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Abstract It was pointed out by Crisan and Ghazali that the error estimate for the cubature on Wiener
space algorithm developed by Lyons and Victoir requires an additional assumption on the drift. In this
paper we demonstrate that it is straightforward to adopt the analysis of Kusuoka to obtain a general
estimate without an additional assumptions on the drift. In the process we slightly sharpen the bounds
derived by Kusuoka.
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1. Introduction

In pricing and hedging financial derivatives as well as in assessing the risk inherent in
complex systems we often have to find approximations to expectations of functionals of
solutions to stochastic differential equations (SDEs). We consider a Stratonovich stochas-
tic differential equation

d
Aére =Vo(&ew)dt+ > Vi(&a) 0dB], o =1, (1.1)

i=1

defined by a family of smooth vector fields V; and driven by Brownian motion. It is
well known that computing Pr_.f := E(f({r—+)) corresponds to solving a parabolic
partial differential equation (PDE). The cubature on Wiener space method developed by
Lyons and Victoir in [13], following Kusuoka [5] (in the following also referred to as the
KLV method), is a high-order particle method for approximating the weak solution of
stochastic differential equations in Stratonovich form. To obtain high-order error bounds,
the test functions are assumed to be Lipschitz, and the vector fields defining the SDE
satisfy Kusuoka’s UFG condition (see [6]), which is a weaker assumption than the usual
uniform Hormander condition.

High-order particle methods have since been shown to be highly effective in practice
(see, for example, [14,15]) and further extensions and applications of cubature on Wiener
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space have been developed by various authors. Applications include the nonlinear filter-
ing problem [2], stochastic backward differential equations [3,4], calculating Greeks by
cubature methods [17] and extending the KLV method by adding recombination [10].
It was pointed out in [2] that the analysis of the error bounds in [13] requires an addi-
tional assumption on the drift (see Definition 2.5) and thus the question of whether this
additional assumption is necessary to derive high-order error bounds was raised.

We first give a brief introduction to cubature on Wiener space and outline how the
need for an additional assumption on the drift arises in [13]. Then, based on [9], we
demonstrate carefully how the analysis in [7] can be adopted to derive similar bounds for
cubature on Wiener space. We show, for the KLV method based on a cubature measure
of degree m over a k step partition D, that the error Ep can be bounded by

2m
Bo = s [Epf(€n) — Fof (€ <O 3 Py + 502195

z€RN j=m+1

for any s € (0,1]. Note that these bounds do not contain any higher-order derivatives in
the direction of the drift V[ and, although our proof contains many elements of the analy-
sis of a version of Kusuoka’s algorithm carried out in [7], we obtain slightly sharper error
bounds in the process involving 2m instead of m™*! derivatives. For suitable families
of partitions (first considered in [5]) the error bounds immediately lead to convergence
of order (m — 1)/2 in the number of time steps in the partition. Finally, we clarify the
relation of the KLV method to the version of Kusuoka’s algorithm analysed in [7].

2. Cubature measures

Let C°(RY,RY) denote the smooth bounded R¥-valued functions whose derivatives of
all orders are bounded. Then V; = (Vii,...,VN) € C°(RY,RY), 0 < i < d, may be
identified with smooth vector fields on RY. We denote by C§([0,T], R?) the continuous
R?valued paths starting at the origin and by C’g’bv([O, T],R9) the set of those paths that
have in addition bounded variation. Let B = (B}, ..., B{) be a Brownian motion and let
BY(t) = t. Let &, t € [0,T], z € RV, be a version of the solution of the Stratonovich
SDE (1.1) that coincides with the pathwise solution on continuous paths of bounded
variation (recall that the set of bounded variation paths have zero Wiener measure). We
define the Ito functional &7, : C§([0,T],R%) — RN by

¢T,ZL’ (w) = £T,a: (w) .

The particular choice for the version of the SDE solution when defining &; , implies that
the It6 functional for a bounded variation path w coincides with the usual ODE solution
of (1.1) along the path w.

Define the set of all multi-indices A by A = [J;2{0,...,d}* and let o« = (a1,..., ) €
A be a multi-index. Furthermore, we define a degree on a multi-index « by || =
k4 card{j: o; = 0} and

A(j) ={a € A: |afl < j}-
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Let A; = A\ {0,(0)} and A;(j) = {a € A;: ||a| < j}. Following [7], we inductively
define a family of vector fields indexed by A by taking
Vim=0, Vg=Vi, 0
Vv[(ozl,...,oek,i)] = [Vv[a]vvg]v 0<i<

Moreover, let V, = V4, - - - V4, , where the composition is taken in the sense of differential
operators. Finally, we define a family of semi-norms on the space of functions Cg°(R™):

k
vie=> > IVl Vi flle:
j=1

Q... 0 ;€AY
leeafl 4+ lejl|=k

/]

It is important to note that these semi-norms contain no derivatives in the direction
of V. For V € C(RY;RY) we define the flow Exp(tV)(x) to be the solution of the
autonomous ODE

X(t,z) =V(X(t,z)), t>0, X(0,z) =z € RV,

A cubature measure on a finite-dimensional measure space is a discrete positive mea-
sure that integrates polynomials up to a certain (finite) degree correctly (i.e. as under
Wiener measure). Together with the Taylor approximation for error estimation, cubature
is a classical and efficient approach to the numerical integration of sufficiently smooth
functions. For the Wiener space setting [13], a cubature measure is a discrete measure
supported on paths of bounded variation and the role of polynomials is taken by the
analogous Wiener functionals (iterated Stratonovich integrals).

Definition 2.1. For fixed T' > 0 we say that a discrete measure Qr assigning positive
weights A1,..., A\, to paths

wj € Co 1 ([0, T],RY), withwl =¢, j=1,...,n,

is a cubature measure of degree m if, for all (iy,...,i;) € A(m),

E(/ odB;‘;...odB;‘;;) :ZAj/ dwi (t1) - - dw!* (), (2.1)
0<t1<---<tp<T j=1 0<t1<---<tp<T

where the expectation is taken under Wiener measure.

By the scaling property of Brownian motion any cubature measure Q7 may be obtained
from @4 by letting wJTZ(t) = VTw!(t/T), j =1,...,d, and keeping the weights of Q;.

Taylor expansions play a crucial role in the estimation of the error when we replace
the original (Wiener) measure by a cubature measure. On Wiener space the bounds for
sufficiently smooth functions are obtained by considering stochastic Taylor expansion.
The following proposition is a sharpened version of Proposition 2.1 in [13].
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Lemma 2.2. Let f € C2°(RY), m € N. Then, for every t > 0,

f(ft,w): Z Va1"'Vakf(x)/ Ongl'“Ongck‘FRm(taxaf)'
(Oél,...,Oék)EA(m) O<t; < - <tp<t
(2.2)
And the remainder process R, (t,x, f) satisfies
m+2
sup \/E(Rm(t,z, f)2) <C > #/? sup 1Vay - Vs Flloos
e S (@) EAGNAG-D)

where C' is a constant depending only on d and m.

Proof. By induction one can prove that the remainder R,, (¢, z, f) of the Stratonovich
stochastic Taylor expansion is given by

Rm(t7x7f)_ Z / 1"'Vakf(ftlaI)OdBtoil”.Ongck'

(a2, Qe EA(m 0<t <<t <t
(a1,...,ar)¢A(m)

The proposition follows from an elementary calculation using the It6 formula (see [9] for
details). 0

The following lemma is the analogue of Proposition 2.2 for the cubature measures Qr,
and its proof may be found in [13].

Lemma 2.3. Let R,,(T,x, f) be the process defined in (2.2). Then we have

m—+2

sup Eq.|Rm(T, 2, f)| < C(d,m, Q1) Y T2 sup Ve, -+ Vai flloos
zERN j=m+1 (a1,..ai)EA(GINA(G—1)

where C' is a constant depending only on d, m and the length of the bounded variation
paths in the support of the cubature measure ().

The constant in Lemma 2.3 can in fact be made explicit (see [2, Example 4]). The
expectations of the Taylor approximation f(§; ;) — Rm(s,x, f) defined in (2.2) under
Wiener and cubature measures coincide by definition of the cubature measure. Hence,
one may apply the triangle inequality to Lemmas 2.2 and 2.3 and deduce that

m+2
sup |E(f(§ta)) — Eqr(f(§e2))| < C Z 51/ sup Vay =+ Ve, flloo-
z€RN j=m+1 (a1,e.y04)EA(GINA(G—1)

(2.3)

In general, the right-hand side of the inequality in (2.3) is not sufficient to directly

obtain a good error bound for the approximation of the expectation; in particular, if

f is only assumed to be Lipschitz, the estimate appears useless. Therefore, instead of
approximating

Prf(z) = E(f(r.2))
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in one step, we consider a partition D of the interval [0, T,
to=0<t1 <<ty =T

with s; = t; —t;_1, and solve the problem over each of the smaller subintervals by apply-
ing the cubature method recursively. If 7 and 7’ are two path segments, we denote their
concatenation by 7 ® 7/. For the approximation we consider all possible concatenations
of cubature paths over the subintervals, i.e. all paths of the form wg, ;, ® - Q@ wy, i,. We
define a corresponding probability measure v as

v= § Ay AigBuyy oy @ Oy i,

11,0 =1

The iterated cubature method may be interpreted as a Markov operator and, hence the
error of the approximation of Prf by E,(f(ér,)) is bounded above by the sum of the
errors of the approximations over the subintervals. The error over each subinterval can in
turn be bounded by applying (2.3) to Pr_¢, f instead of f and exploiting the regularity
of Pr_¢, f. The following result is a corollary to [6, 8]; for a detailed proof see [2].

Corollary 2.4. Suppose the family of vector fields V;, 0 < i < d, satisfy the UFG
condition. If f € C°(RY) and a1, ...,a; € Ay, then
081/2
H‘/[Oq] - ‘/[aj]Psf”oo < sUlanl+—+la;1)/2 HV.f”oo (24)

for all s € (0, 1], where C is a constant independent of s and f.

As the regularity estimates in the previous corollary do not hold in the Vg direction
but the Taylor-based estimates used to obtain (2.3) require a higher derivative in the
Vo direction, it was pointed out in [2] that the analysis in [13] requires an additional
assumption on the drift. We state this as follows.

Definition 2.5 (VO condition). A family of vector fields V;, 0 < i < d, satisfies the
VO condition if
Vo= Y. usVjy
BEAL(2)
for some ug € C°(RY).

The following theorem, from [13], is the main error estimate for the iterated cubature
method.

Theorem 2.6. Suppose that the vector fields satisfy the UFG and V0 conditions.
Then

m+1k—1 (g+1)/2
sup |Prf(a) = Bu(f(er)| < COITT I (52 + X X o5 )

N
zeR szl
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As an immediate corollary one obtains (see [13, Example 14]) high-order convergence
of the KLV method for suitable partitions of [0, T].

Corollary 2.7. Consider the family of partitions given by

1= (-4),

and let vy, denote the corresponding iterated cubature measures. Suppose the vector fields
satisfy the UFG and V0 conditions. Then

Sup |Prf(x) = By, (f(ér.2))| < CE= V2|V f| o,
x€RN

where C' is a constant independent of k and f.

In the rest of the paper we will derive similar bounds for the KLV method that do not
require the additional VO assumption on the drift.

3. Algebraic preliminaries: the free Lie algebra and the signature

In the following we adopt the notation of Lyons and Victoir [13]. Given a Banach space
W, we define the tensor algebra of non-commutative polynomials over W by

mm:éw@
=0

Define TU)(W) to be the quotient of T(W) by the ideal @2, ; W®'. We identify
TU) (W) with the subspace
J
TO(W) = P we.
i=0

In the following we will not distinguish between the algebras of non-commutative poly-
nomials and series, as we always work with their truncations. Let €g,...,e4 be a fixed
orthonormal basis for RGR?. Let T(R, R?) denote the tensor algebra of polynomials over
R @®R? endowed with a grading that assigns degree 2 to g and degree 1 to the remaining
generators (see [13] for the details of the definition).

Let A€ R, a = (ag,a1,...), b= (bg,b1,...) € T(R,R?). Define a homogeneous scaling
operation by

(A a) == (ag, ay, ..., Naj,...),

and the exponential and logarithm on T(R,R?) using the usual power series. Let m;
denote the natural projection of T'(R, R?) onto the subspace TU) (R, R%).

We define a Lie bracket on T(R,R9) by [a,b] = a ® b — b ® a. Let £ denote the free
Lie algebra generated by R @& R? (see [16]). Then L is the space of linear combinations
of finite sequences of Lie brackets of elements in W = R @ R, i.e.

WoW,Wle W, WWw)e---.
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We call an element u of m;(L£) a Lie polynomial of degree j and an infinite sequence of
Lie brackets a Lie series. Note that 7;(£) C TU)(R,R%).

Words of the form e, 1= €4, ® *++ ® £y, @ € AU {0}, form a basis for T(R,R%) (note
that e := 1). Following Kusuoka [7], for

w; = Z WinEq € T(R,Rd), i1=1,2,

acA
we define an inner product and a norm | - |2 on T(R,R¢) by
(w1, w2) = Z WiaW2a, [willz = (w17w1)1/2' (3.1)
acAU{D}

Note that, restricted to TU)(R,R%), all norms are equivalent, as T)(R,R%) is finite
dimensional when regarded as a vector space.

The map sending ¢; to V;, ¢ = 0,...,d, extends to a unique linear map on W and by
the universality property of the tensor algebra extends to a unique homomorphism I'
from T'(R,R?) into the differential operators on RY. The restriction of I" to L is a Lie
map from £ into the smooth vector fields on R¥.

Finally, we collect a number of simple algebraic facts.

Lemma 3.1. Let w € L. Then
(i) the homogeneous scaling (t,-) commutes with exp and log,
(il) 7, log(mmw) = 7, log(w) and 7, exp(m,w) = T, exp(w),

(iii) I restricted to mp, L is a linear map of finite-dimensional vector spaces and hence
commutes with expectations on mw,, L.

Proof. Part (i) is obvious from the definition of log and exp as power series. Part (ii)
follows from the fact that, for a,b € T(R,R?), 7, (mm(a)mm (b)) = 7 (ab). O

For a path ¢ € C&bv([O,T],Rd) with ¢°(t) = t, s,t € [0,7], we define its signature
(also known as the Chen series) Ss;: C{,, ([0, T], RY) — T(R,RY) by

s =Y [ do(tr) @ - @ do(ts), (3.2)

k=0 s<t1 <<t <t

where the summation is to be interpreted as a direct sum. Using Stratonovich iterated
integrals, we may define S, .(oB), the random Stratonovich signature of a Brownian
motion (under Wiener measure).

With these definitions in mind, we can restate condition (2.1) in the definition of a
cubature measure as

E(mn(S0,1(0B))) = Y Ajtm(S0,1.(w)))- (3.3)

Jj=1
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Chen’s theorem (see, for example, [13]) tells us that L; := 7y, (log(So,1(w;))) is a Lie
polynomial. The measure Q, = 2?21 Ajor,; satisfies

E<7rm(SO71(OB))) = EQL(dL) (Trm eXp(L)). (34)

Conversely, for any Lie polynomials L; there exist continuous bounded variation paths w;
with log-signature L;. Moreover, if Q. satisfies (3.4), Q will satisfy (3.3), so the identities
(3.3) and (3.4) are equivalent. The proof of Chen’s theorem can be extended to show that
log(Ss,:(0B)) is a (random) Lie series (see, for example, [11]). Such arguments can be
used to obtain small-time asymptotics of the solution of Stratonovich SDEs (see, for
example, [1]).

Motivated by this discussion, and following [13], we make the following equivalent
definition for a cubature measure on Wiener space.

Definition 3.2. Let m € N and Q. = Z;.lzl Ajor, with X\; > 0 and L; € mp,, (L) for
i=1,...,n. We say Q is a cubature measure on Wiener space if and only if

E(S§" (0B)) = Eg,arymm exp(L).

In the following we will sometimes, where no confusion arises, drop the reference to
the integration variable L and write Eq, in place of Eg (). A cubature measure over
a general time interval [0, 7] may be obtained from @, by homogeneously rescaling the
Lie polynomial in its support and leaving the weights unchanged. We have

E(SS%)(oB)) = Eq,(ap)mm exp((VT, L)).

4. Error estimate for the cubature approximation

In this section we derive our main error estimate and demonstrate that Prf can be
approximated to high order by a cubature measure, and the bounds on the error do not
involve any derivative in the V{ direction (just its Lie brackets).

Theorem 4.1. Let P denote the Wiener measure, and let (Q denote a degree-m cuba-
ture measure supported on paths of bounded variation. Then

2m
sup |Ep (60 - af € <O 3 o2 lvy + 572191 )
ze j=m-+1

for any s € (0,1], f € C2°(RY). The constant C' depends on d, m, Q1,

Sup ||Va Id(')Hoo
acA(m+2)\A(m)

and
Ep|mr(log S(eB))|l5,  Eq,|lmk(log S(eB))[l5, 1<k < 2m.

As an immediate consequence, by substituting [13, Proposition 3.2] by Theorem 4.1,
we obtain the following error estimate for the KLV method that preserves its higher-order
convergence.
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E(f(§) SDE
|
'
E(I (,,So.1(°B)), f(x)) tensor level

Lemma 4.3
E([I'm, (exp(—=&)®S, 1 (e B)f(Exp(V()(x)))

Lemma 4.5

E(fIExplI (7, log(exp(—€4) ® S, ;(cBI)NIEXP(V)(x)])

I
i
I
I
I
I
I
I
I
I
¥

Ef(Exp[IT,, log S, (e B)](x))

flow level

Figure 1. Structure of the approximations.

Corollary 4.2. With the notation of Corollary 2.7, suppose the vector fields satisfy
the UFG condition. Then

sup |Prf(z) — Eu(f(ET,m)”

rERN .
1y A& 51/ (m+1)/2
SOV + X 2 Gy 5
i=1 N j=m+1 v
and

sup |Prf(z) = By (f(€re))] < Ok~ V2|V f .
zeRN

To prove the theorem we will adopt the analysis of Kusuoka [7] to the cubature in the
Wiener space setting. In the process we sharpen the estimates slightly, allowing us to
obtain a bound with at most 2m derivatives instead of m™*! (cf. [7, Lemma 18]). Recall
that Id is the identity function on R defined by Id(z) = .

Before going into technical details we give an interpretation of the ideas developed
in [7], summarized in Figure 1. A stochastic Taylor expansion of f(&, ) can be written
as I'(m,(S0,1(0B))) f(z), i.e. the differential operator obtained from the truncated sig-
nature under the map I" acting on f at x. As the signature takes values in the tensor
algebra, we may call the Taylor approximation the tensor level (approximation). It fol-
lows immediately from the definition of a degree-m cubature measure on Wiener space
that the expectations of the degree-m Taylor approximation under P and @ are identical.
Although the actual cubature step (exchanging the measures P and @) has to take place
at the tensor level, we cannot do it directly, as the error bounds would involve higher
derivatives in the direction of Vj, which we have set out to avoid. Instead, we follow [7]
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and observe that the signature may be written as the exponential of the log signature,
and by interchanging exp and I" we obtain a new approximation at the level of the flow
by f(Exp[I'(mm log So1(oB))](x)). Lemma 4.5 formalizes this statement and allows us
to move between the tensor algebra and the flow level. Crucially, at the level of flows, it
suffices to approximate & , by ét,x in the L' norm, as the bound for the approximation
of f(&.,) is only increased by a factor of ||V f]|s-

A key observation Kusuoka exploits is that if the Lie polynomial defining the flow does
not involve an €y component, the error bound for moving between flow and tensor level
does not involve higher Vj derivatives. By using a splitting argument at the level of flows
(Lemma 4.4), Kusuoka can replace the log-signature by a Baker—Campbell-Hausdorff-
style term that does not involve €y. This allows him to move to the tensor level and
complete the approximation without using higher Vj derivatives.

To apply Kusuoka’s argument to cubature on Wiener space we will go through this
approximation process (the solid lines in Figure 1) for both the Wiener measure and the
cubature measure. By using the defining cubature identity (3.3), we will then be able to
see that the approximations at the end of each chain agree and obtain the desired bound.

The following two lemmas may be found in [7, Corollaries 15 and 17] and we will state
them without proof.

Lemma 4.3. Let m > 1, then there exists C > 0 such that

|Ep(f(&s.2)) — Ep{f (Exp[I'my(v/s,log So.1(oB))]())} < Cs™ 2|V |
for any z € RN, s € (0,1] and f € C°(RY).

The second lemma is the splitting argument at the level of flows mentioned in the
previous discussion.

Lemma 4.4. Let LV i =1,2, denote two L-valued random variables with
E[|mp(L)|5] < 00 for any k > 1.
Then, for any m > 1 and p € [1,00), there exists C > 0 such that
IExp(I'mn (Vs, L)) (Exp[Lmn (Vs, L)) (2))
— Exp[I(mm log(exp(v/s, L) @ exp(v/s, LY)))](2) | 1» < Cs™ D/
for all s € (0,1] and x € RV.

Note that
Exp(Imm (Vs, L)) (Bxp[T'mm (vs, L)) (2))

is the composition of Exp(-) functions.
The following lemma bounds the difference between flow and tensor approximation. It
improves on [7] by considering a different truncation of the Taylor approximation.
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sup |f(Exp[l"(w)](2)) — (I'[mm exp(w)]f)(2)]

z€RN

If in addition w satisfies (w,eo) = 0, there exists C(w) > 0 independent of s and f such

that

sup | f(Exp[I'(v/s,w)](x)) —

zeRN

<2 X

=2 i T <m,
i1+ tig>m

G- 1)

2m

for any s € (0,1].

Proof. Let w = ", w;, such that each w; € (m — m_1)(L) (i.e. each w; is a
homogeneous Lie polynomial of degree i). We first proceed as in [7, Proposition 9] by
noting that I'(w) is a smooth vector field defined on all of RY. Thus, for any smooth f,

we have

Using this identity iteratively to expand f(Exp(tI'(w))(z)) in a Taylor expansion, one

sees that

%f(EXp(tF(w))(x)) = ((T'w) f) (Exp(tI (w))(x)).

L]

rEsper)e) - Y- 5 (1 3 w0, ) ) @)

-y Y [

=0 J: i1+-+i;=0
m—+1
I(wi, ®-

J=2 dg+-+ij<m,
i1 +”>m

Setting t = 1, we deduce that

B ) ) - > (r( %

Noting that

_l!wil ®~~-®wij)>f(x)

7=0 11++’LJ:0

m—+1
1
S| T e ew]
j=2 ig+-tij<m, ©
i1t ti;>m

Tom €xp(w ® w;,

Z Z jllw“®"'

F=0 i1t
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Fw, @---® wly)fH

(D exp((v/5,w)) f) ()] < C(w) Y- 72| f v

j=m+1

- @ wi; ) fI(Exp[sI'(w)](x)) ds.
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yields the first claim. The second follows by considering (+/s, w) in place of w and noting
that under the assumption (w, eg) = 0 the vector field V5 does not appear on its own in the
composition of the differential operators on the right-hand side of the last inequality. [

The last lemma is obtained by combining arguments from [13] and [7].

Lemma 4.6. Let t € (0,1] and let Q; be a cubature measure for Wiener space. Then,
for any x € RV,

1EQ.(f(&,2)) — B, {f (Bxp[lmn (v, 1og So.1(0B)))(2))}] < CtU™ V2|V £l
for all f € C°(RYN), where C is a constant independent of t and f.

Proof. Let g € C°(RY). By Lemma 2.3, we may write

m—+2
EQ,19(ét.0) = I'(mm exp(log So.(0B)g(2)| < C Y~ #/2 sup  [[Vaglloo- (4.1)
j=m+1 ac€A(HI\AG-1)

Letting w = 7, log Sp +(cB) and applying Lemma 4.5, we see that

2m
Eq,|g(Exp[lw)(x)) = I'(mm exp(w))g(@)] <C Y2 sup  |[Vaglleor  (4:2)
T a€AGNAG-1)

Combining (4.1) and (4.2) with g, the identity function, we see that

2m
Eq, &0 — Exp[I'mm log Sor(oB)](x)] < C Y /2 sup Vo Id || oo
o a€AUNAG-Y)

and the lemma follows. O

We are now ready to prove Theorem 4.1. Our proof is modelled on [7, Lemma 18]. We
shall go through a sequence of approximations for the expectation of f(§; ) under the
Wiener measure and the cubature measure. Finally, we shall show that the approxima-
tions at each end agree.

Proof of Theorem 4.1. Let ;11 s = P be the Wiener measure on paths parametrized
over [0,s] and pgs = Q5. From Lemmas 4.3 and 4.6 we see that, for i = 1,2,

sup |Ep,  (f(6s2)) = Epy {f(Exp[I'mn (V5. og So,1 (0B))] (@)} < Cs™ 2|V ]| .

z€RN
(4.3)
Let
LW =7, log Sé?’f)(oB) and L®) = —¢.

It is well known (see, for example, [11]) that the log-signature of Brownian motion is a
Lie series with probability 1. Also, we have E[||74(log So.1(oB))||5] < oc. In fact, using
the techniques of rough paths, a similar statement can be obtained at the level of paths.
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For example, in [12] Lyons and Sidorova compute the radius of convergence for the log
signature.
Hence, Lemma 4.4 implies that, for 1 = 1,2,

| By f(EXp(I 7 (5, L)) (Exp[ L (vVs, L)) (2)))
= Epuyy f(Exp[I'mn log(exp(Vs, L®)) @ exp(v/s, L)) (2))]| < Cs V2|V |l .
(4.4)
Writing
T = EXP(F<\/§7 _50>)(Z)7

the inequality (4.4) becomes

| By f (Exp(Dmm (v5, L)) ()
— Ey,, f(Exp[lmy log(exp(v/s, L®) @ exp(v/s, L)) (Exp(I'(Vs, £0)) ()|
< Cs" V2|V | o
(4.5)

Thus, combining inequalities (4.3) and (4.5) and using the triangle inequality, we see
that

sup |Epi, . f(Es.2) — By, , f(Exp[I'mm log(exp((Vs, —£0))
@ (V's,80,1(0B))|(Exp(I"(v/s,€0))(x)))]

< sV f | .
(4.6)

It follows from the Baker—Campbell-Hausdorff formula that

T log(exp((v/'s, —20)) @ (V/s, So,1(0B))) (4.7)

has no €y component, i.e.

(mm log(exp({v/s, —£0)) ® (v/s,50,1(cB))),e0) = 0,

where the inner product is defined in (3.1).

Moreover, as the log signature of the Brownian motion is a Lie series with probability 1,
(4.7) is a Lie polynomial.

Hence, we may apply Lemma 4.5 to inequality (4.6) and, once again using the triangle
inequality, we obtain, for ¢ = 1, 2,

sup |Ep, . (f(§sw)) = B,y (Dmm exp(y/s, my log(exp(—go) @ So,1(B))) ) (y))]

rERN
2m
<0( > smnfnv,j+s<m+”/2||w||oo)7

Jj=m+1

(4.8)
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where y = Exp(I'(/s,£0))(z) = z. Note that in the previous step we have used the fact
that the scaling operation (s,-) commutes with log and exp. We have also used the fact
that

Tm €XP{\/8, T log(exp(—eo) @ Sp,1(0B))) = mm (V/s, exp(—eo) ® Sp.1(0B)).
Finally, using the cubature relation (3.3),
Ep(mmSo,1(0B)) = Eq, (mmS0,1(cB)),

and noting that the multiplication by a deterministic tensor can be taken out of the
expectation, we have

Ep(mm(exp(—¢eo) ® So,1(0B))) = Eq, (mm(exp(—&o) ® So,1(0B))).

Hence, it follows that

Ep((I'mm(V's, exp(—e0) ® So.1(0B)) f)(2)] = Eq, [(I'mm (V/s, exp(—£0) @ So.1(oB)) f)(2)]-

Using this identity in (4.8), a final application of the triangle inequality completes the
proof of the theorem. O

Remark 4.7. The truncated log signatures of the cubature paths of a degree-m
cubature measure satisfy the definition of an m-£L-moment-similar random variable of
Kusuoka [7] with respect to the truncated log signature of the Brownian motion. Con-
versely, for any finite such family we can find paths that satisfy a degree-m cubature
formula. The approximation operator for Py f whose error bounds are analysed in [7] can
be written as

Eq, f(Exp[['(V/s, mmL)](x))

and it is clear from our discussion that the same bounds as in Theorem 4.1 can be
obtained for this approximation.
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