounds in the direction of all the vector fields, including Wj.

We introduce the first assumption which we make throughout this section.

Assumption A.1. Wy,..., Wy € C;°([0,T] x RY;RY).

Under this assumption, (A=) has a unique strong solution. Now, let us define the
RN+1

t,x

s )Se[t,T], , which solves

space-time process (5(5”)) ) = (s,X taking values in
se(t,T

the equation

Tl (i) +/ts (WO( . ) du+2/ ( o >> odBi.  (A3)

Defining 7 := (t,z) € RV "1 and WO, cee Wy : RN+ o RNHL a5 follows:

VE e RN W) = (W;@)), Wi (@) = (WZ_O@)) fori=1,....d,

we can re-write (A=) more compactly as

_ +Z / (X7) o asi. (A4)

As we shall see, by working under the relaxed UFG condition (see Assumption B3), the
solution of the PDE (&) is not necessarily differentiable in each co-ordinate direction in

28



RY. The solution of (A remains differentiable in certain directions, determined by the
vector fields Wy, ..., W;. We now explain what we mean by such a directional derivative.
We can identify vector fields, U : R™ — R™ with differential operators acting on

sufficiently smooth functions ¢ : R™ — R by
Vy eR™: Up(y) = Vely) -Uly) =Y U'y) dye(y). (A.5)

We can define a directional derivative of ¢ in the direction U, even when d,,¢ does not
exist classically for all j =1,...,m. Let ws(y) be the solution to the ODE

~—

dws(y
ds
wo(y) = y-

=U(ws(y)), >0 (A.6)

We say that ¢ is differentiable in the direction U if the function s — p(ws(y)) is differen-
tiable at 0. Then, we denote

d

Uply) = —-p(ws(y)) )

which coincides with () when ¢ € C'(R™;R). In fact, we will see that the semigroup
associated to equation (A7) is differentiable in directions determined by commutators of
the vector fields. The Lie bracket, or commutator, between two vector fields U and W is
then defined the differential operator

which can be identified with the vector field
(U, W](y) = 0W (y)U(y) — U (y)W (y),

where OW (y) := (0, W*(y))1<i,j<m is the Jacobian matrix of W and similarly for OU.
Since we have assumed the vector fields WO, e Wd to be smooth, we can repeatedly

take commutators of them. Recall the notation A for multi-indices on {0,...,d} from

Section [I. We define W[ab for o € A inductively by forming Lie brackets on RV*1!:

W[i] = Wi /V\V/[a*i] = [/V\V/[a], W;] for i=0...,d, a« € A.
We note that for all a € Aj(m) (ie. for a # (0)) the first component of the vector
field W[a] is zero. So for o € Aj(m), a derivative in the direction W[a] of a function
RN 5 (t,2) + é(t,2) € R only acts in the x variable. We can therefore write {W[a] (t) :
a € Aj(m)} and think of these as differential operators parametrised by ¢ and acting in
the x variable. Only the vector field WO acts in the ¢-direction.

With these concepts in mind, we can now introduce the second assumption we make
on the vector fields.

Assumption A.2. ﬁé(m) condition: there exists a positive integer m such that, for
all @ € A with ||a|| > m, there exist pq 5 € C5°([0,T] x RN ;R) with

Wt o) = > @aplt,z) Wit o).
BEAL(m)
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Remark A.3. Assumption [A22 is not sufficient to obtain the reqularity of the law of the
associated non-homogeneous (time dependent) diffusion process X . Indeed, as observed in
[7], the process X may not have a (smooth) density with respect to the Lebesgue measure
even when the vector fields Wy, ..., Wy satisfy the Hormander condition. However, as
we show below, Assumption A2 suffices to allows us to derive gradient bounds of the
corresponding (time-inhomogeneous) semigroup. These results hinge on the integration by
parts formulae included in Theorem [AZX below which give representations of directional
derivatives

Wia] (8) -+ Wia, (1) (Pos f) (@)

of the semigroup P, sf. In order to duplicate the results in [lI], we would need to deduce
integration by parts formulae (and subsequent bounds) for quantities of the form

Phs(Wia () -+~ Wi, (8).) ().

For classical SDEs, such results were obtained in the paper [16]. As the differentiability
of the transition kernel of the solution time-inhomogeous stochastic differential equation
(B3) is not required for the analysis of the cubature method (or for it to work), we did
not need to develop the corresponding integration by parts formulae here.

A.1 Kusuoka-Stroock processes

This class of process was introduced by Kusuoka & Stroock [B3]. They will appear as
Malliavin weights in our integration by parts formulas. The definition and properties
we give here record the regularity and growth of these processes with respect to different
parameters. The results allow one to develop integration by parts formulas in a systematic
and transparent way, which automatically leads to nice derivative estimates.

Definition A.4 (Kusuoka-Stroock processes). Let E be a separable Hilbert space and let
r € R, M € N. We denote by K.(t, E, M) the set of functions: ®; : (t,T] x RN —
DM:>(E) satisfying the following:
1. For all s € (t,T], the map RN 3 x +— ®y(s,x) € LP(Q) is M-times continuously
differentiable for all p > 1.

2. For any p > 1, any multi-index « on {1,...,N} and m € N with |a] + m < M, we

have
—r/2 «
sup sup (s—t 05 ®i(s,2)||pm, < 0.
wERN se(t,T]( ) 1024(5 oo ey (A7)
Remark A.5. 1. The number M denotes how many times the Kusuoka-Stroock func-

tion can be differentiated and r measures the growth in (s —t).

2. This definition is slightly different to that in [33]: here our processes are defined on
(t,T) instead of (0,T] and we require continuity in LP(Q) rather than almost surely.

We record here some properties which help when building Malliavin weights later.

Lemma A.6. a. If®, € Ki(t,R, M) is F-adapted, and we define
Vi(s,z) = [ ®y(u,2)dB} fori € {1,...,d} and I'(s,z) := [ ®(u,z)du, then
U, e KL (t,R,M) and Ty € K ,(t, R, M).
b If @5 € KI(t, R, M;), i =1,...,n then Y 1) @5 € Kot ¥ (t, R, min; M;) and
1o, ®ei € KL (8, R, ming M;).

Proof. The proof is essentially the same as the proof of Lemma 75 in [[I3]. O
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A.2 Integration by parts & derivative bounds
We are now in a position to prove the main integration by parts result.

Theorem A.7. Assume that Efé(m) holds and fix s € (t,T)|. Then, for any a1,...,0, €

Ay(m), there exist @), . € Ko(t,R) and ®7, . € Ko(t,RYN) such that for f €
C*(RY;R),

— — _lleali+etllomll -

Wia ) (#) -+ Wia, ) (1) (P f) (2) = (s 1) 2 E[f(X0%) oy, an(5,2)] 5 (A8)
and

—~ el llap 1l
P

Wiaa (0 Wia () (Prof) (@) = (s — 1) BTS0) ¥o0)]

A9
Moreover, for f continuous and bounded or Lipschitz, P, sf(x) is differentiable in the
directions {Wq(t) : a € A1(m)} with

—Ueql+-tlanl)
2

D (Wi (0 Wia)(0) (Prof) (2)] £ C e (s =)~ 75 70, (A0)
and
S (Wi () Wi, ) (0) (Prof) ()] < C g (s = 55720, a

in each case, respectively.

Remark A.8. We emphasise here that each W[al] (t) is a differential operator acting in x,
parametrised by t, applied to the function x — P, ¢ f(x). These results are not valid for e.g.
W[al](u)Pt,Sf(x) when u # t. We develop estimates on the derivative of (t,x) — Py sf(z)
as a function on [0,T] x RY in Proposition AI3.

Proof of Theorem [AZ1. Since the UFG condition is precisely the UFG condition intro-
duced in Kusuoka [31] on RVT! we can use the results there. We use the notation

P,g(z) :=E [g ()N(f)] for a suitably integrable function ¢ : RV ! — R. By Kusuoka [31]

Lemma 8 (see also [I5] Corollary 32), we know for any aq,...,a, € Aj(m), there exist
il € Ko(R) and @7, € Ko(RN+1) such that for g € C3°(RVTL:R),

Wia)(®)+ Wia,(8) (Pag) () = (s = ) E[g(XD) 0L, 0, (5,3)],

Oy,

_ g+ Fllandl
2

and

— _ et tllen—all
2

Wi (8) -+ Wi, (8) (Pog) (@) = (s 1)
Now for any function f € Cg°(RY;R), we can extend it to g € C;°(RV T R) by g(t,2) :=
f(z). We then immediately have the integration by parts formulas (BA=S) and (Bd). We
get the bound stated in (A1) with the constant

C = sup sup E}‘btlal _“an(s,as)|,
s€[t,T) z€RN i

S TRRNC 7Y

E [vg(fcf) 2 (s, f)} .

and a standard approximation argument gives the same estimate for bounded and con-
tinuous f. Similarly, we obtain the bound in (BT with constant

C= sup sup E|(I)?,a1 ..... an(8,$)|,
s€t, T] xeRN

and a standard approximation argument allows one to obtain the same bound for f Lip-
schitz with ||V f]|« replaced by ||f|lLip- O
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A.3 Uniform Hormander setting

In this section, let us consider a stronger assumption than the ﬁé(m) condition. Sup-

pose that a uniform strong Hormander condition of order m holds - that is

Assumption A.9. USH(m) : There exists § > 0 and m € N such that for all £ € RV,
inf Z <W[Oz](tvz)?€>2 > 6‘&2

(t,2)€[0,T] xRN ac€Asq(m)

In this case, we recover differentiability of x +— P, f(x) in all directions.
Corollary A.10. Assume USH(m) holds. Let n be a multi-index on {1,...,N} and let
f be Lipschitz. Then,

sup 0" (P f) (@)] < C | fllap (T — 1)~ (=0m/2,

zERN

Proof. First let f € C;°(RY;R). For the first order derivatives,

N

OLE [f(X5")] = D E[0"F(XE") 0L(XF5)] .

k=1

For the higher order derivatives, we note that there exist F' € C°([0,T] x RY;R) such
that

€; = Z Fg(t’x) W[a](tax)a

a€A>(m)

where e; is the j-th standard basis vector in RY. To see this, define W(t, ) to be the
N x card(Ax>1(m)) matrix whose columns are the vector fields (Wa))acas, (m) evaluated

at (t,z). USH(m) guarantees that WW' (¢, x) is invertible. Then,
Fg(t,:r) = (WT[WWT]*I(t,x) 6j)a

satisfies the above relation. Then, for the second order derivatives,

N
0P VR [f(XF")] = Y OIE [0" F(X7") 04(X5")']

k=1

N

=5 3 Fi(ta) Wi (t) (B [0 F(XET) 8L(XE")H]) .
=la€A>1(m)

We note that 9.(X5")* € Ko(t,R), so we can apply the IBPF in Kusuoka [31] Lemma 8
to obtain the existence of Hy o € Ko(t,R) such that

N
OUIE [f(X5™)] = Z Z Fi(t,x) (T —t)" 1?12 E [0" f(X57) Hy o (T, )]
k=1a€cA>q(m)

N
= (T — )™ E [0 f(X5") Hyjr(T, )]
k=1
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where

Hyjju(Tox) =Y (T —t)"1eD2EI(t, 2)H, o (T, 7) € Ko(t,R),
a€A>q(m)

and we have used that for all o« € A>1(m), ||af| = |a| < m. We get the bound:

sup |09VE [F(X5")]| < (T = )2V £ S sup B[ fy5(T, )]
z€RN Lh—1 TERN

We can iterate this argument to arbitrary order. Then we can get the bound for a Lipschitz
f using the same approximation as before. O

A.4 Connection with PDE

In this section, we make use of the integration by parts formulae of Theorem BT to
extend the notion of classical solution to the PDE (B) to the case when the solution is
not classically differentiable in all directions. The notation and arguments in this section
closely follows Crisan & Delarue [d], who provide a similar notion of solution to semilinear
PDEs with coefficients which do not depend on time. The idea is very simple: it is
a standard result that for a terminal condition f € C.° (RY;R) the PDE (BAT) has a
classical solution. For f &€ CP(RN ;R), we consider a sequence of smooth approximations
(fi)i>1 to which we can associate solutions (v;);>1 to (B). For each v; we can use the
integration by parts formula of Theorem B2 to write the derivatives W2(¢)v;(t,z) in a
form which does not depend on any derivatives of f;. We then show that the PDE still
holds in the limit I — oo.

We introduce some function spaces we will need to define what we mean by a classical
solution. We denote by B(0, R) the open ball in RY of radius R > 0 centred at zero. Let
¢ €C0([0,T — 1/r] x B(0, R); R) and define

W07

yioo = I8ll[o,7=1/R)xB (0, R)s00 + IWo ()@l 0.7—1/ 7120, Ryso0

Define D%’;OO([O,T — 1/R] x B(0, R)) as the closure of CZ‘,X’([O T — 1/R] x B(0, R); R) in
0

Cy([0,T — 1/R] x B(0, R); R) with respect to the norm || - [|}¥%: oo And define

DE([0,T) x RY) := (] DE2°([0,T — 1/R] x B(0, R)).
R>1

Now, take ¢ € CZ‘)X’(RN; R) and, for any ball B, define

d
el = [ lls00 + > Wi (£))]15,00,

i=1
and .,
[llsse = g o + D W2 (0 s,
i=1
We define Dévo(ot) (B) to be the closure of C;°(B;R) in Cp(B;R) with respect to || - ||W(t
and
2 oo
o®Y) = (] D, (B0, B)).

R>1
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Definition A.11 (Classical solution). We define a function v : [0,T] x RN — R to be a
classical solution to (B) if the following three conditions are satisfied:
1. v e D%OC([O7T) x RN and for each t € [0,T), v(t,-) € Divo(i)(RN), such that for
0
i=1,....d,
[0,7) x RY 3 (t,z) v (Wi(t)u(t,z), W} (t)u(t, x))
s a continuous function.
2. For all (t,2) € [0,T) x RY,
. 1
Wov(t, Z‘) + 5 Z WiZ’U(t, Z‘) =0

=1

3. lim  v(t,y) = f(z) for all z € RY.
limulty) = (@) 1

2,00

Remark A.12. 1. Note that since, in general, the space Dw(t)(]RN) is different for
each t € [0,T), our definition requires that v(t,-) belongs to a different space at each
time t € [0,T).

2. If ¢ € CY2([0,T) x RY;R), then ¢ € D;VPO([O,T) x RY) and ¢(t,-) € Dy, (RY) for
all t € [0,T). Moreover,

||¢||[0 1/ xBO.r)00 < CRAIOll0,7-1/m 580,00 + 118:0ll10,7-1/R)xB(0, R);00
+ V0l {0,171/ R xB(0,R);00 |
1610 00 < Cr {16, B0, R)s00 + V(B (0, B1:00 + IV2E(E 0, R)z00 }

where
Cr =1+ |Wolljo,r—1/R)xB(0,R);00 + Z Wit B0, Rys00 + 10Wilt, )80, R)s00

It is then clear that our definition truly is an extension of the usual definition of
classical solution.

With this definition in hand, we have the following theorem.

Theorem A.13. Assume that ﬁé(m) holds and let f : RN — R be continuous with
polynomial growth. Then, v(t,x) := P.rf(x) is a classical solution to (B). It is also
the unique solution amongst those which satisfy the following polynomial growth condition:
there exists ¢ > 0 such that

lo(t,z)| < C(1+ |2))? Vte[0,T),z € RN

The proof of uniqueness relies on an It6 formula valid for functions differentiable in
the directions of the vector fields. We will also need a stochastic Taylor expansion based
on this formula in Section BA=G for the analysis of the error in the cubature on Wiener
space algorithm.
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Lemma A.14. Let v: [0,T) x RY — R satisfy part (1) of Definition @13 and be of at
most polynomial growth. Then, for all u € [t,T),

v(u,XZ’z):v(t,x)—i—/ Wo(s)v(s, X0 + ZW2 (s, X'7)| ds
t
(A.12)
+ Z / Wi(s)v(s, X1%)dBE.
Proof. This can be proved by a mollification argument as in Proposition 7.1 in [4]. O

We can now prove Theorem BT3.

Proof of Theorem [AI3. Existence: Denote by (f);>1 a sequence of mollifications of f.
Since f is continuous, f; converges to f uniformly on compact subsets of RY. Since
u(t,z) —v(t,z) = E [fi(X3") — f(XF")], it is clear that v; converges to v uniformly on
compact subsets of [0, 7] x RY. Therefore, v is continuous up to the boundary at t = 7.
Now, consider the integration by parts formula for W;v; and Wiv; provided by (ER) as
part of Theorem B71. We get

Wini(t,x) = (T = )72 E [ (X5} (T )]

Weu(t,@) = (T =) B [i(XF)DL ;) (T,2)]

where, crucially, @}7(1-),(1)%’(1-71-) are independent of f;. Then, considering the differences
Wivi(t, ) — Wi, (¢, ac) and W2u(t, z) — W2, (t, ) over compact subsets of [0,T) x RY,
we see that (W, W vy)i>1 converges uniformly on compact subsets of [0,7) x RY. This
proves that W;v, W2v exist and are continuous. Now, each f; € COO(RN R) so associated

to each, there is a classical solution v; of the PDE (Bl). Since Wou, = ~3 ZZ L W2, and

W2v, — W2v uniformly on compacts in [0,7) x RY, we get that v € DWO ([0,T) x RN).

Moreover, taking the limit in the PDE satisfied by v; shows that it is also satisfied by v.
Uniqueness: Using the It6 formula in Lemma BT4, we have for u < T

v(u, X57) :v(t,x)+/ Wo(s)v(s, X1%) + ZWQ (s, Xb")| ds
t

+Z/ Wi(s)v(s, X1*)dB.

Using part (2) of the definition, the drift term is zero and

v(u, X57) = v(t, ) +Z/ Wi(s)v(s, X5")dB.. (A.13)

Now, using that v has polynomial growth and X.* has moments of all orders, we can
easily show that the left hand side of (BAT3) is square integrable, and so the right hand
side is too. Hence the right hand side is a true martingale and we can take expectation
in (BT3) to get

Ev(u, X5%) = v(t, )
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and using part (3) of the definition (continuity of v at the boundary t = T') we can take
u /T to get
Ef(X7") = v(t, @),

which proves uniqueness. U

A.5 Derivatives in the direction WO

In Theorem BT, we established integration by parts formulae for derivatives of =
Py f(z) in the directions {Wy(t), € Ai1(m)}. However 0 ¢ A;(m), so we have no
control over derivatives in the direction W. Using that P, 1 f(z) solves PDE (IA) we are
now able to estimate derivatives in the WO direction.

Proposition A.15. Assume (/]_Z}E(m) holds. Let o = (o, ...,ap) € A and use the no-
tation Wy (t) = Wy, (t) - -- Wa, (t). Then, the function v(t,z) := P, f(x) is differentiable
in the directions V[Nfo(t), Wi(t),...,Wal(t) and the following bounds hold for all t € [0,T):
for f continuous and bounded,

sup [Wa(o(t,2)] < O flloe (7 = 1) =450 (A.14)
T€RN
For f Lipschitz,
foe 1—(leg I+ +llenlD
sup )Wa(t)u(t,m)' < O fll iy (T — t) el (A.15)

zERN

Proof. Thinking of the WO, Wi,..., Wy as differential operators acting on functions in
C>([0,T] x RN;R), Corollary 78 in [I5] shows that W,, o € A satisfies the following
convenient identity

llell

Wav = Z ca;ﬁl;<~',51W[ﬂ1]"'W[ﬁi]v7 (A.16)
i=

1 By, Bi €AL,
1B+ +Bs =l el

where cq g, ,

ey

3; € R. The importance of this identity is that the left hand side contains

derivatives possibly in the direction W, whereas on the right hand side, there are only
derivatives in directions W4}, a € A; which does not include Wj.

Hence,
’Woﬂj <C sup Wigy--Wigv|
BB €AL,
IBl+--+lIBal =]l
this being exactly the type of term we can control by Theorem B—2. O

Now, define, for ¢ € C;°([0,T — 1/R] x B(0, R); R), the norm

W,n ._ w
||<p||[0,T—1/R}><B(O,R);oo = Z [Wael
acA(n)

(0,7—1/R]xB(0,R);005
and define 73”([0,? — 1/R] x B(0, R)) as the closure of C;°([0,T7 — 1/R] x B(0, R); R) in
Cy([0,T — 1/R] x B(0, R); R) with respect to this norm. Then, set

D=(0,T) xRY):= (| D"([0,T —1/R] x B(0, R)).

R>1,n>1
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Lemma A.16. The function v(t,x) := P.rf(x) is a member of YS‘X’([O,T) x RY) for all
f € C,(RY;R).

Proof. We take a sequence (f;);>1 of smooth approximations of f and associate a v;
to each. For any n € N and any o € A(n), we can use the identity (BTH) to write
Wa(t)ui(t, z) as a linear combination of terms of the form Wig (t)vi(t, z) where 3 € A;(n).
This allows us to apply the integration by parts formulae in Theorem BT to write

W ()t x) =t 112 E [f{(X37) Dy o (T, 7))
for some @, , € Ko(t,R). This converges over compact subsets of [0,7") x RN, O

The above lemma is used in the next section where we need to perform a stochastic
Taylor expansion of v(¢,x) := P, f(x) for Lipschitz f.

A.6 Stochastic Taylor expansion

Proposition A.17. Let f be Lipschitz continuous and assume that ﬁ_é(m) holds for
some m € N. Then, u, the solution of equation (B) admits a stochastic Taylor expansion
fors<T

u(s, Xb%) = > Wau(t,z) If(1) + R(,t, 5, 2),
acA(l)

with the following estimate on the remainder

142
sup ||R(l,s,t, )|, <C Z (T — )~ F=D/2(5 — t)=F/2, (A.17)
z€RN k—it1

This leads to a one-step cubature error estimate of

1+2
sup |E [u(s, X1")] — Eq, . [u(s,Xix)H <cC Z (T — s)~F=D/2(s — t)7F/2 (A.18)
rERN k=Il+1

Proof. For any g € C°([t,s] x RY;R), the following Stratonovich-Taylor expansion is
contained in, for example, Kloeden & Platen [23, Theorem 5.6.1]

g(s. X0 = Y Wag(t, ) I, (1) + R(,t, 5, )
acA(l)

where —
Ritsag)= Y, 10, (Wagl X)),
—BeA().BEA(l)
It is not immediate that this expansion is valid for g = u, the solution of equation (B)
since it is not differentiable in all directions. However, the Stratonovich-Taylor expansion

follows from repeated application of the It6 formula contained in Lemma BET4. We recall
Lemma B8, which says that (t,z) — P, rf(z) € D®([0,T) x RY). This guarantees
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we can apply It6’s formula as many times as we wish and so the Stratonovich-Taylor
expansion is still valid. We then have the following estimate for g = u

sup ||R(l,s,t, )|y < Z HIES (Wgu(,Xt’”)) H
z€RY —BEA(),BLA() ’
142 .
< sup sup ‘Wgu(p,a:)) HIES(I)H
571 BEAG) (pa)eltsl xRN 2
142

<C Z sup sup ’Wgu(p, x)‘ (s —)7/2, (A.19)
j=Il+1 BEA®G) (p,x)€Elt,s] xRN

where we have used the standard moment estimate on iterated Stratonovich integrals

17 .(1) H < C(s—1)IP1/2 A similar estimate holds under the one step cubature measure,
’ 2

t,s :
I+2 ’v 4
sup ‘IEQLSR(Z,t,S,xH <C Z sup sup ’Wgu(p, x)‘ (s—t)/2.  (A.20)
zERN ' j=it1 BEAW) (px)€[t,s] xRN

This is a standard estimate on iterated integrals of bounded variation paths. The constant
C' depends on d, [ and the length of the cubature paths. Inequalities (ETU) and (B=20)
give us control over the error in approximating P; sg(t,-) by Qsg(t, ),

sup |E [u(s, XJ7)] — Eq,, [u(s, X2")]| = sup |(E —Eq, )R(l,t,s,)|
zERN 2ERN
142
<C Z sup sup ‘Wﬂu(p, x)‘ (s —t)7/2.
j=Il+1 BEA(F) (px)ElL,s] xRN
(A.21)

To bound .
sup ‘Wgu(n x)‘ ,
(p,m)e[tj,tj+1]XRN
we use the estimate provided in (BTI3) and taking the supremum over p € [t;,t;41], we
get

sup sup ‘Wgu(p,a:)‘ < C(T —tjq) /2,
(p,x)€Elt,tj11] xRN BEA(H)
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