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— ABSTRACT —

This thesis studies functions and topologies on unparameterised path space,
obtained as the quotient of parameterised path space by tree-like equivalence.
This space has gained prominence in recent years through its connection to the

signature transform, a key tool in modern machine learning.

We introduce and analyse candidate topologies for unparameterised path space
in both bounded-variation and rough-path settings, focusing on separability,
metrisability, and Polishness. We also investigate how the choice of topology
influences uniform approximation with linear functionals on the signature and

the expected signature model.

Turning to functions on unparameterised path space, we examine two examples:
scaling limits of randomised path developments and signature asymptotics. For the
former, we generalise a recently established link between randomised general linear
group path developments and the ordinary signature kernel to a broader class of
randomisations. We also extend this framework to randomised unitary path devel-
opments, where connections with non-commutative probability emerge. For the
latter we extend a result of Hambly & Lyons, who showed that the Hilbert-Schmidt
norms of suitably rescaled signature terms recover a weighted curvature of the
tree-reduced representative of each equivalence class. By exploiting connections
between Wasserstein distances and expected fluctuations of Brownian bridges,
we establish this result for a class of C? curves improving on the original C?
assumption.

Finally, we propose LévyGAN: a generative modelling approach for producing
approximate samples from the Lévy area of multi-dimensional Brownian motion,
a quantity central to high-order SDE solvers. Our method leverages symmetries in
the joint distribution of Brownian increments and Lévy area, removing the need
for training data. We demonstrate its application through multilevel Monte Carlo
simulation of the log-Heston model.
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— PREFACE —

An unparameterised path is the object one obtains by starting from a paramet-
erised path v : [0, 7] — R? and forgetting all the information that leaves terminal
time solutions to controlled differential equations driven by v unchanged. Such
information includes not only the parameterisation [0, 7] but also any parts of
that retrace themselves. When two parameterised paths lead to the same unpara-
meterised path, they are called tree-like equivalent. The space of unparameterised
paths has become increasingly relevant in the past decade due to the popularity
of the signature transform as a tool in modern machine learning. Indeed, the
seminal 2010 paper [HL10] of Hambly & Lyons proved that two paths are tree-like
equivalent if and only if their signatures are equal. The signature of a path is a
graded collection of tensors given by the set of all iterated integrals of the path. The
tirst level of the signature is the increment vy — -y, while the second level is related
to the area captured between coordinates of the path with higher order terms also
having geometric interpretations. The signature transform is the analogue to paths
for what the collection of monomials is for vector valued data. In particular, the
usage of the signature transform in applications is motivated by the following two

facts which hold under suitable assumptions:

1. Any continuous function from a compact set of unparameterised paths to the
real numbers may be uniformly approximated by a linear functional on the

signature — polynomials are dense in continuous functions on compact sets of R%;

2. The law of a random variable on unparameterised path space is characterised
by its expected signature [CL16; CO22] — a vector valued random variable is

characterised by its moment sequence.

We address the question of finding a suitable topology on unparameterised path
space in Chapter 2. We study a collection of candidate topologies, each motivated
by privileging different aspects of the signature transform, tree-like equivalence or
the underlying path space. Motivated by applications to probability theory, we
concentrate on whether any of the candidate topologies are Polish. Unfortunately,



our main result (loosely) states that for topologies under which the quotient map
is continuous, there exists no Polish topology on the space of unparameterised
p-variation rough paths that extends (in a natural fashion) to a Polish topology on
unparameterised g-variation rough paths for ¢ > p. However, in the case p =1
we identify a Polish topology generated by an explicit metric between specific
representatives of the equivalence classes. We also prove that the quotient topology
inherited from the underlying p-variation topology is not metrisable.

Chapter 3 considers an important example of a function on unparameterised path
space: the terminal time solution of the controlled differential equation

d
Az} =) Z]A;dnl,  where 77 = id,

=1

where both Z7 and each A4; are C"*¥-valued. When the matrices A; are constrained
to live in a Lie algebra gy, the solution Z” is called the development of y into the Lie
group Gy = exp(g,). When the matrices A; are also randomised according to some
distribution, we term Z” a randomised path development into G'y. A recent result
of [MLS23] showed that when the entries of each 4; are iid. N(0, ) random
variables, the inner product + (77, Z7) converges in L? to the inner product of
their signatures as N — oo. By leveraging techniques from random matrix theory
we show that the Gaussian and identical distribution assumptions may be relaxed
in favour of mild moment conditions, and that independence between certain
entries may be replaced by a zero covariance assumption. Motivated by the use of
randomised path developments as a discriminator between probability measures
on path space, we prove that the scaling limit of suitably randomised unitary path
developments solves a novel quadratic functional equation. The derivation of
this equation relies on the Schwinger-Dyson equations arising from mathematical
physics and non-commutative probability theory. We also study various extensions
concerning sparsity of the driving matrices and randomisation of these matrices

by perturbations of the Gaussian potential on the space of Hermitian matrices.

In Chapter 4 we examine another function on unparameterised path space that

has recently received extensive study. Letting S(7)" denote the n'" term of the

Ee’l;h 7)|,|L. The study of this limit sits

within a broader literature that attempts to recover properties of the representative

signature of v, we study the limit lim,,_,

of each equivalence class of minimal length — called the tree-reduced representative
— from its signature. For example, if the norm ||| is in a class of admissible tensor
norms, then whenever the tree-reduced representative is C* (when parameterised

at unit speed) the limit is equal to 1. Whether this holds for all equivalence classes is



an open question, known as the length conjecture. We are interested in a variation
where the tensor norms are instead given by the Hilbert-Schmidt norm. In this
case if y is of unit length and C® when parameterised at unit speed, the limit was

shown in [HL10] to be given by

1/2

1
lim nl|[S()"|| =E | exp (JO (Bo.s)™ (77 dS) :

n—oo

where B is a Brownian bridge. We prove that the C* assumption may be relaxed to
C? with some restrictions by showing that the left-hand-side may be expressed as
a sequence of sums of Wasserstein distances between copies of a specific measure
related to the path ~. The right-hand side follows by applying results of [dBGUO05]
that relate the asymptotics of these Wasserstein distances to the fluctuations of
Brownian bridges.

The final chapter of this thesis is less directly related to the others and concerns
the task of generating faithful samples from the joint distribution of a Brownian
increment and its Lévy area. Typically such estimators fall into two camps:
truncated Fourier series expansions of Brownian motion, or custom random
variables that attempt to match the low order moments of the joint distribution.
We introduce a third option in Chapter 5 that we call LévyGAN. We leverage the
power of generative modelling to learn the joint distribution without requiring
access to any approximate sample from the distribution. To do this, we first
prove that the joint distribution of a Brownian increment and its Lévy area is a
fixed point of an explicit map on the space of distributions. We then construct
a generative adversarial network (GAN) that attempts to minimise the distance
between successive applications of this map. The resulting generator helps
bridge the gap between the cheap-to-sample moment matching estimators and
the expensive-to-sample truncated Fourier series. We finally show that estimators
such as LévyGAN have applications to multilevel Monte Carlo (MLMC) simulation
of high order SDE solvers that use approximate samples of Lévy area. Indeed,
the coupling performed at each level of MLMC with Lévy area requires that the
Lévy area samples satisfy the fixed point relation that our generator is trained to
minimise.

While most chapters share a common theme, they cover distinct topics that have
been separately published or released as preprints. Most chapters are light edits of
their published or preprint version, but we have unified the notation across the
thesis to allow it to be read in its entirety. At the start of each chapter we include a

brief introduction and a comment on how the chapter falls under the umbrella



of functions on unparameterised path space. In Chapter 1 we rigorously introduce
unparameterised path space, signatures, tensor algebras and rough paths. Other
than unparameterised path space, we do not attempt to provide a comprehensive
overview of each topic and introduce only the notions that are required for this

thesis.
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CHAPTER 1

—— 0 D o<

SIGNATURES, ROUGH PATHS AND TENSOR

ALGEBRAS

Throughout this thesis, V and W will denote finite-dimensional vector spaces
equipped with inner products. A common task in applications is to model the
terminal-time response of a non-linear dynamical system to a given control path.
Controlled differential equations (CDEs) of the form

dy; = f(y:) dy, started at yy, (1.1)

with a non-linear map f : W — L(V,W) and a control y : [0,7] — V, provide a
natural framework for describing many real-world phenomena while also offering

a setting in which these interactions can be analysed theoretically.

If v is smooth, Eq. (1.1) reduces to an ordinary differential equation (ODE), but
many real-world signals — such as stock prices — are far from smooth. In such

cases, it is convenient to view Eq. (1.1) as an integral equation:

t
Y = Yo +L f(ys) ds.

To see how iterated integrals naturally arise in this context, we briefly review an
example from [CS24, Chapter 1]. Assume f is linear, i.e., f € L(W, L(V,W)), and
that v is continuously differentiable. Consider the Picard iterates

t

0 n n
' =yo, yY =yo+f F () ds.
0

16



CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

The n-th Picard iterate can be written as

n

?Jt(n) = ZJ f®k(y0)(%17~-7%k)dt1---dtm
g ¥ 0<t1 <o <tp<t

where f®*(yo) : V¥ — W is recursively defined by

PR ) v) = £ (P o) 0 o) ) (0, F20 (o) = i

By the universal property of the tensor product, there exists a unique linear map
f(yo) : VE* — W such that

P o) v, k) = FER (o) (01 ® -+ @ vy,

Hence, using the linearity of the integral,

y§n> :Zf®k(yo)<J Yy @ @, dt1...dtk>_
k=0 0<t1 <<t <t

Define
8(7)’“ = J Yoy @ @5, dty ... dty € ek
0<t1 <<t <T

then the signature of - is given by

S() = (L8 SO)...) e T((V)) =[]V~

Suppose for simplicity we are interested in (u, yr) for some u € W. Setting

Uk = (u, f¥*(y0) (1)) € (VEF),

and .
(™) = (ly, ... 0y, 0, . .. V) =P (VEr) V),
k=0
we see that
(u,yr) = lim €(S(7)). (12)

That is, the terminal-time solution of a (linear) CDE can be expressed as the
pointwise limit of linear functionals on the signature. Under suitable regularity
assumptions, the same holds for a broad class of non-linear CDEs. Consequently,
studying the CDE in Eq. (1.1) can be reduced to studying linear functionals on the

signature. This perspective is further validated by the following result.

17



CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

Lemma 1.0.1. Let
A={D,: C' =R | ®y(7) = US()), L €T(V*)}.

Then A is an algebra.

By an application of the Stone-Weierstrass theorem, one might hope that A is
dense in C'(K, R) in the uniform topology for compact K C C*. If true, learning
a non-linear dynamical system could be reduced to linear regression on the

signature.
However, several gaps remain:

1) The assumption v € C' is too restrictive. In fact, Eq. (1.2) actually holds
for all continuous paths of finite length — and even this assumption may be
further relaxed.

2) For A to be dense in C'(K, R), it must first be contained in C(K,R). We will
see below that equipping K with the uniform topology is insufficient.

3) The signature is not injective; it is invariant under “tree-like equivalence”,
which is a generalised notion of reparameterisation. Any function not
invariant under reparameterisation cannot then be well approximated by a

linear functional on the signature.

We now demonstrate the difficulty of defining a topology on path space which
makes v — [ dy ® dy continuous. Let 7,0 : [0,1] — R be smooth. Standard
Riemann-Stieltjes integration gives

t

f %das = lim E fyti(o-tiJrl — Uti)'

0 [P|—0
t,€P

If v* — vand 0" — o uniformly, one may hope to be able to define the integral of
7 against o by

t t
f vsdos = lim [ ~'dol.
0

n—o0 0

However, the following example shows that this fails.

Example 1.0.2. Let o, = 0 and define

1 1
no— cos(2mn’t), of = sin(27n’t).
Tt /7 ( ) b ( )

18



CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

Then 4", o™ — o uniformly, but
t
f yodol =t # 0.
0

Thus, integration is not continuous in the uniform topology. Any theory requiring
continuity of integration must use a stronger topology, and we will use the p-
variation topology. Once the path space is appropriately defined, the non-injectivity

of the signature must also be addressed.

Since we are interested in the response of dynamical systems to a control path, it is
natural to quotient path space by all equivalence relations that leave the system
response unchanged. For CDEs the signature fully characterises this response,

and so we define the space of unparameterised paths as
C := {7 : yis continuous of finite length}/ ~, vy~ < S(y) = S(0).

Equipping C with a topology that makes the signature continuous, we obtain the

following universal approximation theorem.

Theorem 1.0.3 (Uniform Approximation by the Signature). Let (C, x) be the space of
unparameterised paths equipped with a topology . Assume that K is a compact subset of
C and for ¢ € T'(V*) denote by ®, the function given by

d,:C — R;
V] = Lo S([]).

Let C(K) denote the space of continuous functions on K with the topology of uniform
convergence. If the set ® . .= {®, : £ € T(V*)} is contained in C(K), then it is a dense
subset.

The preceding approximation result has appeared in various guises over the
years, perhaps most prominently in [LLIN16]. This thesis primarily addresses the

following questions:
1) What topology x should be placed on the space of unparameterised paths?

2) What functions are there on C that are either of practical relevance, or
help us recover geometric information about certain representatives of the

equivalence classes [7]?

19



CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

Paths of infinite length

Real-world signals are often highly irregular, and the assumption of finite length
breaks down. Returning to Example 1.0.2, we see a simple case of how such paths
arise. Consider the two dimensional path 2" = (7", 0"), where 4™ and ¢” are as
defined in Example 1.0.2. For each n, 2" winds round a circle of radius #7? a
total of n* times over the time interval [0, 1]. As such, the length of z,, diverges
to co while its supremum norm ||z"|| _ converges to 0. Finally, over the course of
its winding, 2" always accumulates a constant area of 1. It is for this reason that
the integral [ 7"do™ does not converge to zero; this indicates the importance of
keeping track of area terms for highly oscillatory paths. The theory of rough paths
[Lyo98] allows us to deal with the case of a path X, evolving in V which only has
finite p-variation for some p > 2. For the case p € [2, 3), one must first postulate
the value of the iterated integrals

X2, = f dX;, ®dX,, e V¥ s<te[0,T]

s<t1<to<t

before one is able to give a proper meaning to (rough) differential equations of the
form
dY; = f(V;)dX,, started atYy=y.

While there is some flexibility in the choice of X, it must obey certain algebraic
and analytic constraints. The algebraic condition is commonly known as Chen’s
identity. It turns out that the more irregular the underlying path, the more iterated
integrals must be postulated. Once sufficiently many iterated integrals have been
postulated, one is able to define iterated integrals of any order, i.e. define

X7, = f dX, ® - ®@dX,, € (R)®"

<t < <tn <t

for any n. The sequence of all iterated integrals X< := (1, X' X*...) is then the
signature of the rough path X. The framework of unparameterised path space
and uniform approximation naturally extends to the case of rough paths. While
we will not require the full machinery of rough paths or the general solution
theory to rough differential equations (RDEs), we will investigate how one may
choose to topologise unparameterised rough path space. The next section gives a brief
introduction into signatures, rough paths and the required algebraic structures.
We will emphasise the definitions and properties required for this thesis and refer

20



CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

the reader to [Ly098; FV10; FH14; CS24] for excellent comprehensive introductions
to rough path theory and signatures.

1.0.1 Tensor algebras and group-like elements

As previously mentioned, V' will denote a real finite dimensional vector space
of dimension d > 2 equipped with an inner product (-, -), its associated norm |-|
and an orthonormal basis ey, . .., e;. Let the tensor powers of V, (V®", n > 1) be
equipped with a family of admissible norms||-||;,«. that satisfies the following.

1) Forallm,n € Nand u € V®™, v € V®" it holds that

lu® U‘|v®(m+n> < ||U||V®mHU||V®n ;

2) For any permutation o € ¥,, and uy,...,u, € V

U1 ® - ® Unl|yyon = ”UU(l) Q- @ uv(n)Hv@m .

We will write (-, -) := (-, -)yen for the Hilbert-Schmidt inner product on V" derived
from the inner product on V.

Definition 1.0.4 (Tensor algebras). Define the tensor and extended tensor algebra over
V' respectively as

o0

T(V) = @ ven

n=0

(V) =[] Ve

We endow both T'(V') and T'((V')) with a pair of binary operations: addition and multiplic-
ation. For x = (zo,x1,...) andy = (Yo, Y1, - . . ) we define

X+y = (xo+yo,T1 +y1, T2 +Y2,...)

X QY = (20,21, %2, ),

where
n
Zp = E T ® Yn—k-
k=0

Let 1 = (1,0,0,...) be the identity element of both T'(V') and T'((V')) under the tensor-
product.
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CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

Any element of 7'((V')) can be written in the form

where W, is the set of all words in d letters and e,, = ¢e,,, ® - - - ® e, for a word

w = w ... w,. We will commonly write

(X, W) = (X, €q) = X

Certain finite-dimensional subspaces of the tensor algebra are important to the

study of signatures.

Definition 1.0.5 (Truncated tensor algebra). Define the truncated tensor algebra
T™(V) through an associated projection =™ by

7 T((V)) = TM(V) = f[ Ve

We also define the projection onto each level of the tensor algebra as 7, : T((V')) — V&,
Let ™ : T™ (V) denote the inclusion map T™ (V') — T((v)).

In the following, we require the subsets of 7'((V')) given by

T,(V)) ={xeT({(V)):xg=1} fori=0,]L.

Definition 1.0.6 (Functions on tensor algebra). Define the exponential exp as

exp : T((V)) = Ta((V))

o
x&n

xo XL

n=0

The logarithm of an element of T1((V')) is defined as

log(x) = log(zo)1 + Z

(1 - _0>®n_

Finally the inverse of x € T'((V')) is given by

—1 . 1 = "
_—02(1——> . (1.3)

n=0
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CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS
Remark 1.0.7. The above definitions of the exponential, logarithm and inverse are defined
purely algebraically, and it can be checked that each series is locally finite.

We summarise various properties of these operations below; see [Lyo+07, Chapter
2] for details.

Proposition 1.0.8. The maps exp : To((V)) — T1((V)) and log : T1((V')) — To((V))
are inverses. Moreover, the map given by Eq. (1.3) is the inverse of the tensor-product on
the space T'((V')) \ To((V)).

The subspace of T (V') where truncated signatures will reside is of equal import-

ance.

Definition 1.0.9 (Step-n free Lie algebra and free nilpotent Lie group). Consider the
commutator [X,y] =x ®y —y ® x. For subspaces X, Y C T((V')) we define

(X, Y] =span{[x,y] : x€ X, ye Y},

The step-n free Lie algebra g™ is the smallest sub-algebra of T™ (V') that contains V and
is closed under the commutator [-,-]. That is

gV =vaelV\Vie e[V, [V,V].
L —

n—1 brackets

The step-n free nilpotent Lie group is then given by

G™ = 7™ o exp o, ™ (g(")).

Note that g) = G = V. The above definitions can be extended to T'((V)) to
define the free Lie algebra g*) and the free Lie group G™.

Definition 1.0.10 (Free Lie algebra and free Lie group). Define the free Lie algebra as
g = {x e T((V)) : 7™ (x) € g™ forall n > 0},

and the free Lie group by
G™ = exp (g(*)).

From now on, to ease notation, we will write xy = x®y.

1.0.2 Rough paths and signatures

Central to the concept of rough paths is the notion of p-variation.
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CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

Definition 1.0.11. Let (E, p) be a metric space, then we say that ~ : [0, T — E has finite
p-variation for p > 1 if

||,7||p—var;[0,T} = sup Z p(’)/tia ’YtHl)p < 00, (14)
P t,eP

where P is a partition of [0, 7]. When  possesses finite 1-variation, we say that y
is of finite, or bounded, variation. For paths of finite variation evolving in V, the
iterated integrals of y are well defined as Young-integrals. The collection of all
iterated integrals of v is called its signature.

Definition 1.0.12 (Continuous paths of bounded variation). Let C**" ([0, T, V') be
the space of continuous paths v : [0, T] — V' for which ||| 0.7y < 00 with 7o = 0.

Definition 1.0.13 (Time-Simplex). For any n € N, define the n-simplex over an interval
[, b] by
by =t t)a<ty < <ty < b}

Definition 1.0.14 (The signature). Let v € C’“’”([O, T1, V) and define the signature
map
S.(v): A[20,T} —T((V)),

where S5 5(v) = (1,0,...) forall s € [0,T] and

Seuly)" = f Ay @@ dy,, € VO,

n

[s,1]

forn > 1 with S 4(v)° =1 € R. Foraword w = w; ... w, € Wy with |w| = n, we also
define the coordinate iterated integral

S%(7) = J i eR

[s,1]

where S2,(7) = Sy4(7)® = 1. The truncated signature map is defined by S, (7)™ =
7S, +(7). Finally, we call S(v) = Sor(7) the signature of 7.

In an applied situation dealing with streamed data, one often has to deal with the
(infinite dimensional) group of symmetries known as reparameterisations. For
example, the rate at which a letter is drawn will not change whether it is the letter
a or the letter b. The signature has the benefit of being invariant under this group
of symmetries; see [Yan+16] for the application of reparameterisation invariance to
the task of recognising hand-drawn Chinese characters.
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CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS
Definition 1.0.15. A function o : [0,T] — [0,T] is a called a reparameterisation if « is
a non-decreasing surjection.

Lemma1.0.16 (Lemma 1.2.1[CS24]). Let o bea reparameterisation and v € CT ([0, T], V) ,
then S(v) = S(y o «).

Depending on the context, reparameterisation invariance allows the signature
map to remove an infinite dimensional group of undesired symmetries. Another
key property of the signature is that the product of two linear functionals on
the signature is itself a linear functional. This fact is derived from the ordinary
integration by parts rule satisfied by continuous paths of bounded variation. This
is encoded in their signatures through the shuffle identity.

Definition 1.0.17. The shuffle product L1 : T(V) x T(V') — T(V) is the commutative
operation on tensors defined by u L @ = @ LU u = w and the recursive definition

wilWvj = (uWwj)i+ (viwu)j,

for all words w and v € W, and extended to T'(V') by linearity. We say that an element
x € T1((V')) satisfies the shuffle identity if

<£17 X> <€27 X> = <€1 L £2> X>7 (15)

for every ly, 4y € T(V).
Proposition 1.0.18. Let v € C*™ ([0, T, V). Then S(v) satisfies the shuffle identity.

The signatures of continuous finite variation paths and the shuffle identity provide

alternative characterisations of the step-n free nilpotent Lie group.
Proposition 1.0.19. The following spaces are identical.

1) G™;

2) {S(y)™ vy e ™™ ([0,T),V)};

3) {x € TM(V) : x? = 1 and x satisfies the shuffle identity};

4) x(m (G(*>).

Note that as a consequence, the projection 7™ (x) of any x € G™ is the truncated
signature of some path v € C'™ ([0, 7], V).

Remark 1.0.20. The characterisation of G\ in terms of the shuffle identity extends to
G, that is x € T1((V)) is group-like if and only if it satisfies the shuffle identity. We

refer the interested reader to [Gen] for further characterisations of group-like elements.
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CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

In order to define the space of rough paths elegantly, we will require a metric
on G™. An important concept is that of a symmetric, sub-additive homogenous

norm.

Definition 1.0.21. A norm||-|| : G™ — [0, 00) is symmetric, sub-additive and homogen-
ous if

1) |lgll = 0ifand only ifg =1 € G;
2) |lgll =g~

3) llghll <llgll + bl

4

4) 19 gll =|\|||gl|, where 6y is the dilation operator defined by

T(0xg) = A"ma(g), A ER.

To every symmetric sub-additive homogeneous norm we may associate a metric.
For more details and examples of homogenous norms see [FV10, Chapter 7].
We record here only the Carnot-Caratheodory norm which we require for our

purposes.

Definition 1.0.22 (Carnot-Caratheodory norm). For g € G™ define
||g”CC = inf {H’YHl—var;[O,T} -8 = S(f”(n)}

Proposition 1.0.23 (Proposition 7.40 of [FV10]). The Carnot-Caratheodory norm is
symmetric, sub-additive and homogenous.

Definition 1.0.24. Let dcc be the metric on G associated with the Carnot-Caratheodory
norm, which is given by
dec(g,h) ==|g " 'h||.

Remark 1.0.25. Note that on G, dcc reduces to the Euclidean metric.

We may now equip G™ with dcc and define the space of weakly geometric rough

paths.

Definition 1.0.26 (Weakly geometric rough paths). We let P ([0, T], G™) be the
space of continuous paths of finite p-variation which start at the unit element of G™. The
space of weakly geometric rough paths WG, (V') is defined to be C*** ([0, T, G(lP)

Remark 1.0.27. We will typically use the letters ~, o to denote paths in CI'W([O, T], V)
when we do not need to consider lifts into C*=** ([0, T, G™). Additionally, we will use
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CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

X, Y for paths in C*=*" ([0, T), G™) with p > 1 or paths in C**" ([0, T, V') whose lifts

we will require.

An important consequence of the Carnot-Caratheodory metric is the following

result.

Proposition 1.0.28. Let X=" € CP~¥*" ([0, T], G™), then the p-variation norm of X=<"
in C*~ ([0, T, G™) is greater than or equal to the p-variation norm of the projection
Xsm e orr ([0, 1], G™) for all m < n.

We now proceed to topologise the space of weakly geometric rough paths.

Remark 1.0.29. This is straightforward in the case n = 1, since CP™ ([0, T],V) is a
linear space, and so we may define

1

-y

ar

(X1, v=!) o= |x= - v

p-var;[0,T] '

Since G™ is not a linear space, we require a more general notion of the “increments”

of a path evolving in G

Definition 1.0.30. For X=" € CP~¥([0,T], G™™) we define its increments for s,t €
A[20 ) by )
R o= (K57 (),

Definition 1.0.31 (Inhomogenous p-variation distance). For X=<", Y<" € CP=*r ([0, T], G™)

we define the inhomogenous p-variation distance by

dr(jn (X<" Y<”) = max sup Z‘ (X ‘

oar 1<i<n p

(1.6)

. <n )
t ta+1 t i1

Definition 1.0.32 (Homogenous p-variation distance). For X<", Y<" € C*~* ([0, T, G™)
we define the homogenous p-variation distance by

dp W(X<" Y =sup | Y dee(XE5 L YEL )T (1.7)
P \ier

By [FV10, Theorem 8.10], both the inhomogenous and homogenous distances
generate the same topology and notions of Cauchy sequences. This allows us to
use the two metrics interchangeably in Chapter 2. For two weakly geometric rough
paths X=lP) y=lrl ¢ WGQ,(V), we will omit the dependence on n and simply
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write dp.ar (XS, YEW)) = df,tf’,g)r (x=lpl y=Irl). Additionally, when the level to
which a path is defined is clear from the context, we will write X = X=?). The
following theorem of Lyons informally states that for a continuous path of finite
p-variation, if the first | p| iterated integrals are provided as input (subject to certain
algebraic and analytic constraints) then the remaining stack of iterated integrals
is uniquely determined. This result may be found in [FV10, Theorem 9.5] for
finite-dimensional V' and [Cas+16, Corollary 3.9] for infinite dimensional V/, see
also [Ly098, Theorem 2.2.1].

Theorem 1.0.33 (Lyons’ Extension Theorem). Let X=IP) € WG, (V), then there
exists a unique path S, . (X=<P)) : [0, T] — G such that

1 SO,O(XSUDJ) =1

2) ™ (SO,t (x=lp! )) defines a continuous map from W G, (V') to CP~* ([0, T, G™);

3) nile) (SW (Xﬁm)) — xsb!,
We call S(X=IP)) == 8, 1 (X)) the signature of the rough path X=IP).

We note that the Lyons’ lift defines a canonical mapping WG, (V) < CP~¥* ([0, T], G™)
for n > |p] given by

)

xEle) oy xS0 — () (50 (Xsm))'

Additionally, we will write X<* := S, 7(X<l?/). We denote by 8, the image of
WGQ,(V) in G® under the map S and write

S = U'Sp C G™,
p>1
for the space of all signatures. An important subset of weakly geometric rough
paths are the geometric paths. This is the subset of paths of WG, (V') which may
be approximated in d, ..; by paths of finite ¢g-variation for some ¢ < p. Formally,

we use the following definition.

Definition 1.0.34. The space of geometric rough paths GQ,(V) C WGQ, (V') is the set
of continuous paths X=P) . [0, T] — GUPD, starting at the unit, for which there exists a
sequence of paths (X5')>"  C WG (V) with

o (X?LU’J,XSL”J> — 0.
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Remark 1.0.35. Clearly in the case p = 1, we have by definition that WG (V) =
G (V). However, the equivalent notion of “geometric” rough paths is the space
CO1=r ([0, T, V) of absolutely continuous paths, given by the closure of smooth paths in
the 1-variation topology.

We now record several standard (but important) facts concerning the spaces
GQ,(V), WGQ,(V) and their signatures. First, we note that G§2,(V) is a closed
and separable subset of WG, (V), see [FV10, Proposition 8.25, Corollary 1.35] for

a proof.

Lemma 1.0.36. The spaces GQ,(V) for p > 1, and C*'=*([0,T],V) for p = 1, are

Polish spaces with the lifts of piecewise linear paths forming a dense subset.
Lemma 1.0.37 (Properties of the p-variation metric). Fix ¢ > p.

1) Suppose X=", Y=" € CP~vr([0,T],G™), then

4™ (Xén7yﬁn) < dr(;_%) (Xénjyﬁn);

q-var var

2) IFX3P 5 XSl in WG, (V), then X519 — XEla) in WGQ,(V);

3) We have the strict inclusions GS2,(V') C WGQ,(V) C GQ (V).

Proof. The firstitem is a consequence of the definition of Eq. (1.6) and the inequality

(lal*)" < (Xlasl)

For the second item, Lyons’ lift defines a continuous map from WGQ,(V) —
cr=var ([0, ], G™) forn > | p], see [FV10, Corollary 9.11]. The claimed convergence
is a consequence of this continuity and the first item. The final item is standard;
see [FV10, Corollary 8.24]. O]

Definition 1.0.38. For every X € WGQ,(V), we define the control wx,(s,t) =
p

HXHp—var;[s,t}' Let

wxp(O,t)

p(t) = mﬂ

and X the path implicitly defined by the relation X = X o ¢. We call X the “Hélder-control
reparameterisation” of X.

Proposition 1.0.39. For any X € WGQ,(V), its Holder-control reparameterisation X

satisfies

D 1K o = 71X

p .
p-oar;[0,t] — T p-var;[0,T)
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2) Xis S-Holder continuous with X1y < ﬁHXHp_W;[O’T].

Proof. Both points are well-known and can be found in [FV10, Proposition 5.14],
[Lyo+07] or [Chel6, Lemma 3.2.2]. O]

Remark 1.0.40. Note that if X € WGQ, (V) satisfies || X]| then

X = X since ¢(-) will be the identity.

z-var;[(),t] = %“XHp—wr;[O,T]’

Remark 1.0.41. In the case p = 1, Hélder-control parameterisation is equivalent to
constant-speed parameterisation, i.e. |y;| = %nyHl_m;[o’T} almost-everywhere. Indeed, if ~
has Holder-control parameterisation then its weak derivative ' € L'([0,T], V') is uniquely
defined and must satisfy

t t
Fargors = hrgoq = | il
T 1-var;[0,T 1-var;[0,t] 0

Hence |,| = 717l uaro.r) @lmost-everywhere by the Lebesgue Differentiation Theorem.

An important concept in the study of signatures is that of path-concatenation and

reversal.

Definition 1.0.42. Given X,Y € WGQ,(V'), we define their concatenation as

and the reversal of a path by
t = (XT)_IXT,t.

The following result is commonly known as Chen’s identity [Che54] and states that
the set of signatures is closed under multiplication and inverses. We will denote
by o the constant path in WG,(V) for which o(t) =1 forall t € [0, 7.

Proposition 1.0.43. For XY € WGSQ,(V), the signature map satisfies
1) Chen’s identity: (X x Y)< = X<®Y<°°;
2) Inverses: x<eo K <00 = g = 1.

The following is a well-known fact, whose proof follows essentially the same proof

of the fact that CP*" ([0, 77, V) is a Banach space under the p-variation norm.

Lemma 1.0.44. Fix p > 1,and let XY € WGQ, (V') then

HX*YHp-W}’ S HXHp-var +”YHp-var .

30



CHAPTER 1 - SIGNATURES, ROUGH PATHS AND TENSOR ALGEBRAS

Proof. Fix P to be a partition of [0,7] and let t; € P be such that { € [t;,¢;11].
Notice that

d((X*Y)tj, (X*Y)tjﬂ) = d(X2tj7XTY2tj+1fT) < d(XQtj,XT)‘i‘d(YU,YmHﬁT)a (1.8)

where the inequality follows from the triangle inequality and the definition of
concatenation. Then

(Z d(<X * Y)tw (X * Y)tz+1)p) < (Z d(XQtw X2ti+1 )p + d(XQtijT)p)

t;€P t;<tj

+ (d(Yo, thHl—T)p + Z d( Yo, -, YQtH.lT)p)

ti>t;

<IXllp-var Y]

-var -var ’
P

where the first inequality follows from Eq. (1.8) and the sub-additivity of ¢, norms.
The second inequality follows from taking the supremum over partitions of the
right-hand side. We conclude by taking supremums over partitions P on the
left-hand-side. L

1.1 Unparameterised path space

An important challenge in machine learning is the task of learning some continuous
function f : K — R, where K is the domain in which your data lives. Typically, one
considers a parametric family of models X = {fy : # € ©} and then one attempts
to find

é = argmin9€® ﬁ(f07 f)7

where £ is some loss function. While there may be no true minimiser 6, one might
hope that for each ¢ > 0 one can can find some 6. € © for which L(fy,_, f) < . The
challenge then is two-fold: using a suitable family of models {fy : § € O} thatis
capable of approximating f, and then efficiently find a good approximator within
the space of models. The archetypal example of this is where K C R" is a compact
setand L(f,g) = sup,cx | f(z) — g(z)|. Defining

O(z) = (12,57, 5°,...) € T((V)),

then the family X = {(®(-),x) : x € T(V)} is simply the space of polynomials
from R™ to R which is known to be dense in C (K, R) by Stone-Weierstrass. An
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approximator may be found simply by choosing the maximal degree of the
polynomial and then applying linear regression. It is natural to ask whether this
approach may be extended to the case where K is a subset of paths.

By the shuffle identity we know that the family of linear functionals on signatures
of bounded variation paths ({(S(-),x) : x € T(V)}) is an algebra that contains the
constant functions, by virtue of the fact that S(7)" = 1 for any path v. In order
to apply Stone-Weierstrass, one must ask the question: does the signature map
separate points? Unfortunately, this is not the case. For example, for any X # o we
have that X » X # o0, while from Proposition 1.0.43 we have

S(0) =1 =8(X* X).

Alternatively, as we have already seen, for a reparameterisation « : [0,7] —
[0, 7] we know that S(X o a) = S§(X), namely the signature is invariant under
reparameterisation. This means that one cannot apply the Stone-Weierstrass
theorem directly to compact subsets of paths, but it is actually often desirable
in application to use a model invariant to the effect of time reparameterisation.
Indeed, suppose that one is trying to classify a time series of a person drawing a
digit as either “3” or “not 3”. Clearly, the speed at which the digit is drawn does
not impact whether or not the final digit is a 3, and so any method that removes
this symmetry is desirable. This approach has proven successful in a number of
settings, e.g. [LLN16], [Yan+16] in which the invariance of the signature under ~,
provides a form of dimensionality reduction. It is then important to understand

exactly when two paths have equal signatures.

The seminal work of Hambly & Lyons [HL10] proves that the signature of a path
v € C™([0,T], V) characterises v up to an equivalence relation on C*¥* ([0, T, V)
called tree-like equivalence (denoted by ~;). The signature map S accordingly
becomes well defined and injective on the ~,-equivalence classes: the space of
so-called unparameterised paths C;. Tree-like equivalence may be thought of as a
generalised notion of reparameterisation. Indeed, loosely speaking, two paths
and o are tree-like equivalent when the time-7" solutions to all differential equations
of the form

dy; = f(y)dy, yo=2 and dz = f(z)dy, 20 ==

satisfy yr = zp. In this thesis, we will mainly work with the space C'™* ([0, 77, V)
of continuous paths of bounded variation. However, in Section 2.4.1, we will study
the more general setting of WG,(V) for any p > 1. As such, we will provide
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the notions tree-like equivalence and unparameterised path space in this general
setting.

Definition 1.1.1. A path X € WGQ,,(V') is called tree-like if there exists a real tree T such
that X admits a factorisation X = ¢ o p through a pair of continuous maps p : [0,T] — T
and ¢ : T — V, where p(0) = p(T'). For two paths X,Y € WGQ,(V), if X ¥ is

tree-like, we call X and Y tree-like equivalent and write X ~, Y.

Remark 1.1.2. In fact, in the original paper [HL10] a different definition of tree-like paths
was used which is equivalent for C*™ ([0,T,V'). However, this notion was not general
enough to handle the case of weakly geometric p-rough paths later studied in [Boe+16]. We

will use the general definition.

Paths devoid of tree-like pieces are called tree-reduced and will play a key role in

Chapter 2. The formal definition of this property is given in the following.

Definition 1.1.3 ([Boe+16]). A path X € WGQ, (V) is called tree-reduced if the path
t — Sou(X) € G™ is injective.

In [HL10] for the case when p = 1, and later in [Boe+16] for the case p > 1 the

following collection of results are proved.
Theorem 1.1.4 ([HL10; Boe+16]). Let p > 1, then
1) The relation ~ defines an equivalence relation on WGQ,(V');
2) Forall X,Y € WGQ, (V) it holds that X< = Y=< ifand only if X ~, Y;

3) Each ~. equivalence class contains a unique tree-reduced representative (up to
reparameterisation).

We will use [X] to denote the tree-like equivalence class of a path X € WGQ, (V).
The following result provides an explicit characterisation of the tree-reduced

representative of an equivalence class in the case p = 1.

Proposition 1.1.5 ([HL10]). When p = 1, the tree-reduced representative of an equivalence

class [y] is the unique (up to reparameterisation) minimiser of the length functional.

Definition 1.1.6 (Unparameterised Path Space). The space of unparameterised rough
paths C, is defined as the quotient space W GSY,,/ ~.. The quotient map is denoted by .

Remark 1.1.7. We can canonically identify C, with the space S, and will occasionally use

them interchangeably where appropriate.

Returning to the question of approximating a continuous function f : K — R with
the family {S(-),x) : x € T(V')}, it is now clear that K should be a compact subset
of unparameterised path space. Chapter 2 deals with the task of defining topologies
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on unparameterised path space so that notions of continuity and compactness are
well defined. Then in Chapters 3 and 4, we will study two canonical examples of
functions on unparameterised path space: the terminal time solution to a CDE

and the asymptotics of the signature map.

1.1.1 Avoiding the quotient

A popular approach to avoid the issues created by quotienting by ~ is to add the
time parameterisation as an additional coordinate, i.e. setting 4, = (¢,7:), see for
example [Bay+23; Boe+16; CO22]. The monotone coordinate ensures the signatures
of 4 and ¢ coincide if and only if v = ¢. This transformation presents two issues.
First, the signature will no longer remove the symmetry of time reparameterisation.
This is appropriate in some cases such as in financial applications [Bay+23] where
the parameterisation is important, but not in others [Yan+16]. Secondly, care must
be taken in how the space of paths is defined: the concatenation of paths does
not commute with * when all paths are parameterised on a pre-defined interval,
so Chen’s identities fail to hold. In this chapter, as is customary in the literature,
see for example [CF19], we work with paths over a fixed pre-defined interval
(which we take to be [0, 7] for convenience). A plausible alternative might be to
take account for paths defined on possibly different compact subintervals of R.
While this would leave some results of Chapter 2 unchanged, it adds an additional
challenge of topologising the underlying path space so that the signature map
itself is continuous. We will briefly return to this discussion in Section 2.1.

1.2 Point set topology

The analysis of Chapter 2 will require some familiarity with certain topological
definitions and we gather here the various notions that will be used. We write

(X, x) for a generic space X equipped with a topology x

Definition 1.2.1 (Complete-metrisability and Polishness). A topological space (X, x)
is completely-metrisable if there exists a metric generating x which is complete. (X, x) is
called Polish if it is separable and completely-metrisable.

Remark 1.2.2. Completeness is a property of a metric and not the topology it generates.
There may be many metrics generating the same topology, where some of them are complete
and others not.

Definition 1.2.3. Let X be a metric space. We say that a subset A C X is

1) Nowhere dense if the interior of the closure of A is empty;
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2) Meagre in X if it can be written as the countable union of nowhere dense sets;
3) G if Ais the countable intersection of open sets;
4) o-compact if it is the countable union of compact sets.

Definition 1.2.4. A topological space (X, x) is

1) First countable if for every x € X there is a sequence of neighbourhoods {N;}°,
such that for any neighbourhood N of x, N; C N for some i;

2) Regular if for any closed F* C X and x € X \ F, there exists a neighbourhood U of
F and neighbourhood V' of x that are disjoint;

3) Completely reqular if for any closed F C X and x € X \ F, there exists some
continuous f : X — R for which f(z) = 1land f(F) =0;

4) A Baire space if every meagre subset has empty interior;
5) A Lusin space if there exists a topology x O x for which (X, x) is Polish.

Finally, we recall the Baire category theorem. There are many equivalent state-
ments of the following, and the exact statement we provide is often viewed as a
consequence of the Baire category theorem. However, it will suffice for the results
of this thesis.

Theorem 1.2.5 (Baire category theorem). The following two statements are true:
1) Every completely metrisable topological space (X, x) is a Baire space;

2) Ewvery locally compact reqular topological space (X, x) is a Baire space.
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—— 0 D o<

TOPOLOGIES ON UNPARAMETERISED PATH

SPACE

As noted in [HL10], there is no canonical topology with which to equip the space
of unparameterised paths: which properties should one privilege? The quotient
topology inherited from the underlying path space gives the universal property, while
defining convergence of unparameterised paths by the convergence of their signatures
aligns with their usage in application. One can alternatively define metrics based
on representatives of the equivalence classes. As we will see in this chapter, each
candidate has dramatically different topological properties and no candidate is clearly
superior to the others. Our aim is not to propose one single topology, but rather to
explore the benefits and drawbacks of each so that an informed selection may be made
for the application at hand. This chapter is based on the papers [CT24b; CT24c].

As discussed in Section 1.1, the algebra of functions {S(-),x) : x € (V) } allows
for an approximation theory to be developed on unparameterised path space. The
most basic form of such a theory provides that any continuous function f on a
(locally) compact subset K of C; can be uniformly approximated by (the restriction
of) a linear functional on the tensor algebra. The choice of topology on the space
of unparameterised paths which is necessary to a complete understanding of this
method, is often left unspecified in applications or is otherwise chosen to suit the
application at hand.

The purpose of this chapter is to broaden this discussion by evaluating and
comparing the properties of three topologies which are arrived at by leveraging
different properties of C** ([0, 7], V). The qualities we emphasise are:
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1) The injectivity of the signature map from C'™* ([0, 7], V) onto a subset of
T((V)). This allows one to equip the range of the signature map with a
(subspace) topology, and hence to transfer this topology onto C; by requiring
the signature map to be an embedding. When 7'((V')) is equipped with the
product topology, we refer to the resulting topology on C; as the product

topology.

2) The fact that tree-like equivalence on the space of continuous bounded
variation paths is an equivalence relation means that C; can be endowed with
the quotient topology derived from the 1-variation topology.

3) The existence for each equivalence class [y] in C; of a so-called tree-reduced
representative [[HL.10], which is characterised by having minimal length. By
considering the constant speed parameterised version of this representative
v*, we can define the metric topology on C; induced by

d (h/] ) [0]) = ”7* - U*Hl-var;[O,T] :

The product and quotient topologies can be seen as two alternatives which can
be determined without extra structure. The former only utilises a topology on
the range of the signature map, while the latter only relies on the given topology
on the path space domain. By contrast, the metric topology relies on additional
properties of the space of unparameterised paths. Variants of (1) may also be of
interest, e.g. where a topology on C; is induced from a different subspace topology
on the extended tensor algebra, but the principle in these cases remains the same
[Chel6; CL16]. In fact, if C; is endowed with any metrisable topology for which
the signature map is (appropriately) continuous, the conclusions for the product
topology may be carried over to the resulting induced topology on C;. We draw
special attention to the product topology as it is the weakest one for which linear

functionals on the tensor algebra are continuous.

Given the central role played by uniform approximation to a now-growing body of
applications, it seems important to establish the basic topological features of these
spaces. The main conclusions of Section 2.1 are captured in the following list:

i) All of the three topologies listed above are separable and Hausdorff.

ii) The collections of open sets are strictly ordered by inclusion, where the

product topology is the weakest and the metric topology is the strongest.

iii) Open sets in the product and quotient topologies are unbounded in the
metric d.
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iv) The product topology is metrisable and o —compact, but not a Baire space,
and so neither Polish nor locally compact.

v) A completion of the product topology is given by the subspace G™* ¢ T((V))
of group-like elements.

vi) The quotient topology is not metrisable.

vii) The metric < is not complete, but it generates a completely metrisable
topology.

The uniform approximation theory referred to above invites the study of two
points. The first is the availability of compact subsets of C***([0,T], V) — which
should ideally be explicitly describable — and the second is to understand the
classes of continuous functions on these subsets. With respect to both points, the

underlying topology has an unignorable bearing. We investigate this to find that:

i) The subset B(r) of unparameterised paths with tree reduced length bounded
by r < oo is a compact subset of C'*([0, 7], V) in the product topology.

ii) The fixed-time solution of a differential equation dy; = f(y;)dv;, under
suitable regularity and growth conditions on f, induces a well-defined

function on C,. This function is continuous on B(r).

The relevance of these results is accounted for by the uses of the signature: physical
limits on the ability to record and store data impose a bound on the (tree-reduced)
lengths of the paths that can practically be considered. From this point of view,
restricting attention to functions on B(r) is a natural step. The second item ensures
that a rich class of input-output response pairs is admissible as the true underlying

causal dynamics, e.g. in regression analysis.

The properties of the topology on unparameterised path space are also relevant for
certain open problems. In 2009, Levin and Lyons [LL09] conjectured the existence
of a signed measure on unparameterised path space associated to higher order
differential operators (in the same way that the Wiener measure corresponds to
the half-Laplacian). They provided partial evidence for this conjecture, but the full
picture remains unresolved. Among the missing ingredients is a more advanced
understanding of the available measure-theoretic tools on unparameterised path
space. Of particular importance is the ability to characterise weak limits and
suitable criteria to ensure (pre)compactness for families of measures. In Section 2.3
we briefly introduce this problem and discuss connections with the results of this
chapter.
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From the perspectives of the above applications and from the point of view of
studying probability on C; more generally, it can be desirable to work with measures
defined on the Borel o-algebra of a Polish topology, see e.g. the monograph [Gar18]
for a detailed overview. The results above exclude having this structure for both the
product and the quotient topologies, but allow for the use of the metric topology.
Moreover, the o-compactness of the product topology still offers a way to obtain
some of the benefits of Polishness, notably versions of Ulam’s and Lusin’s Theorems
still hold. In Section 2.2 we illustrate how this approach can be used to validate
and extend the framework of the expected signature model proposed in [LLN16].

2.0.1 Candidate topologies

Our aim is now to explore the basic properties of three topologies on the spaces C,
of unparameterised paths. In the context of topologies on C;, this will allow us to
put forward a framework within which one can understand uniform approximation
results for continuous functions defined on compact subsets of C;, as well as the
expected signature model of [LLN16]. As noted in [HHL10], there is no canonical
topology, but there are at least three principled approaches to constructing one:

1) To use the injectivity of the signature map S : C, — S,CT((V)).

2) To use the quotient topology on C; inherited from the p-variation norm
topology on WG, (V).

3) To define a metric using the tree-reduced representatives parameterised at

constant speed.
To this end, we now introduce our candidate topologies.

Definition 2.0.1. Fix p > 1. We consider the following topologies on unparameterised
path space.

1) Let m be any metric on C, for which S : WG, — (C,, m ) is continuous. Let x,,
denote the topology on C, induced by m.

2) The quotient topology x - on C,, inherited from the underlying topology on WG, (V).

3) The metric topology x 4 defined by the metric
A([X], [Y]) = dpoar (X, YY), 2.1)

where X* is the Holder-control parameterisation of the unique tree-reduced repres-
entative of [X].
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Remark 2.0.2. Recall that product topology on a countable product of metric spaces is
metrisable. Equipping T'((V')) with the product topology we can then impose the subspace
topology on S, and pull this back to induce a metrisable topology on C,, of the type 1). We
draw specific attention to this topology and as such denote it by X

Remark 2.0.3. A possible alternative metric (suggested by Dr. Xi Geng) between

equivalence classes is defined by

d, (X, [¥]) = || (X % )| (22)

p-var;[0,T]"

This metric is clearly symmetric and satisfies the triangle inequality since

H(X#?)* :H ((x*‘Z)** (z*%*)*
< H(X*%)**(Z*?)*

p-var

p-var;[0,T]

p-oar;[0,T]

<N &> 2] oy + 1@+ T
= d,([X],[Z]) + d.([Z], [Y]),

p-var;[0,T]

where the second inequality follows from the sub-additivity of p-variation. The resulting
topology is limited in practical use however, since it fails even to be separable. Indeed,
consider the set of canonical lifts of the V-valued paths K = { Lv :|jv|| = 1} into GQ,(V).
For X=UPl € K, the definition of the p-variation norm and Proposition 1.0.28 implies that
=y 2 I (X1 = Ko) [ = [lo]” = 1.

Given two distinct paths X,Y € K the path (X * ?)Sl is a piecewise linear irreducible
path and hence tree-reduced, so that the path (X« ?) =) is also tree-reduced. The distance
between these paths is then lower bounded by

(=), (¥ =) = ) (e )=

p-var

> [, + Y=

p-var p-var

> 2,

by the super-additivity of controls. Since K is an uncountable set, the topology induced by

this metric cannot be separable.

We now turn our attention to the specific case of C;. The case of unparameterised

rough path space is more subtle.
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2.1 Unparameterised paths of bounded variation

Tree-reduced paths will be central to our analysis. Indeed when p = 1, the
characterisation of the tree-reduced representative minimising length will be

crucial to certain results.

Remark 2.1.1. Recall Proposition 1.0.39 that if v € C™" ([0, T), V') is parametrised at

constant speed then + is Lipshitz continuous with Lipschitz constant %||~|| T-0ar[0,T]"

We can manufacture simple examples of paths that are already tree-reduced by
considering axis paths defined with respect to an orthonormal basis. Given v in
V we let 7, denote the linear path in C*¥* ([0, T], V') whose derivative 7, = 1v on
0, T7].

Example 2.1.2. Fora collection of vy, va, . .., v, in' V' the piecewise linear path~y : [0,T] —
Vin CT([0,T),V) defined by 5 = ~u, * Yo, * * + + * Yo, haas length L = ||| 1-varo,1) =
|v1| + |va| 4+ - - - + |vn|. When parameterised at constant speed it is defined by

’ L L V;

Ye = 7V =

=03 i= Wfor tin [ti_q1,t], (2.3)

where to = 0 and

T 7
t; = z]z:;|vj|fom' =1,.,m.

From now on, unless stated otherwise, we assume that all piecewise linear paths
as in Example 2.1.2 are parameterised at constant speed. The following result
is known more generally for C? paths [HL10] and irreducible piecewise linear
paths [LX17], but the arguments rely delicately on estimates of the hyperbolic
development of the path. In the case of axis paths it is possible to present a
simplified and direct proof using elementary tools. The use of axis paths will
be fundamental to our subsequent discussion, and so we include a proof for

completeness.

Lemma2.1.3. Lety : [0,T] — V in C*™™ ([0, T, V') be of the form oy = ~y, *Yup %" - *Ya,,
as in Example 2.1.2. Assume further that for every consecutive pair of vectors (v;, vi41) = 0
fori=1,...,m — 1. Then ~ is tree reduced.

Proof. We prove the result indirectly not through the definition of tree-like equi-
valence, but by using asymptotic properties of the signature. We recall that the
projective tensor norm is the largest cross norm on V®". For a tensor A in the
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algebraic n-fold tensor product space it is defined by

=

T T
A, = inf S L ful] s A= ulub .
=1 i=1
It can be deduced thatif A = >, uiub ... u}, then

1Ay 2 = (A) =D {ui,ub) ... (uhy_y, ).

%

Note here that ¢ is a bounded linear map on V®". Consider v with the constant-
speed parameterisation described in Example 2.1.2. Then, using the previous

inequality, we obtain the lower bound

@2n)[|S (N)"[], 5 = (20)le J My @V, ® -+ @, dirdty .. dtay

[0,T7]

—ent [ el e, e 00,) dads. . dh,

[0,T7]

> (2n)! L% I1 <”y£2j71,’y£2j> dt,dts . .. dbs,

[0,7] =1
_ 2n / / .
=BT ] (W Vo )| = E Xl
j=1

where 0 < Uyy < Uy < -+ < Upgyy < 1 are the order statistics of an i.i.d. sample
of 2n uniform [0, 7] random variables defined on a probability space (€2, F,P). Let
N;, fori =1,...,m, denote the number of realisations in this sample which are
contained in the interval [t;_;, t;]. We define three events by

A:ﬂ{Niiseven}, B:U{Ni =0}, C:BCHU{Niisodd}.
i=1 i=1 i=1

The event B is required, since it is possible for X,, to be non-zero even if one of the

N; is odd: the order statistics may “skip” a segment. Their union is (2, and it can

easily be checked that
X, = { ;—iz, on A

0, on C,

and therefore that

> L*"P(A) — L*"P(B). (2.4)

V,2n

@n)![|s (v
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Letting {E; : i = 1,2, ..., m} be a collection of i.i.d Rademacher random variables

and r = min;—; __,, |t; — t;-1| € (0,T), simple arguments can be employed to show

-----
2n

P(A) =E ZEZ-“Z’ > 3, and P(B) < m(1 —r)*.
i=1

2m

Using these inequalities together with Eq. (2.4) we obtain easily that

1
> L.
V,n

For any path 5 in C*¥* ([0, 7], V') with length L such that S(7) = S(5) we deduce

lim sup (n! HS (7)™

n—o0

1
L < limsup <n'HS(’y)"H >n <L,

V,n
n—o00

where the second inequality follows from [Lyo+07, Proposition 2.2], and hence 7 is
tree-reduced. O

The following construction can be found in [LX17]. It illustrates how the class of
paths considered in the previous lemma can be used to gain insight into properties

of the signature. It will be an integral tool in the next section.

Example 2.1.4 ([LX17]). Let W be a two-dimensional vector subspace of V' which is
identified with R? through an orthonormal basis {v; : i = 1,2}. We can define two
sequences {p, : n = 1,2,...} and {0, : n = 1,2,...} of so-called axis paths by
P1 = Yoy * Vg, O1 1= Yo, * Yo, and then forn = 2,3, ... by

Pn = Pn—1* Op—1 and Op = Op—1* Pn—1-

If two consecutive line segments v; and v; 1 are positively collinear, then by replacing
Vos * Vorsr With Yo, 4o, we may write each path in the form required for Lemma 2.1.3. By
virtue of this lemma, each of these paths is tree-reduced. For every n, the paths p,, and
o, have length 2" and it was further shown in [LX17] that the terms in their signatures

coincide up to degree n, i.e.
S(py)f =80, fork=1,2,...,n.

Moreover, it can be shown that S(p,)"** and S(o,,)"** are not equal for any n. Con-
sequently, each tree-reduced path Ty, := oy x $p ), has length 251 and satisfies

S(Fk)mzs(ak*?k)m:()form:1,2,...,k,whileS(Fk) #1,
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since the projection at level k of the algebraic inversion and multiplication depends only on
the level k projections of the inputs.

2.1.1 Basic topological properties

Let us now show some simple properties of these topological spaces. The following
proposition shows that the three topologies we have proposed are distinct. In fact,
the collections of open sets are strictly ordered with x,, defining the weakest and
X« the strongest of the topologies.

Proposition 2.1.5. We have the strict inclusions X, C X C Xa-

Proof. The first (non-strict) inclusion follows immediately from the universal
property of the quotient topology. We leave the strictness for general m until
Theorem 2.1.10, but we provide a direct proof for the special case xp.. To see this
strict inclusion we consider a two-dimensional subspace W of V' spanned by two
orthonormal vectors {v;, v2}. In this basis, we consider the sequence of axis paths
(T)72, constructed in Example 2.1.4. Define the set A := {[I';] : k =1,2,...} C C1.

Then A is not closed in the product topology, since for every m we have
S(Ty)™ —0ask — 0

while A does not contain the equivalence class of tree-like paths [0]. On the other
hand, A is closed in the quotient topology because any sequence (7, ), in 7' (A)
which converges to v in C*** ([0, T], V) must be such that sup,, ||V ||1-var;o.7) < oo
Using the fact that each Iy, is tree-reduced and | T ||, = 2" then shows that there
exists N € Nsuch that {, : n € N} isasubsetof U}, [[y] = U 7! ({[['4]}). This
latter set is closed in C'* ([0, T, V') since singletons are closed in any Hausdorff
topology which y, must be since x;,; C x,. The limit v is then also in this set which
is a subset of 771(A).

To prove that x, C x4, we let [y] be in C; and prove that every open neighbourhood
N of [7] in x, is also a neighbourhood of [y] in x,. By definition, the pre-
image 7' (N) D [4] is an open subset of C*¥*([0,7],V). The tree-reduced
representative 7* belongs to [7] and consequently there exists § > 0 such that
By, (v%,6) = {o € C*([0,T],V) :|v* —oll; < 6} € 7' (N). The result then
follows because

N> {lo]:Iv" = olly <8} 2 {[o] Iy = o"lly < 8} = Bu (1],9).
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To prove the strict inclusion we find a neighbourhood of the constant path o]
of the form B, ([o],d) such that every y,-neighbourhood of [o] has non-empty
intersection with the complement By ([0],0)" := C; \ By ([0],6) . To do so, we
consider as above a two-dimensional subspace of V' spanned by an orthonormal
set {v1, va}. Using this basis we define a family of axis paths given by:

ny = 761)2 * fYUl * 7751)2 * fyfvl fOI' 9 2 0.

For every € > 0 the curve 1. is tree-reduced by Lemma 2.1.3. On the other hand, v,
is tree-like equivalent to the constant path o. It follows that

d ([v], 7)) =l > 2, (2.5)

while an easy calculation using Eq. (2.3) shows that ||y. — ||, < 6e. Hence any
x--neighbourhood of [0o] must contain [7.] for some ¢ > 0. In view of Eq. (2.5), the

set By ([0],8) can never contain such a neighbourhood whenever § < 2. N

The inclusions x,, C x- C x4 and the fact that y,, is a Hausdorff space immediately
yields the following corollary.
Corollary 2.1.6. All three candidate topologies are Hausdorff.

For the specific case of x,; we may obtain the following result.

Proposition 2.1.7. (Cy, x,») with the operations [y] - (0] := [y* o] and [y := [?}
forms a topological group. This is not the case for the metric topology X 4-

We provide below a proof from first principles, however the continuity may also
be seen from existing results in the literature: for example by using that G is
a closed Lie subgroup of the closed (with respect to the product topology) set
7Ty ((V)). The manifold topology of the Lie group is the same as the subspace
topology of the product topology; for further details we refer the reader to [FV10,
Chapter 7].

Proof. We first show continuity of the group operations on (Ci, x;r). For [, we

recall the algebraic inversion x ! defined for x € T1((V)). We may define the map

G T((V)) = T(V)),

X i(l —x)“",
n=1
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which is well-defined for all x € T'((V')) and restricts to the inversion operation on
T:((V')). By definition of the subspace topology and the fact that 8 = ¢~ (&), it
suffices to show continuity of 1) on 7'((V')). Moreover, by definition of the product
topology, it is enough to show continuity in each factor. Since the projection onto
V@ of 1(a) depends only on 7(™a, we may consider the factorisation

(V)

(™) \

TO(V) = VEr

where 1, (b) := 7, 0 1 o (" (b). By continuity of 7™ we only need to show
continuity of ¢,. This follows from the continuity of the tensor product, the
canonical isomorphisms V& © V& =~ V®+ and the continuity of addition. The

continuity of group multiplication follows similarly.

We now prove the discontinuity of group multiplication with respect to the metric
topology. Let {v;, v2} be orthonormal vectors and define the two sequences of axis
paths

P =2 * Yoy, On =V 2 % Y, forn € N.

For each n, the path p,, (resp. 0,,) is tree reduced so that p}, = p,, (resp. o = 0,).
Moreover the concatenation p,, x 0, is tree reduced and parameterised at constant

speed. It follows that
d([pn] ’ [Un]a [O]) = Hpn*an - 0Hl—var;[0,T} > 2.

On the other hand, for every n

A([pnl; [r]) = d([on], [y-u]) <

Sl

and so p,, (resp. 0,) converges to [y,,]| (resp. [7-.,]) in x4. But since 7, * 7_,, is

tree-like, we have
A([Vor] - [v-0], [0]) = d([0],[0]) = 0.

Hence multiplication is not continuous with respect to 4. O

2.1.2 Complete metrisability of candidate topologies?

We start by answering this question in the negative for the product topology

(C1, Xpr), where again a direct proof is possible.
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Proposition 2.1.8. The product topology (C1, x,r) is not a Baire space.

Proof. The proof has two parts: first we show that every non-empty open set in x,
is unbounded with respect to the metric <, and then that C; may be written as the
countable union of closed (with respect to x,.) sets that are bounded (with respect
to d).

Consider the two dimensional subspace of V' spanned by two orthonormal vectors
{v1,v2}, and let (I'x)52; be the sequence of axis paths defined in Example 2.1.4.
Each Iy, is tree reduced by Lemma 2.1.3, thus

d([o], [Ty]) = 2.

As shown in the proof of Proposition 2.1.5, [I';] converges to [0] in xpr, and so every
open neighbourhood of [0] contains infinitely many terms of the sequence (I';)2 ;.
Hence, every open neighbourhood of [o] is unbounded in d. Now let [7] € C; and
U be any open neighbourhood of v. Define the map

AU — Cl

o] — 7" - o],

which is continuous by Proposition 2.1.7 and bijective with its image V' := A(U).

The inverse map

is also continuous by Proposition 2.1.7. Therefore A\(U) is an open neighbourhood
of [o]. If U werebounded in < from [0] by some constant & > 0, then by construction
of ), the length of the tree-reduced representative of every [o] in V' is at most 2K.

This would imply that V were bounded in , a contradiction.

For any r > 0, define the set

B(r):={heC |+, <r}.

Later in Proposition 2.2.2, that B(r) is compact in x;, and so closed by the
Hausdorff property. Since each B(r) is bounded in <, it must have empty interior
by the preceding. Writing

¢ =J B,
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we see that C; is the countable union of nowhere dense sets and so is not a Baire
space. O

As a consequence of the above and item (2) of the Baire category theorem (The-
orem 1.2.5) we obtain the following corollary.

Corollary 2.1.9. The product topology (Ci, X,r) is not locally compact.
The following is one of the main results of this chapter.

Theorem 2.1.10. The three topologies on the space C; of unparameterised paths are
separable and have the following properties.

1) The product topology (C1, X,r) is metrisable, but not completely metrisable.
2) The quotient topology (Ci, x) is not metrisable.

3) The metric < is not complete, but is completely metrisable.

Proof. We will show separability of x4 and use the inclusions x, C x> C x4 to
conclude separability of x,: and x,. By Lemma 1.0.36, the space of absolutely
continuous paths C*'~v ([0, 7],V is separable. Consider the subspace A of
C1var ([0, T, V) of tree-reduced paths parameterised at constant speed. That is,
all representatives of equivalence classes seen by the metric . Since every path
parameterised at constant speed is Lipschitz, we may consider A as a subspace
of absolutely continuous paths. Since any subspace of a separable metric space
is separable, A is separable with respect to ||-||1-var;0,/)- This is equivalent to the

separability of 4.

Item (1) is a consequence of the definition of x., Proposition 2.1.8 and The-
orem 1.2.5.

We will prove item (2) using the fact that any metrisable space must be both first
countable and regular [Nag50]. By assuming first-countability we show regularity
cannot hold. Thus we assume that there exists {U; } - |, a countable neighbourhood
basis of [o] which without loss of generality is assumed to consist of open sets. As
before, we consider sequences of axis paths in a two-dimensional subspace of /
defined relative to two orthonormal vectors {vy, v, }. The first sequence will consist

of tree-like paths; for every n € N we take

Tn = Ynvr X Y—nv1 = Ynvr X Vnoq -
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Every ~,, belongs to the equivalence class [0] and hence
rp=sup {r>0:B(y,r)C7 ' (U,)} > 0.
We introduce a strictly decreasing sequence of positive real numbers {a, }° , by
1 . I
a =g min{ry, 1}, a,11 = 5 min {rns1,a,} forn =23, ...

so that 7 (B (Vs an)) C U, for every n. We let I';, be the path

Qp,
Fn = Yenve * Ynvi X V—enve X Y—nv1s where En = —

For every n, the path T, is tree-reduced by Lemma 2.1.3 and has length || ', || 1-var;[0,7] =
2n + 2¢,,. By the same argument in the proof of Proposition 2.1.5 these properties
yield that FF = U2, {[I,]} is closed in (Ci, x,). Itis also clear that [0] ¢ F. On the
other hand, we can obtain the estimate

||Fn - ’7n||1-var;[0,T} < 65n = Qp. (26)

The collection {U,}:2, is a neighbourhood basis at [0], and therefore any set
U in x, which contains [o] must contain Uy as a subset for some k. Using the
estimate Eq. (2.6) above and the definition of the sequence {a, }7° ,, we have that
I'y € B (v, a;) and therefore [[';] € Uj. In other words, we have shown that any
neighbourhood of [0o] must have non-empty intersection with F' and therefore

(C1, xr) cannot be regular.

To prove that d is not complete, we define another sequence of paths
Pn = Y2 X Yy, * Y_v2 *Y_y, forn € N.
Again p, is tree-reduced, i.e. p;, = p,, and there exists a constant ¢ > 0 such that

for any 1 < n < m we have

&
d’([pn]? [pm]) = ||pn - pm”l-var;[O,T] S - (27)

n

so that ([p,])>2, is a d-Cauchy sequence. However, because S(p,,)* — 0 asn — oo
for every k£ € N and since xpr C x4, the only possible limit point of the sequence is

[0]. This cannot happen owing to

d([o], [pn]) = 2,
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which holds for all n. The proof that the topology x4 is completely metrisable is
more involved. Recall the following topological facts:

1) A subspace of a completely metrisable space is completely metrisable if and
only if it is G5 [Kec95, Theorem 3.11];

2) For a topological space X, the set of continuity points of a function f : X — R
is G5 [Kec95, Proposition 3.6];

3) A closed subset of a metric space is G5 [Kec95, Proposition 3.7];
4) The intersection of two G sets is Gj.

By Lemma 1.0.36, C*' ([0, T, V) is completely metrisable with the set of piece-
wise linear paths forming a dense subset. We split the proof into two components:

1) The set of continuity points of the map v — ||7*||1.var;j0,7] is the set of tree-
reduced paths;

2) The set of paths parameterised at constant speed is closed in C%v* ([0, T, V).

For the first item, suppose that v is tree-reduced with v, — v in 1-variation,
implying |7y ||1-var;0,77 = ||7||1-var;o,7)- Suppose for a contradiction that ||V ||1-var;o,7]
does not converge to ||v||1-var;j0,7]; then there exists a subsequence (which we also
denote by ~7) for which ||}||1-varo,;7 = £ > 0 where & < ||7*||li-var;0,77- Since the
sequence (7;)>, is equicontinuous and bounded, it holds by Arzela-Ascoli that
there exists a uniformly convergent subsequence converging to a path 4 with
finite 1-variation, for which v — 4 in WGQ,, (V') for some p € (1,2). From [FV10,
Lemma 1.15], we have the bound

17 11varfo,r) < T inf{[97 hvar o) = &

By continuity of the signature map S : WGQ, (V) — T((V)) (withT'((V')) equipped
with the product topology), we have the following

S(y) = lim 8(y,) = lim S(32) = S(3).

n—o0

And so ¥ € [v], implying that v does not have shortest length in its equivalence
class: a contradiction. For the reverse, suppose that v € C%'"([0,7],GW) is
not tree-reduced. By density, we can approximate v in 1-variation by a sequence
(Yn)p2, of piecewise linear paths. Replacing any re-traced pieces with suitable
approximations via axis paths, this sequence can be assumed to be tree-reduced.
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It follows that
Ji_{gon'ymh—var;[O,T] - JLIIC}OH’YnHl—VM;[O,T} - H’YHl—Var;[O,T} > H’Y*Hl—var;[O,T]v

so that the map is discontinuous at any path which is not tree-reduced.

For the second part, let (v,,)72, be a collection of paths parameterised at constant
speed, which we recall is defined by V]|, yar 0. = %HVHI_W;[O,T}. Suppose that
Yy = ¥ in CO2 ([0, T, V), so that || vn [l yar = |71l 1.var- It must also hold that v, |0

converges to 7|jp4 in C*([0,¢], V). We conclude by by taking the limits

H’y”l-var;[o,t] = nh_)nolo||fyn||1-var;[0,t] = nh_{lgo %H,y”Hl-var;[O,T} = %HW”I-V&I‘;[O,T} :
]

Since C; with x4 is separable and completely metrisable we have the following.
Corollary 2.1.11. The space (C1, x 4) is Polish.

Remark 2.1.12. The strict inclusions demonstrated in Proposition 2.1.5 can now be
concluded from the lack of metrisability of x ., the metrisability of ., and the inclusions

Xm € Xr-

Remark 2.1.13. As noted in the introduction, there are other definitions of unparameterised
path space. For example, [CO22] considers the set of paths C**" .= J,.., CT™ ([0, T], V).
For any ~ in C™, denote by [0, T,] the interval on which ~ is parameterised. In this case,
CT™" may be equipped with the pseudo-metric

d(v,p) = T:[O,T’iy?—f;[O,Tp}Hﬂy e T”I_W;[D’T”] ’

where the reparameterisations T are required to be strictly increasing surjections. The
resulting space of unparameterised paths is the quotient space C(1) := C1T" | ~_, endowed
with the quotient topology x;, derived from the topology on C(1) generated by d. The
canonical bijection from (Cy, x-) to (C(1), x;) is continuous, implying that x; is no stronger
than x,. Moreover, the techniques from the proof of Theorem 2.1.10 can be employed to

conclude that x is also not metrisable.

We now generalise many of the results for x,, to a broader class of topologies
which are of the form y,, with an additional continuity criterion. We first require

the following lemma.

Lemma 2.1.14. Every open set in x, is unbounded in <.
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Proof. Let U € x, be any open neighbourhood of some point [y] in C;. The
tree-reduced representative v* is in 7~ *(U), and so [FV10, Corollary 1.34] and
Chen'’s identities imply that 7—*(U) contains an irreducible (and hence tree-reduced
[LX17]) piecewise linear path parameterised at constant speed, which we again
denote by ~* for convenience. Let {v1,v2} be a pair of orthonormal vectors not
collinear to the last linear piece of 7*. For each ¢ > 0, define the sequences of paths

(One)pey and (pne)oZy by

*
One =7 *Yevy * Ynvy * V—evy X V—nvys

Pne = /7* * V(nte)vy X V—(n+e)vy -

For every n and ¢, p, . is in the equivalence class [y*], which itself is a subset of

7~ }(U). By construction

||Un,s - pn,s||1—var;[O,T] = ||’7/>‘< - 'Y*Hl—var;[O,T}
+ ||/7€U2 * Yooy X V—evg X V—novy — V(n+e)v1 * V—(n+e)v1 Hl—var;[O,T}

<0+ 4e.

Hence for every n, 0, lies in 77 (U) for some £ > 0. To conclude, we note that
one is tree-reduced by [LX17], with d ([0, ], [0]) > 2n. O

Corollary 2.1.15. Assume that x,, satisfies the following condition: there exists some
p € (1,2) for which

S (CT (0,71, V), dS) = (Cr Xm) (2.8)

is continuous. Then the topological space (Cy, X ) is
1) Separable and metrisable;
2) Not a Baire space, so neither Polish nor locally compact;
3) o—compact.

Remark 2.1.16. The condition in Eq. (2.8) translates to the following: if (v,)5>, is
a sequence of continuous paths of bounded variation which converges to a path v €
C1r (10, T, V') with respect to the topology generated by the p-variation metric for some
p € (1,2) then the sequence ([7,])>, should converge to [y] in (Cy, Xom ). It is a consequence

of various fundamental results in the theory of rough paths that x,, satisfies this condition.

Proof. The separability of x,, follows from the inclusion x,, C x. and separability
of the question topology. The same arguments found in Proposition 2.2.2 show
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the sets B(r) are compact in y,,, and since every open set in y, is unbounded in
d, they have empty interior in x. An application of the Baire category theorem
proves item (2). Item (3) is immediate from the compactness of B(r). O]

Example 2.1.17. In the recent paper [CLX24], the authors introduce the general concept
of weighted signature kernels, defined through weighted inner products on T'((V')). This
leads to a class of topologies on (a subspace of) T'((V')) that satisfy the conditions of
Corollary 2.1.15. Let (-, -), be the canonical Hilbert-Schmidt inner product on V®" derived
from the inner product (-,-) on V. For x,y € T((V)), define

Z¢ (Tns Yndn »

with ¢ : NU {0} — Ry some weight function. Set Ty(V) = {x € T((V)) : (x,x), <
oo}, a Hilbert space equipped with the norm topology derived from the inner product (-, -) ..
Suppose there exists some § > 0 for which

Z $(n) ————5 < 0, (2.9)
T (1+§ +1)

for every C' > 0, where I'(-) denotes the Gamma function. Then [Lyo+07, Theorems 3.7
and 3.10] ensure that S, C Ty, (V') and that S : CP*([0,T],V) — T,(V') is continuous
foreachp € [1,1+0). We note here the slight difference between (2.9) and the summability
condition presented in [CLX24, Lemma 2.3]. This is to guarantee suitable continuity
of the signature map as required for Corollary 2.1.15. An important example of weight
function is the case ¢(i) =T (% + 1), for which [CLX24] establishes a connection between
the expected signature of Stratonovich Brownian motion and the hyperbolic development of
a path.

A recent area of study [Boe+21; CL16; CO22; Faw(03] is the moment problem for
path valued data: to what extent the expected signature of a stochastic process
characterises its law. Due to the non-uniqueness of the signature, it is standard
to consider the stochastic process as being C; valued. The choice of topology on
this space is then tied to the class of Borel probability measures. The authors
of [CO22] impose a topology of the form found in Example 2.1.17, with ¢ = 1.
However, as illustrated in the aforementioned example, there exists a broad family
of induced topologies one may wish to consider, all of which lie inside x,. As
such, it is of interest to know whether the results of [CO22] may be extended
to this setting. Indeed, the underlying reference necessary to their result [Gil71,
Theorem 4.6] requires only complete regularity (or, equivalently, uniformisability)
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and not metrisability. To the best of our knowledge, it is not known whether the
quotient topology is completely regular. With respect to this question, our proof of
non-metrisability does not yield much insight, except that first countability would
then imply a lack of (complete) regularity. Alternatively, since x, is Hausdorff, local
compactness would imply complete regularity. However, under the assumption of
the length conjecture, it is not locally compact. The length conjecture hypothesises
that

lim H?’L'S(’Y)nHl/n = ||7*||1-var;[O,T]-

The existence of the limit has been shown [CLIN18b; BG19b], and the correct
limiting value is known in special cases, e.g. when ~* is C' [HL10], or for certain
planar paths [BG23]. This hypothesis yields an upper bound on the length of ~*
in terms of asymptotic behaviour of S(v*), and so it may be shown that 7= (B(r))
is closed in C;. As such the B(r) are closed in y,, and have empty interiors by
Lemma 2.1.14. Since . is Hausdorff, the Baire category theorem implies that
the quotient topology would not be locally compact. Finally, continuity of the
group operations on (Cy, x,) would show complete regularity, as every Hausdorff
topological group is completely regular.

The non-metrisability of the quotient topology may present challenges when
used for advanced applications in probability and stochastic analysis. As pointed
out in the monograph [Gar18], many probability measures in practice are Borel
measures on Polish spaces. This assumption greatly simplifies the analysis in many
applications by circumventing the complexities of working with general topological
spaces. The development of theory reflects this. Useful tools are available in this
setting including the facts that finite Borel measures on Polish spaces are tight
(Ulam’s theorem), any Borel measurable function on such a space is continuous on
a large compact set (Lusin’s theorem), and a family of Borel measures is tight if and
only if it is relatively compact in the topology of weak convergence (Prokhorov’s
theorem). In the case of the product topology xpr, Ulam’s theorem, Lusin’s theorem,
and the sufficiency of tightness for relative compactness in Prokhorov’s theorem
still hold, whereas all theorems hold for y,. In the next section we illustrate how
these methods can be used to support an analysis of the expected signature model
of [LLN16].

It may still be desirable to identify a Polish topology on C; for which S :
C1var([0,T],V) — C; is continuous. Theorem 2.1.10 excludes y, as a possib-
ility, while the signature map S : C*¥*([0,7],V) — (C1,x4) is not continuous.
However, x;: can be metrised by using any metric which induces the product
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topology on T'((V')). Taking the completion of C; with respect to any such metric is
a direct way to generate a Polish space, where the completion is easily identifiable.

Proposition 2.1.18. Let p be any metric on that induces the product topology on T'((V')),
and let p|s, denote its restriction to S;. Then, the set of group-like elements G*) equipped
with the metric p|g) is a valid pls,-completion of (Cy, Xpr)-

Proof. Tt is enough to prove the following: the set G™ is closed in T((V)) with
respect to this topology and §; C G = §;. To see that G™ is closed we show
that the limit x of any convergent sequence (x,,)%°_, in G is again in G*). Let
Xm = (Tm,0s L1, -+, Tmy, - - - ), the convergence lim,, .. X, = x in the product
topology holds if and only if 2, ; — x; in V® as m — oo for every j =0,1,2,...
For any n it follows that 7Mx, — 1Mx as m — oo, and since it is known that
G = 7("(G™) is closed in the truncated tensor algebra, see for example [FV10,
Theorem 7.30] or [Lyo+07, Proposition 2.25], it follows that 7(™x is also in G™. By
definition this implies x is then in G®. To see the final statement, it is clear by
Proposition 1.0.19 that §; € G™. Then if x is in G, for every n there exists by
definition v, such that S™(v,,) = m,x. The sequence determined by x,, = S(7,) in
8 then converges to x in T((V)). It follows that G*) = §;. O

Remark 2.1.19. It is well known that the inclusion 8 € G® is in fact strict, and the
results of Section 2.1 provide an alternative (non-constructive) proof. Indeed, G is closed
in T((V')) whereas 8, cannot be since it is not completely metrisable.

2.2  Uniform approximation and the expected signature

model

The contemporary use of the signature in applications to regression analysis, as
well as its wider use in statistical and machine learning applications, is in large
part underpinned by the following fundamental result. The result has appeared in
various guises in the literature; perhaps most notably in [LLN16], but we will use
the statement found in [CS24].

Theorem 2.2.1 (The Fundamental Theorem of Uniform Approximation by the
Signature). Let (Cy, x) be the space of unparameterised paths equipped with a topology
X. Assume that the K is a compact subset of Cy and for ¢ € T'((V'))* denote by @, the
function given by

P, : Ci — R,
] = €o S([Y]).
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Let C'(K) denote the space of continuous functions on K with the topology of uniform
convergence. If the set y = {Py|x : £ € T((V))*} is contained in C(K), then it is a
dense subset.

While this result appears in numerous works, the choice of topology is rarely
addressed explicitly; an exception as noted earlier is the paper [CO22]. The
matter of which space to work with in the context of Theorem 2.2.1 merits some
consideration. Our aim is not to advocate for any particular choice, but to audit

our selected choice of candidates. We will prioritise three questions:
1) How readily can compact subspaces of the chosen topology be found?

2) Given a compact subspace, how easy is it to exhibit continuous functions on

these subspaces?

3) To what extent do these pairs of sets (compact subspaces and their set of

continuous functions) relate to the practical use of Theorem 2.2.1?

We address these points below. Our focus will be mainly on x,, and specifically
the product topology, where it is simplest to provide positive answers to these
questions.

2.2.1 Compactness

The inclusion maps ¢; : (Ci,xr) — (Ci,xm) and o @ (C1,xa) — (C1,x,) are
continuous by Proposition 2.1.5; compact subsets of (Cy, x.,) will therefore be at
least as plentiful as for the alternatives. The next result describes some explicit
examples of such sets. In the context of geometric rough paths, the following two
results may also be found in [CL16, Proposition 4.7]. We translate these proofs

into the context and language of topologies on unparameterised path space.

Proposition 2.2.2. For any r > 0, the set

B(ry={ec |y, <}

is a compact subspace of (C1, X ), provided x.», satisfies the conditions of Corollary 2.1.15.
Under these conditions, (Cy, X ) is o-compact.

Proof. Since x,, it metrisable, it suffices to prove sequential compactness. Let
(Im)).—, be a sequence in B (r). Then, by definition of the path v* and the set

B (r), the sequence (7).~ | satisfies
Vi (t) =75 (s)| < % (¢t —s) forall s < tin [0,7] and n € N; (2.10)
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that is, the paths are equicontinuous. The Arzela-Ascoli theorem gives a uniformly
convergent subsequence which we again call (;) .~ | for convenience. We write ~ for
the limit and note from Eq. (2.10) that ||y||1-var;jo,71 < r and therefore ||v*(|1var;jo,1] < 7
so that [y]isin B (r). Let 1 < p < 2, then a standard inequality gives

H'V:L - 'V:an—var;[QT] < 27“1/17”'7; - 7:n||<1x?1/p

allowing us to conclude that ()7 | is a Cauchy sequence and thus convergent to
~ in p-variation. The continuity conditions of Corollary 2.1.15 then ensures that

(Vo] = 7N X O

The following corollaries are direct consequences of o —compactness.

Corollary 2.2.3. The range of the signature S, is measurable with respect to the Borel
sigma-algebra on G, if the latter is equipped with the subspace topology of the product
topology on T'((V')).

Proof. Since G is metrisable and each B(r) is closed, each B(r) will be metrisable.

Thus 8; is a countable union of measurable sets, hence it too is measurable. O

Corollary 2.2.4. Let C; be equipped with a topology satisfying the conditions of Corol-
lary 2.1.15. Then C, is a Lusin space.

Proof. Every compact metric space is Lusin, and a countable union of Lusin
subspaces of a metric space is a Lusin space. [

Remark 2.2.5. When C, is equipped with X, it is not difficult to exhibit compact subsets
K C C, which are not contained in any B (r), for r > 0. For instance, by using the
example of Proposition 2.1.5, the set K = U2, [I'x] U [o] is compact since any (non-trivial)
sequence has a subsequence converging to [o] in the product topology. On the other hand,
each of the tree-reduced paths Ty has length 251,

An important example of a function on C; is the solution of a controlled differential
equation. Suppose that IV is a finite-dimensional vector space and let 7 (W)
denote the space of smooth vector fields on W. After fixing a bases for V and W,
foreachi =1,...,dim(V) let f; € T(W) and write f : V — T (W) for the linear
map defined by f, = Z?i:nf(v) v' f;. We can then uniquely solve

dyt = fa, (y) , started at . (2.11)

We briefly review how to extend f : V' — T (W) to a linear map f : T(V) — T (W).
We associate with each word w € Wyin(v) a vector field f,, defined recursively by
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fo =1id, and for w = w; ... w, by the recursion

f'w - fw1 > fwg...wn;

where for smooth ¢ : R — R

dim(W)

(fe9)e@) = > g w)dew).

ij=1
We can then view (f > g) acting on smooth ¢ : W — W by considering its action
coordinate-wise.

Example 2.2.6. Let V = R% and W = R® and suppose that f(y) = Ay and g(y) = By
for matrices A and B and o = id. Consider the application on the k'™ coordinate, that is

(f> 9w => (Z Aipyp) (@Zquyq) ;"

ij=1 \ p=1

= Z Z Aipykai

i=1 p=1
= (BAy)k,
So that (f > g)¢(y) = BAy.
The resulting family of maps {w — fu(-) € T(W) : w € Wain(v)} may be
represented as a single linear map f : (V) — T (W) defined by

x = (f(),%) = f(),

where the pairing amounts to viewing f as a formal sum ZwGWdimw) fwew. In
the following, f,,(y) will be taken to mean f,,id(y). We are now able to prove the
following.

Proposition 2.2.7. Suppose that W' is a finite-dimensional vector space. Let f : V —
T (W) be linear, and assume that there exists C' < oo such that for every k € N

sup suprx(y)H < C*, (2.12)
EE

Define a function (the Ito-map) by

Uy CT([0,T),V) = W, v+ yr
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where y is the unique solution over |0, T'] of the differential equation Eq. (2.11). Then

1) The function U,  is constant on every equivalence class of ~, and for every  in
CTr([0,T),V), Uy, ¢ (7) is given by the convergent series

Uyt (V) =90+ D Fsyr (U0) - (2.13)
k=1
2) The Ito-map is a well-defined function from Cy into W. For every r > 0, the restriction

of this function to B (r) is continuous with respect to the topology X,y on C;.

Proof. The signature is invariant on the tree-like equivalence classes and hence so
will be the function ¥, ; once we prove Eq. (2.13). To see this, we observe first by
iterated use of the change-of-variable formula that for any N > 1 we have

\I/yo,f (7) = \I/]y\g,f (7) +J fd%ld%Q-ud%Nd%NH (ytl) )
0<t1<-<ty41<1
where N
U () =v0+ Y sy (W)
k=1

Condition Eq. (2.12) ensures

CNHHVMV\E [0,T)

(N+1)!

Wy g (1) = O ()] <

so that indeed Eq. (2.13) holds.

Abusing notation we still use ¥, ¢ to denote the well-defined function on C;
defined by ¥, , : [v] = ¥, s (7). To prove continuity of ¥, ; on B (r) we take a
sequence [v,] — [7] in B (r) in the product topology, and then note that for any
N >1

20N+1T’N+1

— " ()| + TNE

S(W )k S('y,’;)

Mz

‘\I'yo,f (M) Wy, f ) -

Letting n — oo and then N — oo we learn that ¥y, ¢ ([v.]) = ¥, s ([1]) as
n — oo. ]

2.2.2 Revisiting the expected signature model

The chief motivation of Theorem 2.2.1 is to provide a theoretical justification for the
so-called expected signature model introduced by Levin, Lyons and Ni in [LLN16].
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To explore the relation between this model and the foundations developed above,
suppose that I' is a random variable taking values in the space (Si, xpr). Let Y be
another random variable, defined on the same probability space as I', which takes
values in a finite dimensional vector space W. The goal of regression analysis
here is to learn the conditional expectation E [Y| F} , where Y is interpreted as the
response of some system to the input I'. In other words, we want to approximate
the Borel-measurable function f : § — W defined by

f(g9)=E[Y|T =g]. (2.14)

Suppose the law of I, a Borel probability measure on §;, is denoted by y.. Then as
we will see in Corollary 2.2.9, by a version of Lusin’s Theorem [Bog07], the function
fin Eq. (2.14) is almost continuous in the sense that for any § > 0 there exists a
compact set K = K, such that (81 \ K ) < ¢ and such that f is continuous on K.
By Theorem 2.2.1, it is reasonable to adopt the model

Y=L{T)+e,

where L is the restriction to § of a linear function from 7T ((V)) to W and c is a
W-valued random variable satisfying E [¢| '] = 0. This obviates the need to find
an explicit compact set and continuous function relating the independent and
dependent variables.

The typical case is where I' = S (v) for some stochastic process v in C*¥* ([0, T], V),
so that the probability measure ;1 = S, is the push-forward of the law of v under
the signature map and where Y is the solution to an ordinary differential equation
driven by 7. The following result describes conditions for the well-posedness and
measurability of the functions on C; — W which result from this construction.

Proposition 2.2.8. Let W be a finite-dimensional vector space. Suppose that f : V —
T (W) is a linear function which satisfies the following conditions:

1) ForeveryvinV, f, : W — W is continuous with at most linear growth.

2) For every R > 0 there exists a finite positive C = C (R) such that for every k in N
the following bound holds

aup sup (0] < € (B
:ﬁiﬁ/:@lk ly|<R

Then the It6 map v — yr derived from the ordinary differential equation dy, =
fay, () starting at vy, is invariant with respect to the tree-like equivalence relation
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on CT ([0, T, V') and induces a well-defined Borel measurable function W, ¢ : C; — W,
where C, is equipped with any of the candidate topologies. Additionally for x,, and x4,
there exists a Borel measurable function W, ; : C; — W which agrees with ¥, ¢ on C;.

Proof. The ordinary differential equation has a unique solution for every v in
Cvar([0,77],V). By Theorem 3.7 of [FV10] and the linear growth condition, there
is a finite positive constant K = K (|yo!, ||7|[1-var;jo,r]) such that

”yHoo S K(|y0‘ ) HfYHl-var;[O,T])'

A repetition of the same argument in the proof of Proposition 2.2.7 leads to the

estimate
N
Yyr = Yo + Z fsyr (Yo) + Ensa,
k=1
N N
C (K (Jwol s I lvariom) ) 19 o

where |Ey| < I )

which allows one to deduce invariance on the equivalence classes by taking the
limit N — oco. To see that the resulting function ¥, ; : C; — W is measurable with
respect to B(C,) (the Borel sigma algebra of C;) and B(WW), we notice that it is the
pointwise limit of the functions Ly o S where Ly denotes the (restriction of the)
linear function N
Ly: (CL(),al,...) f—>y0+2fak <y0> ew
k=1
to 8. The existence of a measurable extension follows from the fact that (W, B(W))
is a Polish space; see [Sho83, Theorem 1] noting that B(C,) = {ANC, : A € B(C1)} .
U

A general version of Lusin’s theorem yields the following corollary for the product
topology Xpr-

Corollary 2.2.9. Consider the setup as in Proposition 2.2.8 and let 1 be a Borel probability
measure on (Ci, Xpr). Then for every 6 > 0, there is a compact set K C Cy such that
u(Ci\ K) < dand W, ;| is continuous.

Proof. Since C; is o —compact with respect to x,r, j is tight. Separability of (C1, xpr)
and [Bog07, Proposition 7.2.2] imply that u is a Radon measure. Measurability
of ¥, s and Lusin’s Theorem for finite Radon measures [Bog07, Theorem 7.1.13]
show the existence of compact sets with the desired property. O
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2.3 A comment on open problems

Relationships exist between the results of this chapter and some conjectures in the
field of rough analysis. For example (as was mentioned in Section 2.1.2) a positive
answer to the length conjecture would imply the quotient topology is not locally

compact as the balls B(r) would be closed.

A deeper example where a careful understanding of the topology is relevant arises
in the conjecture of Levin and Lyons [LL09] on the construction of a signed measure
on unparameterised path space associated to higher order differential operators.
This conjecture proposes to extend the correspondence between second-order
differential operators and (the laws of) Markov diffusions to higher order operators.
The classical approach works by associating to a second order differential operator

L, a Markov semigroup (P,);>o with P, := ¢t

and a Markov process (X})>o
satisfying the property
Fuf (@) = E[f(X7)].

The function u; := P, f(z) then solves d,u = Lu with u|,—q = f. It is well known
that the Markov process corresponding L = 3A is Brownian motion (or Wiener
measure). In the case of higher order operators (even if they are constant coefficient
and translation invariant) one encounters several problems, most notably that
the resulting semigroup (7,)>¢ is no longer positivity-preserving. As such, one
cannot hope to associate a probability measure to such a differential operator.
Nevertheless, this can be achieved in some cases if one is prepared to work with
signed-measures, as noticed in an old work of Krylov [Kry60] and later by Hochberg
[Hoc78]. Even in the absence of positivity for P, [LLO9] shows how the semigroup
property can be used to define a consistent family of signed measures {1} on
path space indexed by a partition D of [0, T']. Even though each resulting signed
measure £ has unit mass, the total variation||zp||y is unbounded as the mesh
size goes to zero. This observation would seem to preclude the existence of a
well-defined measure on classical path space ;i = limmesh(p)—o ftp- The work of

Levin and Lyons however, shows the existence of

I S(yP)'d
e o | SO A ()
for all terms in the signature, where v? is the piecewise linear interpolation of 7 on
the partition D. Moreover, these limits may be computed explicitly in terms of the
differential operator. In the special case of the half Laplacian, the corresponding

limit is exactly the expected signature of Brownian motion.
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By recalling that the coordinate iterated integrals are the monomials on unparamet-
erised path space, Levin and Lyons conjecture that there exists a signed measure 1
on unparameterised path space such that y, in an appropriate sense, is the weak
limit of the y1p. Conjectured in 2009, little progress has been made save for the work
of Nejad [Nej18]. Part of the difficulty being the absence of results in the literature
describing compactness criteria for a family of measures on unparameterised path
space. We hope that the results of this chapter will reinvigorate activity in this

direction.

2.4 Topologies on unparameterised rough path space

It is natural to ask whether the results of Section 2.1 may be extended to topologies
on unparameterised weakly-geometric rough path space; the most general setting
under which the uniqueness of the signature is known. While the majority of the
results may be extended without too much difficulty, certain subtleties arise when
dealing with rough paths as opposed to bounded variation paths.

Indeed, the p-variation norm of the concatenation of two paths is only sub-additive
(see Lemma 1.0.44) whereas the 1-variation norm is additive. Moreover, the
function wx ,(s, ) is only super-additive as opposed to additive whenever p > 1.
The lack of additivity of these functions, combined with the fact that WGQ,(V) is
not a linear space for p > 2, means that deriving inequalities of the type Eq. (2.7)
may become substantially more challenging.

While there exists a tree-reduced representative of each equivalence class whose
parameterisation may be fixed as the constant Holder-control parameterisation,
there is no characterisation of the representative in terms of minimal p-variation.

Indeed, consider the following example as found in [Dril3].

Example 2.4.1. Consider V =R?, p € (1,2) and € > 0 suitably small. Let (e;)%_, be the
Cartesian basis of V and define

Y = Y(4e)ey ¥ V—2eer X V(1+e)er -

Then clearly -y is not tree-reduced in the sense of Definition 1.1.1 and in the equivalence

class [Yae, |, but one may compute ||V||p—varsjo.1] = ||72e1 [lp—varsfo, 1) = 2-

Recall that the characterisation of the tree-reduced representative in terms of
minimal length was critical to the proof of the complete-metrisability of y, in
Theorem 2.1.10. It is true, however, that the tree-reduced representative achieves

the minimal p-variation in its equivalence class while not necessarily being the
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unique minimiser. That is, if X is the tree-reduced representative of an equivalence
class, then it satisfies [Boe+16]

HXHp—var;[&ﬂ = Yr{nip%HYHp—var;[OvT]'

However, perhaps the most challenging obstacle is the absence of a countable subset
that is clearly dense with respect to the x4, which was necessary in proving separ-
ability of various topologies. Recall that whenever y € C'* ([0, 7], V), we had that
v* € COar([0, T, V) which itself is a separable subspace of ' ([0,7], V). The
key was that paths which are parameterised with 1-Hoélder control (i.e, Lipschitz
at constant speed) are absolutely continuous. The equivalent statement is not true
for p > 1, that is the p-Ho6lder control parameterisation of a path X € WGQ,(V)
is not necessarily in G€2,(V'). However, one might still hope that in every ~,
equivalence class there is some representative in G(2,(V'); perhaps under some
complex reparameterisation or removal of tree-like pieces any weakly geometric
rough path is tree-like equivalent to a geometric one? Equivalently, we would
hope that S(GQ,(V)) = S(IWGQ,(V)) = §,. Unfortunately this is not the case, and
it seems to be an accepted fact that the inclusion S(GQ,(V)) C S(WGQ,(V)) is
strict. However, to the best of our knowledge there is not a well-known proof of
this result. As such, we provide a proof from the definition of tree-like equivalence
and Wiener’s characterisation, see e.g. [FV10, Theorem 8.22].

Theorem 2.4.2 (Wiener’s Characterisation). Let X € WGQ,(V) for p > 1. The
following statements are equivalent.

1) Xe GQ,(V);

2) limso Supip|<s ZtiepHXH”Z_W;[WIM =0;

3) 1m0 SUPppi<s Doy ep doc (X1, X,)" = 0.
Using Wiener’s characterisation, we are able to prove the following.
Theorem 2.4.3. For p > 1, The space S(G<2,(V')) is a strict subset of S,,.

We break the proof into various smaller results, some of which are well known,

but we include them for completeness.

Proposition 2.4.4. Let « be a reparameterisation of [0,T) and X € WGQ,(V). If
Xoa e WGQ,(V)\ GU,(V), then X € WGQ,(V) \ G, (V).
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Proof. Note that « is uniformly continuous on [0, 7| since it is a non-decreasing

surjection on a compact interval. By Wiener’s characterisation

. p_
(ISILI(I) sup Z dcc (X oa(t;—1),Xo Oé(lfi>) =x > 0.
‘p|<§ti€'P

Fix e > 0. Since « is uniformly continuous, there is some § > 0 for which |s —¢| < §
implies |a(s) — a(t)| < . Let P be a partition on [0, 7] with |P| < ¢ for which

Z dcc (X oa(ti—1),Xo a(ti))p > K.

t,€P

The partition Q = {«a(t;) : t; € P} will then satisfy |Q| < . Hence,

> dec(Xi,,,X,)" = dec(Xoa(tig), Xoat)) > k.

si€Q t;€P
Taking limits as ¢ — 0 and applying Wiener’s characterisation gives that X €

WGQ,(V)\ GQ,(V). O

The reverse result is not as straightforward. Indeed, a reparameterisation of [0, 7’|
may be constant on countably many subintervals so that a genuine surjective
inverse a~! does not exist. As such, we must first prove the existence of an inverse
in a suitable sense.

Definition 2.4.5 (Pseudo-inverse). Let A C [0, 7] be closed and o« : A — [0,T] be a

continuous non-decreasing surjection, then we define o~ by

a~l(t) =inf{u € A:a(s) =t}.

The following basic results are straightforward.

Lemma 2.4.6. Let A C [0, 7] be closed and o : A — [0, T'] be a continuous non-decreasing
surjection. Then

1) aca™l(t)=tforallt € [0,T];
2) Lett, Tt, then a=1(t,) 1 a=L(t).

Suppose further that
a(s) =a(t) = AN(s,t) =2,

then for all € > 0 there exists a 6 > 0 for which |s — t| < § implies

/\(A N [ofl(s),oz_l(t)}) <e,
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where \ is the Lebesgue measure on [0, T').
Proof. For the first item, let u,, | o '(¢) with a(u,) = t. By continuity of «

—1 _ . o
aoa (1) = nh_g)lo au,) =t.

The second item is similar. For the third item, we proceed by contradiction.
Suppose there is some ¢ > 0 such that for every §,, = % there are |s,, — t,,| < §, for
which

MAN[a ™ (s0), 07 (tn)]) > &

Without loss of generality, by passing to subsequences if necessary, we may
assume that (s,)>°, and (t,);2, are monotone sequences with s, < ¢, for all n
with s,,t, — u € [0,7]. By definition of ™!, (a!(s,))52, and (a~*(t,))>, are
monotone bounded sequences in a closed set A so that

lim o '(s,)=s€ A and lim a '(t,) =t € A

n—0o0 n—oo

Note that a(s) = a(t) = u by the first item. If s = ¢, then
e <AAN[a (sp), M (tn)]) < la ' (sn) — @ (ta)] — 0.

We now consider the following cases.
(1): s, Twandt, T u. Then s =t by the second item of this lemma;

(2): s, L wand ¢, | u. This implies that for every n there is some k for which
tr < s, so that a™!(t;) < a~'(s,), implying that ¢ < s. Hence s = t;

(3): s, twandt, | t. Hence a(s) = a(t). Then [a~!(s,),«™*(¢,)] is a shrinking

sequence of intervals for which

e < lim AM(AN [ (sy),a ' (ta)]) = A(AN(s,8)) = 0.

n—o0

We are now ready to prove the following.

Proposition 2.4.7. Suppose that « is a reparameterisation of [0, T] and X € WGQ, (V) \
GQ,(V), then X o a € WGEQ,(V) \ GQ,(V).

The idea is to use Wiener’s characterisation for X and look at the inverse partition
a~(P). By carefully designing P and inserting exactly the right additional points

into a~'(P), we can use Wiener’s characterisation on X o «.
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Proof. By [Genl5, Proposition 3.4.1] and the monotonicity of «, there exist countably

many disjoint open intervals I; = (r},r?) C [0, 7] for which oy = a(inf;,) if t € I,

and
as =, = s,t € I, for some i. (2.15)

Let U = |J;2, I; and A = [0, 7] \ U. Note that the restriction «/|4 is a continuous

(2

non-decreasing surjection with pseudo-inverse o' satisfying the conditions of
Lemma 2.4.6. Now let § > 0 and N € N for which

i ML) < g

i=N+1

By Lemma 2.4.6 there is a £; > 0 for which

)
AMAN [a7!(s),a M (1)]) < 2
whenever |s — ¢| < 1. Order the finitely many intervals 1, ..., Iy so that r} < r},;.
Let
= i —
2= min |ry -7l

By Eq. (2.15), it holds that ¢, > 0. By Wiener’s characterisation, we must have

lim sup E dcc (Xti_l,Xti)p =k >0.
6—0
PI<0iep

Let P be a partition with |P| < min{ey, 2} for which

Z dCC (Xtifla Xti)p Z K.

t,€P

For each (r},r?) let Q; be a partition on [r}, 7] with |Q;| < §. Define the partition

17 1771

N
Q=a'(P)ul Q.
=1
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Now for tj,tj+1 € Q, if tj,tj+1 S Qz then |tj+1 — t]| < 6. If tj € [T?,Til_‘_l} then
tjy1 <r},,, implying that

[tis1 = til = A[ty, ta] N U) + A([t, tjaa] N A)

> )
<M Ittialn U +5
i=N+1
<5+5
2 2

Hence |Q| < . Now for s; € P, there can be at most one interval I; with i < N,
contained in (s;_1, s;) since |P| < e5. Letting ¢, == a~'(s;) € a~'(P), and assuming
there exists such an interval, then
dec(Xs, 1, Xy, )P = dec (X oa(tj_1),Xo oz(tj))p
< <dcc (Xoa(sj—1,Xoa(r]))’ +dec(Xoa(r}),Xoa(s)))"
(dCC(X oa(sj_1,Xoa(r]))’ +dec(Xoa(r}),Xoa(s;))”
gp-1 (dcc

_ op-! (dcc

IN

Xoa(sj_1,Xoa(r] )) + dec (X o a(r; %), X oaf(s ))p)
Xoa(sj_1,Xoa(r}))’ +dcc(Xoa(r?),Xoals;)"

(w). Xoa(v))"),

+
8-
@)
PR
(]
Q

where the final equality follows since all terms in the sum are identically zero. It
follows that Q is a partition of [0, 7] with mesh-size less than ¢ for which

K S Z dC(j<X5j_l,ij)p = Z dCC (X o) Oz(tj_l)7 Xo Oz(tj))p

s;€EP tica—1(P)
S 2p—1 Z dCC (X o Oz(tj_l), X O a(tj))p.
t;eQ

And so, by Wiener’s characterisation, we must have Xoaw € WGQ,(V)\GQ,(V). O

We can now conclude that being strictly weakly geometric is invariant under
reparameterisation. Clearly if X is weakly geometric, it could be tree-like equivalent
to a geometric path if the “weakly geometric” parts of the path are tree-like. We now
need to show the reverse: one cannot add tree-like pieces to turn a strictly weakly
geometric rough path into a geometric one. First recall the following construction
of [Gen15; Boe+16]. For X € WGQ,(V), the corresponding tree-reduced path is
a weakly geometric rough path X for which the signature path S, .(X) has loops

erased in the following sense: there exists a countable collection of open intervals
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I, C [0,T] for which

Sou(X),  teUi b

S(Lt(X) -
SO,iani (X)7 te ]iv

and satisfies the property that Sy 5(X) = Sp4(X) if and only if s,¢ € I;.
Proposition 2.4.8. Suppose that X € WGQ,(V) and X € WGQ,(V) \ GQ,(V), then
X ¢ GQ, (V).

Proof. Once again, we will use Wiener’s characterisation. We know that

I X, X)) = .
lim sup Z dec (X, X)) =K >0
‘P|<6ti€'P

Fix 0 > 0 and let P be some partition with mesh-size less than ¢ for which the

above sum is greater than or equal to . Consider now

Z dec (X, X))

t;€P

For each (¢;,t;11) we will add at most two points to the partition P. Let [;, 1 <i < oo
be the intervals used to construct X and let U = |J°, I;. Construct the partition Q
by adding points to P according to the following.

(1): Iftj_1,t; ¢ U, then X, | = th and X, = th, so there is no need to add
points;

(2): Ift;_1 ¢ U and t; € I;, then add the point inf J;. In this case
dcc (th,pj(tj)p < (dcc (X4, 15 Xine 1) + dec (Xing 1, th)>
S 2;071 (dCC (th,I ) Xinfli)p + dCC (Xinf I th)p) .
(3): Ift;_y € Uand t; ¢ U, then add sup I,.
(4): If t;_1,t; € I, there is no need to add points since

dec (th,l, th)p < dcc(Xy,_,, Xy,)".

J
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(5): Ift;_4y € I, and t; € I, then add sup I; and inf [;. By Jensen’s inequality,

dCC (th_1 ) th)P S 317—1 (dCC (th_l ) Xsup Ii)p + dCC (Xinflm Xsup]k)p

+ dCC (Xsup Iy s th)p> .

Then Q is a partition of [0, 7] with mesh-size less than ¢ for which

3p—1 Z dCC(XtJ;Uth)p Z Z dCC(thflath)p Z K.

t;€Q t;eP
Again, we conclude by applying Wiener’s characterisation. O

Proof of Theorem 2.4.3. Fix X € WGQ,(V) \ GQ,(V) to be tree-reduced and let
Y € [X]. We first note that X = X* o o for some reparameterisation «, so
that X* is strictly weakly geometric by Proposition 2.4.7. Since the tree-reduced
representative is unique up to reparameterisation, it must be that Y = X*or for some
reparameterisation 7. As such, Y is strictly weakly geometric by Proposition 2.4.4.
Finally, Y itself must be strictly weakly geometric by Proposition 2.4.8, from which
we conclude that [X] ¢ WGQ,(V) \ GQ,(V). Hence, S(GQ,(V)) C S,. O

Remark 2.4.9. It is clear that there is always some X € WG, (V) \ GQ,(V) that is
tree-reduced. Indeed, let Y be a strictly weakly geometric rough path evolving in R%~*,
then define X, := (t,Y,). By Wiener’s characterisation, X will be strictly weakly geometric
and tree-reduced, since its signature path will be injective by construction.

The above result says that there is no obvious countably dense subset of unpara-
meterised rough paths whenever p > 1. With these obstacles in mind, we have
not been able to extend all the results of Section 2.1 to general C, for p > 1. We do
however present the results we have been able to extend, while drawing attention

to the open questions.

2.4.1 Properties of topologies on unparameterised rough path

space

Since the details of the proofs of many of the results are natural extensions of those
found in Section 2.1, we will be relatively terse with our arguments. The topologies

we defined in the preceding are ordered as follows.

Proposition 2.4.10. We have the inclusions
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Proof. Both inclusions follow analogously to Proposition 2.1.5. O

The above inclusions are in fact strict and may be shown directly as Theorem 2.1.10
in the case p = 1. For brevity we will leave the strictness as a corollary of
Theorem 2.4.16.

Corollary 2.4.11. All three topologies are Hausdorff.

Proof. Since ., is a Hausdorff topology by construction, we immediately obtain
that all three are Hausdorff. O
From this point forwards we will assume that y,, satisfies the following assumption.

Assumption 2.4.12. There exists some q € (p, |p| + 1) for which

S: (WGQP(V) d(“’”) — (Cpy Xm)

) Yg-var

18 continuous.

Our study of the finer topological properties of x,, relies heavily on the fact that
under Assumption 2.4.12, open sets must contain tree-reduced paths of arbitrarily

large p-variation.
Lemma 2.4.13. Suppose X, satisfies Assumption 2.4.12. Then non-trivial open sets are

unbounded in p-variation in the sense that

sup || X7
XjeUu

= 00, (2.17)

p-var
for any non-empty open U.

Proof. Let U € x,, be an open neighbourhood of some point [X] € C,. By
Assumption 2.4.12 and Lemmas 1.0.36 and 1.0.37, 7! (U) contains the lift of some
piecewise linear path parameterised at constant speed. With abuse of notation, we
also call this path X=!. We now follow the argument of Lemma 2.1.14. Let {v1, v2}
be two orthonormal vectors not collinear to the last linear piece of X='. For every
e > 0, define the sequences of paths (Y5!)™ and (Z5!)™ by

Ygi - Xﬁl * V(nte)vr X V—(n+e)vrs (218)
Lt = X5 5 Yogy % Yoy * Y—evg * V—nvr» (2.19)
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both parameterised at constant 1-variation. For every n, ¢, it holds that YEEP | S
[X] C #71(U), whereas Z:! is tree-reduced by construction. Additionally,

,€

dl—var (XSI Zié) S 457

n,e)

so that Zs ¥ 7 1(U) for every n and some ¢ by Lemma 1.0.37 together with
continuity of the signature map S : WGQ,(V) — (Cp, X ). Finally, notice that

1Z52 e = NZ5E

p-var

> [| X2 0 + 267 + 207

p-var

O

Proposition 2.4.14. Suppose that x ,, satisfies Assumption 2.4.12, then the balls B,(r) :=
{7 ,ugr < 7} are compact in x,y,.

p-var —

The proof follows the method of Proposition 2.2.2 or [CL16, Proposition 5.7].

Proof. Since x,, is a metrisable topology, it is enough to show that B,(r) is
sequentially compact. Let ([X,])’" be a sequence in B,(r), then each tree-
reduced representative X is Z—ﬁ—Ht')lder continuous with %—Hblder norm bounded
by r. Consequently, the sequence (X})™  C WGQ,(V) is equicontinuous and
bounded, with uniformly bounded p-variation. And so for any p < ¢ < [p] + 1,
a subsequence converges in WG, (V) to some path X € WGQ,(V), see [FV10,
Proposition 8.17]. By [FV10, Lemma 5.12], ||X[| ., < r so that [X] € B, (r). Finally,
by Assumption 2.4.12, we have the convergence [X,| — [X] in x,,. O

The preceding results show that we can construct large sets that are nowhere dense
in the topology x.,,. Taking a countable union of these closed sets allows us to

conclude several topological properties.
Corollary 2.4.15. If x,, satisfies Assumption 2.4.12, then the space (Cp, X ) 15
1) Separable;
2) o-compact;
3) A Lusin space;
4) Not a Baire space;

5) Not locally compact.
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Proof. The first item follows from Assumption 2.4.12 and Lemma 1.0.37 and the
separability result Lemma 1.0.36. We may write

@:O@m. (2.20)

Thus the Hausdorff space (C,, x) is a countable union of compact sets [cf.
Proposition 2.4.14] with empty interior [cf. Lemma 2.4.13] and so both o-compact
and a Lusin space, but not a Baire space. The final item follows from the Baire

category theorem. O

We now state one of our main results.

Theorem 2.4.16 (Complete Metrisability). Let x., satisfy Assumption 2.4.12, then
1) X is not completely-metrisable;
2) X~ is not metrisable;
3) The metric generating x 4 is not complete.

We record here that unlike in the case p = 1, the complete metrisability of x, for

p > 1 remains unresolved.

Proof. The first item is an immediate consequence of Corollary 2.4.15 and the Baire
category theorem. For the second item, we follow the strategy of Theorem 2.1.10
and show that x, cannot both be first countable and regular, and so not metrisable.
Assume that y, has a countable neighbourhood basis {U,, }>° , of [0] € C, consisting
of (with loss of generality) open sets. Fix two orthonormal vectors {v;, v,} and
consider the sequence of tree-like paths in WG, (V) given by

Y5 = Yooy % Yoror = Yowor * o
Then each Y3 € [o] € C,, since the lift of a tree-like path is tree-like. As such,
ro =sup{r>0: By, (Y";r)CU,} > 0.
Define the strictly decreasing sequence of positive real numbers {6, }7°; by

1
0y = min{ry,1} and 6,41 = B min{d,, 741},
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forn > 1sothatr(B, (Y= :9,) ) C U, for each n. For € > 0 let Z=! be the path
p-var n,e p

Zgé = VYevy X V(n—e)vy ¥ V—evae ¥ V—(n—e)vy;

s0 that dyver (Z5L, Y5!) < 4e. And so by Lemma 1.0.37

n,e’

lin dpvar (252, YEI) = 0.

n,e
e—0

It then follows that Z%Ep e By (Y?L p J; 6n) for suitably small ¢, resulting in
[Z%}ﬂ € U,. Clearly

A= QAM with A, = O { |:Z]§€LJin| }7

j=1

73l

T o0,

p-var

meaning that

is closed in x,. To see this, note that if (W,)>>, C 7 !(A) converges to some
W e WGEQ,(V), then sup,, [|W,||
reduced with exploding p-variation, there exists some N for which (W,,)>° is

pvar < 00. Using the fact that each 752 is tree-
contained in Ay. Ay is a finite union of equivalence classes each of which is closed
by Corollary 2.4.11 and hence W € 7! (A). We have thus constructed a closed set
A, not containing [o], which has non-empty intersection with every neighbourhood
of [0]; x- cannot then be both first countable and regular, and so is not metrisable.

For the final item let {v1, v, } be a pair of unit vectors in V which are not collinear.
For each § > ¢ > 0 define the following tree-reduced path

X5 = Yev * V0/2meyun * Vmevn ¥ V=(1f2—)or (2.21)

Let X! be the canonical lift into ' ([0, T], G2} € WG,(V) which is then

1
2

and converges to () The sequence (X=!)>  is clearly bounded in 1-variation and

parameterised at ——Holder control. Let (g,)2° , be a sequence satisfying 0 < ¢,, <

equicontinuous by the Holder control reparameterisation. Hence the sequence
(X212 | converges uniformly (along a subsequence) to some path X=! of finite
1-variation, and so converges in ¢-variation for ¢ € (1, 2) by a standard interpolation
argument. By the form of Eq. (2.21) it is clear that X=! must be a reparameterisation
of the path 7, *7_,,. By Lemma 1.0.37 we conclude that X5/ — X=l?) in
WGQ,(V), and so forms a Cauchy sequence with respect to the metric <. By
continuity of the quotient map, we have the convergence of equivalence classes
[X5P1] — [X=P)] = [o] in x. By the uniqueness of limits in Hausdorff spaces, the
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only possible limit of [X5"'] in y, is then [0]. However it is clear that

lim < ([XZP], [o]) > 2",

n—oo

so that [ngan J} does not converge to [o] with respect to the <.

O
As a result of the non-metrisability of the quotient topology, the inclusions from
Proposition 2.4.10 are strict.

Corollary 2.4.17. The inclusions in Eq. (2.16) are strict. That is

Xm CXT CXd-

The non-completeness of the metric topology has the following consequence.
Corollary 2.4.18. The space (C,, x4 ) is not locally compact.
Proof. Using the same techniques as in Theorem 2.4.16, we can show that B,(r) is

not complete for any r. As a result [o] cannot have a compact neighbourhood in

this topology, as this would imply B,(r) is compact for some suitably small ». [

2.4.2 The totality of unparameterised rough paths

We conclude this chapter with a discussion on the totality of all unparameterised
rough paths C, that is the quotient of the space

WGQV) = JWG,(v)

p>1

by tree-like equivalence. Here for ¢ > p, two paths X=lPl € WGQ, (V) and
Y=l € WGQ, (V) are called tree-like equivalent if X=l9) and Y=l4 are tree-like
equivalent. It is unclear how to topologise WGQ(V') in a consistent fashion, and
so defining a suitable quotient topology on C is not straightforward. However, it is

still possible to define topologies on C induced by metrics on subspaces of G*.

Remark 2.4.19. We can canonically identify C with the space S (just as we have often
identified C, with S,), so that we can view C,, as a subset of C through the inclusion S, C §.

In a similar spirit to Section 2.4.1 we have the following theorem.
Theorem 2.4.20. Let y be any metrisable topology on C for which S : WGS,(V) — (C, x)

is continuous for all p, then the space (C, x) is
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1) Separable;
2) o-compact;
3) Not locally compact;

4) Not polish.

Proof. Recall that the (lift of the) same countable subset of piecewise linear paths is
dense in each G(2,(V) for every p > 1, and that WGQ,(V) C GQ (V) for all ¢ > p.
By continuity for each p > 1, the image of these paths under S will then be dense

inC.

For the remaining points, we first claim that every open set in C is unbounded
in p-variation for some p > 1. First note that for every p > 1, the subspace
topology on C, induced by the topology x on § results in a topology on C, that
satisfies Assumption 2.4.12. Label this topology as x? . Let U be a non-trivial
open set in C containing the signature of a weakly-geometric rough path X € C,.
Then U N C, C C, will be a non-trivial open set in (C,, x?,), and so unbounded
in p-variation in the sense of Eq. (2.17) by Lemma 2.4.13. Let B,(r) be the set
of equivalence classes whose tree-reduced representative may be viewed as an
element of WG, (V) with p-variation bounded by r. By the same argument as in
Proposition 2.4.14, each B,(r) will be compact in (C, x). We may then write

c=JJBur).

p=1r=1

This is now a countable union of compact subsets of a Hausdorff space with
empty interior, from which we deduce the remaining points by the Baire category
theorem. O

The set of group-like elements G* is a closed and completely metrisable subset of
T((V')) equipped with the product topology (see Proposition 2.1.18) which itself
is completely metrisable. Since § is contained in G and is itself not completely

metrisable, we obtain the following well known result.

Corollary 2.4.21. The set of all signatures S is a strict subset of G™). If G™) is equipped
with the product topology inherited from T((V')), then 8 is a meagre subset of G,
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RANDOMISED PATH DEVELOPMENTS

Our first function on unparameterised path space is the path development. Path
developments have long formed a vital tool in understanding the theoretical properties
of the signature, itself an example of a path development. In particular, the hyperbolic
development was heavily utilised in the proof of uniqueness of the signature in
[HL10], the study of signature asymptotics [BG19a] and signature inversion [LX17].
Meanwhile, the unitary development allows for a theory of Fourier transforms of
measures on unparameterised path space [CL16] as well as constructive determination
of the signature [Li+25]. Recently, there has been a reversal of this trend where path
developments have been used as an alternative to the signature transform in certain
applications. For example, they have been applied as a layer in an LSTM [LLN24], a
discriminator between probability measures on path space [LLN23; TNL24] and
as an approximation to the signature kernel [MILS23]. A feature of the latter two
applications is that the matrices driving the path development are randomised with
the dimension of the target Lie group ideally taken as high as possible. This chapter
studies the scaling limits of such randomised path developments when the target Lie
group is either the general linear group or the unitary group. This chapter is based
on the pair of works [CT24a; Cre+25].

The signature, which we have seen to be an injective map from the space of

unparameterised paths into 7'((V')), is an example of a path development. Recall

that the signature of v € C*V*([0, T, V) is given by S(v) = Zr, where Z solves the
CDE

dZt = Zt X d’)/t on [O, T], (31)

in the space T'((V')) with initial condition Z, = 1, the identity in 7'((V')). The
structure of Eq. (3.1) resembles the classical operation of exponentiation, and the
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signature transform can be loosely viewed as its analogue with respect to the
non-commutative product ®. As we have already seen, the terms in the signature
provide a natural way to express functional relationships on path space; a canonical

example (see Proposition 2.2.7) is the map (yo,y) — y, where y solves the CDE

dy, = f(yt) dvs, ?J(O> = Yo.

The solution to Eq. (3.1) can therefore encode a wide class of such maps. In
particular, the signature reduces the analysis of paths v : [0,7] — V to the
study of a sequence of tensors in [[°_, V®™ associated with ~. Since dim V®"
grows exponentially in m, dimensionality considerations remain important. A
common approach is to truncate the signature to order L, working instead in the
finite-dimensional space 7w = Hﬁz:o V@m_ In other contexts, signature kernel
methods have become popular [KO19; Sal+21; Iss+23; CLX24], enabling efficient

computation of inner products

K(y,0) = (S(7),S(0)),

for various choices of inner product on 7'((V')) without explicitly computing S(v).

One promising recent alternative is to use the development of vy into a matrix Lie
group [LLN24; LLN23]. In this formulation the central object is not the signature
itself but related representations obtained from the evolution

dZt = M(d”yt) (Zt), Z() = IN, (32)

where Z takes values in a matrix Lie group Gy C My(F)and M € Hom(V, Lie(Gy)).
By identifying the Lie algebra gy with Lie(Gx) we may equivalently regard
M € Hom(V,gy) and write

dZt = Zt ' M(d%)> ZO = [N> (33)

where - denotes matrix multiplication. Important examples include:

1) F =RorC, with Gy = GL(N; F) and gy = My (F); the resulting represent-
ations are denoted G(v; M) := Zr;

2) F =C,with Gy = U(N;C) and Lie algebra the anti-Hermitian matrices
uy :={M e My(C): M* = —-M},

yielding unitary features U(y; M) := Zr.
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The N = 1 case recovers the characteristic-function: if M =i - f with f € V* then

Zr = exp (if(%,:r)), Yo,r = YT — 70,

and for v, distributed according to ; we have E,[Z;] = ®,(f), the classical
characteristic function at f.

Lou, Li and Ni [LLN23] leverage these developments for generative modelling by
defining

O (M) =B, [U(v; M), du(p,v) = [|u(M) — @y (M)]|ns,

and then randomising the choice of development via a probability measure £ on

the space of maps M to obtain

1/2

de(p,v) = Ense [dar(p,v)?] (34)

When N = 1, this reduces to the characteristic-function distance of [FSS520; Li+20a].
In the experiments of [LLN23] the measure ¢ is taken to be discrete, i.e. { =
2 S ¥ | a1, and the finite collection {M;}%_, is treated as trainable parameters of
the discriminator which are learnt adversarially. The authors report state-of-the-art

performance across various time-series generation tasks.

Despite these promising results, questions remain which affect the wider use of
this approach. The critical issue of dimensionality outlined above is transferred —
rather than resolved — from the selection of a truncation parameter in the signature,
to the choice of a Lie group of sufficiently high dimension for the method to be
effective. The overhead associated with computing d¢, as well as the difficulty of
optimising the large parameter set forming the discriminator remains and may be
prohibitive in some cases. It is desirable therefore to have some direct means of
computing Eq. (3.4), especially in the case where N may be large.

One way to tackle this problem is to observe [LLIN23, Section B.3] that d; is a
maximum mean discrepancy distance (MMD). Indeed

d? (Ma V) :]EMN§ [<(DH(M)? (I)M<M)>] + ]EMN§ [<®V(M)7 @V(M)”
- 2EM~£ [<®H(M>7 (I)zx(M»} )

so that d¢ is an MMD with associated kernel

/{(7’ J) = EMNE [(u(’% M),Z/[(O'; M)>H5} :
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As our interest is primarily in the asymptotic regime N — oo, this leads us to
ask whether we can characterise the large N behaviour of the law of the random
variables

(U (v;+) U (0;-))us under €y (3.5)

for a suitable class of (Borel) probability measures £y on uy. While this may appear
a challenging technical problem, the theory of non-commutative probability [Voi85;
Voi87; Voi86] provides both a general framework for the study of these limits,
as well as explicit ways to characterise and calculate them. We recall that a
non-commutative C*-probability space is a pair (A, ¢) consisting of a C*-algebra
A having a unit e, and a state (in the sense of [AGZ10, Definition 5.2.0]) ¢ : A — C
with ¢ (e) = 1. Two well-known examples are

1) A; = My (C),and ¢ (M) = Tr(M);

2) Ay = L™ (Q; My (C)), the space of bounded My (C)-valued random vari-
ables, with the linear-functional ¢ (M) = +E [Tr (M)].

From this point forward, we will write Tr for the usual trace of a matrix and
tr := +Tr for the normalised trace. One attractive feature of this theory is the way
in which it can be used to identify limits, both almost surely and in expectation,
of sequences such as Eq. (3.5). These limits are typically determined by the
dependence structure between the matrix entries but are otherwise universal.
They do not require £y to belong to a simple or explicit class of distributions — in
particular they need not be Gaussian — and instead require only mild moment

assumptions. The archetype of this result shows that sequences (of collections)

d
. . . 1
of random Wigner matrices Ly = {\/—NMZ-N }i:1 € My (C) under very general
assumptions (on the distribution of the entries) are asymptotically free and converge
in law (in the sense of non-commutative probability) to the semicircle law. These
statements hold both in the almost sure sense, viewing Ly as a random set in

(Mn(C),tr(-)), and in expectation, by working instead with ¢ () = E [tr ()].

By using techniques from this theory we are able to define the limit

Kso (7,0) = Jim - Bareey [ (0 M) U (03 M)us]

N>
and moreover understand Kgp (7, o) in terms of the signature of the path y = v x 7
KSD (770-) = sz Z T(Xu) &T(y)a (36)

k=0  |u|=k
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where { X1, ..., X} are free semicircular random variables with 7 (X,,) the non-
commutative moment of the monomial X, ...X,, . To make practical use of this
result, we need some means of computing Eq. (3.6) that avoids the direct computa-
tion of signatures, by analogy to the signature kernel PDE [Sal+21]. The structure
of free semicircular variables offers a way to do this. One way to characterise their
properties is through the Schwinger-Dyson equations (hence Kgp). These equations,
also known as master equations or loop equations, originated from quantum field
theory in the 1940s and form an infinite hierarchy of equations governing the
correlation functions of quantum fields. They also have an important realisation in
the context of non-commutative probability. In particular, they arise in the study
of the asymptotic behaviour of high-dimensional Wigner matrices. Let AY, ..., AY
be a collection of N x N Wigner matrices with independent, centred entries with
variance % Then Voiculescu [Voi91] proved that
dim Eftr(A7 . A7)] = 7(Xi, ... XG,),

where 7(-) is the non-commutative law of d-free semicircular random variables
Xi,...,X, Thatis, a collection of non-commutative random variables each of

whose marginal law has density
1 —
O'(.T) = % 4_I21]-|a:\§27

and whose mixed moments are determined combinatorially by

T(Xw) = > I Lw-w,: (3.7)

mENCa(n) {i,j}em

for any word w = w; ... w, and where NC,(n) denotes the set of non-crossing pair
partitions of the set {1,...,n}. One may think of Eq. (3.7) as a non-commutative
analogue of Wick’s formula for Gaussian random variables. Just as the Gaussian
distribution is characterized by the integration-by-parts (or Stein’s) identity, free
semicircular variables satisfy an analogous identity known as the Schwinger-Dyson
equation. In the setting of free semicircular random variables, the equations take

the form
T(Xuwj) = Y 7(X)7(Xy) and  7(Xup) = 7(Xow). (3.8)

w=ujv
Since the seminal work of Voiculescu these equations have been studied extensively
in various contexts within non-commutative probability, such as free diffusions
[GS509], free transport [GS14b], free energy and matrix models [GM07; GMO06]

as well as in connections to the enumeration of planar maps, see [Guil9] for an
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overview and references. We use this structure to prove that Kgp (v,0) = K&, (0,7,
where y = 7 % % and K¢, : {0 < s <t <T} — R solves the quadratic functional

equation

t r
KgD (Svt) =1- J f KgD (Sv u) KgD (U,T) <dyu> dyr>7

K¢, (s,s) =1foralls € [0,T].

(3.9)

We show that this equation (which appears not to have been previously studied)
admits a unique solution. We then propose and implement a numerical scheme
to solve Eq. (3.9) and establish convergence of the scheme to the true solution
together with explicit convergence rates. An alternative numerical approach is
to simulate multiple trajectories of the path-development in high dimensions
and average the results. In the case where v is piecewise linear, the solution
admits an explicit representation via matrix exponentials and products. Both
operations have computational cost approximately O(N?) in the matrix dimension
and thus become rapidly infeasible for large IN. Since all matrices involved are
anti-Hermitian or unitary, one can in principle leverage quantum algorithms to
simulate these trajectories more efficiently. A caveat is that the driving matrices
must be sufficiently sparse and possess “efficient” representations; this is the
subject of the recent preprint [Cre+25]. Quantum computing lies beyond the
scope of this thesis, but we present the novel random matrix theory involved in
Section 3.4.

In a different direction, we also derive the limiting equation when the driv-
ing matrices are no longer Wigner matrices but are distributed according to a
perturbation of the Gaussian Unitary Ensemble on Hermitian matrices. Such
matrix models which arise naturally in the context of zero-dimensional quantum
field theory [EKR15], allow for interactions both between entries and between
matrices. Under suitable conditions these perturbations also asymptotically
satisfy Schwinger-Dyson equations [GM07], and the corresponding functional
equation for the path-development is then a perturbation of Eq. (3.9) involving path-
dependent derivatives. A briefintroduction to matrix models and Schwinger—Dyson

equations is given in Section 3.0.4.

As a further application of the use of these methods we consider the evolution
Eq. (3.3) in Gy = GL (IV; C) the general linear group. The corresponding limit

under these assumptions is the classical signature kernel:

1
Ksig (7,0) = A}liﬂoo NEngN (G (v M), G (05 M))us] -
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For the specific case where ¢y is the Gaussian measure on Hom(V, My (R))
with variance +;, this result was obtained in the recent paper of Muga Cirone et
al. [MLS23, Theorem 4.4]. By adopting the techniques outlined above we are
able to give a concise proof which also covers the non-Gaussian case, allows for
complex valued matrices and dispenses with some unnecessary independence
conditions. We note that [M[.523] also derives limits for non-linear randomised
CDEs, though the proof techniques differ substantially from the linear case. The
original motivation in [MLS23] is to analyse the scaling limits of controlled ResNets
arising as the Euler discretisation of CDEs; in particular the authors focus on
the kernel function of the limiting random processes. We hope our results help
broaden this emerging connection between families of kernels on unparameterised
path space and scaling limits of controlled ResNets, where infinite width and

depth limits are known to commute in certain cases [MLS23].

This chapter also sits within a broader body of literature surrounding the scaling
limits of random neural networks and the application of random matrix theory
within machine learning. Random matrix theory and free probability theory are
swiftly arising as popular tools to analyse the properties of relevant matrices. For
example in [PSG17] where the authors employ techniques from free probability
theory to derive the singular value distribution of the input-output Jacobian of a
network. Furthermore, the eigenvalue distribution of certain non-linear random
matrix models was studied in [BP21] and the limiting spectrum of the neural
tangent kernel (NTK) has also received much attention [AP20; WZ23]. We refer
the reader to [Ge+21] for a survey and references on recent results in this area.

3.0.1 Outline

In Section 3.1 we leverage techniques from non-commutative probability theory to
provide a universal version of [MLS23, Theorem 4.4]. We adapt the methods from
the proof of [AGZ10, Theorem 5.4.2], which deals with Wigner random matrices,
to the setting of My (C)-valued random matrices. The core of the approach in
[AGZ10] is the association of undirected graphs with words from an alphabet of N
letters. These words then correspond to the individual terms that form the trace of
a product of random matrices. When dealing with generic M y (C)-valued matrices,
we additionally associate a directed graph with each word. When combined with
the approach of Muca Cirone et al., this insight yields a more concise proof which
eliminates certain Gaussian and independence assumptions as well as allowing for
complex valued matrices. The relevant definitions on words and their associated

graphs are found in Section 3.0.3.
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Section 3.0.4 provides a background on matrix models, non-commutative laws and
Schwinger-Dyson equations. We present one of our main results Theorem 3.2.13
in Section 3.2, where we prove that a universal limit exists for random U (N; C)-
valued path developments driven by Wigner matrices. The existence of such a
limit is a relatively straightforward consequence of [AGZ10, Theorem 5.4.2] and
the techniques from Section 3.1. Our main contribution is showing that this limit
solves an explicit quadratic functional equation, which has a unique solution, see
Lemma 3.2.15. The proof of uniqueness is non-trivial due to the quadratic nature
of the functional equation. Our proof relies on Dyck words and (to the best of our
knowledge) a new notion of the “generation” of a Dyck word. The generation of a
Dyck word is not its length, but the number of steps taken to generate the word
using a certain algorithm; see Section 3.2.1 for details.

In Section 3.3, we outline an explicit numerical scheme to solve the functional
equation. We prove convergence along with rates in Theorem 3.3.2 through an
object known as the iterated sums signature and corresponding results from
[KO19]. We end by comparing this numerical scheme with the Monte Carlo
approach of averaging multiple random U (N; C) path developments with large V.
In particular, we analyse how the computational time for each method scales in
the length of the input path, the dimension of the input path and the dimension N

in the case of the randomised approach.

Although we do not address the use of quantum algorithms to overcome the
challenges of simulating trajectories for large N, we present in Section 3.4 the
random matrix theory underpinning the algorithm of [Cre+25].

We conclude this chapter with a straightforward extension of the results in
Section 3.2, where we show in Section 3.5 that the Schwinger-Dyson equations for
perturbations of the Gaussian Unitary Ensemble also allow us to derive a limiting

functional equation in this setting.

3.0.2 The signature kernel

The signature kernel, originally introduced by Kiraly and Oberhauser in [KO19], is
defined in the following way:.

Definition 3.0.1. The signature kernel between two paths v, o € X is defined by
Kgga(s t) <80 s( SOt Z 805 8015 ) )Hs, (3.10)
m=0

where for each m, (-, -)us denotes the Hilbert-Schmidt inner product on V™,
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Efficient computation of the signature kernel has seen much interest lately. The
authors of [KO19] provided a kernel trick for a truncated version of Kg(s,t). In
[Sal+21] it is shown that K, satisfies a Goursat PDE in the case that v and o
are continuously differentiable. Finally, in [MLS23] a connection was established
between the signature kernel and N-dimensional randomised CDEs in the limit as
N — oo.

3.0.3 Letters, words and graphs

For ease of cross referencing we will base much of our notation on [AGZ10].

Definition 3.0.2 (Words). For d € N let W, denote the set of words in the d-letters
{1,...,d} and let @ € W, denote the empty-word. Define A, to be the algebra over W,
with multiplication defined by

wYU ‘= Wy ... WRUY . . . U,

for w,w € W,. Define also the map|-| : W4 — N to be the length of a word. We also write
WE for set words in d letters of length k. We also define the set W9 = {@}, which contains
the empty word.

We define the following operations on words.
Definition 3.0.3 (Operations on words). For a word w € W, we define
1) The support of w, supp(w) C {1,...,d}, as the set of distinct letters in w;
2) Its weight, wt(w), to be the number of distinct letters in w;
3) Its transpose w* = wy, ... wy;
4) An undirected graph Gt = (Vi, El%) associated with w with vertex set V,, =

supp(w) and (undirected) edge set

EY = {{wi,winm}i=1,...k—1}

5) A directed graph G, = (Vu, E4) associated with w with vertex set V,, = supp(w)
and (directed) edge set

Efvz{(wl,wlﬂ)z:l,,k—l}

We recall that a walk on a graph G = (£, V) is a sequence of edges connecting a
sequence of vertices. A path is a walk in which all vertices are distinct. Finally,
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a traversal is a walk that visits each vertex at least once. Any word w defines
a traversal on its associated graph G, and for any edge e € L, we set N;, as
the number of times e is traversed in the traversal defined by w. We call a word
w = wy ...wy closed if w; = wy,. We call a closed word w € W[’;“ a Wigner word if
wt(w) = £ +1and Ng, > 2 for each e € E%. We note that by [AGZ10], this in fact
implies N, = 2 for any edge in the undirected graph associated with a Wigner
word. Finally, two words w, u € W, are called equivalent if there is a bijection on

{1,...,d} that maps the words onto each other.

3.0.4 Non-commutative laws and Schwinger-Dyson equations

We now introduce the language of non-commutative probability with focus on

non-commutative laws and Schwinger-Dyson equations.

Definition 3.0.4 (Involution). A map * : A — A is an involution on a unital algebra A

if
1) (a*)* =
2) (a+0) = a* + b
3) (ab)* = b*a”;
(

4) (Aa)* = Aa* forall A € C;

Definition 3.0.5. Let X1,..., X, be non-commutative indeterminates. Define Cy =
C(Xy, ..., Xq) tobe the space of polynomials in the indeterminates with complex coefficients.
Let * be an involution on Cy, such that the indeterminates are self-adjoint with respect to *
ie. X = X, Givena word w € W, we will write X, = X, - -+ Xy, , which may be
extended by linearity to all w € A, with X, = 1. This induces an algebra isomorphism
Aq — Cy.

Definition 3.0.6 (Non-commutative law). A non-commutative law T € C};, the algebraic
dual of Cy, is a linear functional on C(X, ..., Xy) taking values in C such that

1) Positivity: forall P € C(X,, ..., Xy), 7(P*) = 7(P) and 7(PP*) > 0;

2) Mass: 7(1) = 1;

3) Trace: forall P,Q € C(Xy,...,Xq), T(PQ) = 7(QP);

4) Boundedness: there exists an R > 0 such that |7(X,,)| < R*! for all w € W,.

A general non-commutative probability space is a pair (A, ) of a unital C*
algebra A equipped with a state ¢. Indeed, given a non-commutative law 7 € C},
there exists a non-commutative probability space (A, ¢) and self-adjoint elements
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ai,...,aq € Asuch that T(P(Xl, . ,Xd)) = go(P(al, . ,ad)) for any polynomial
P. Restricting our analysis to the set of non-commutative laws Definition 3.0.6 will

be enough for our purposes.

Definition 3.0.7. A sequence (7,,)52, of non-commutative laws is said to converge weakly
toT € Cy lf
lim 7,(P) = 7(P), forall P € C,.

n—oo

It can readily be checked that the properties defining a non-commutative law are
closed under weak convergence, and so any weak limit of non-commutative laws is
itself a non-commutative law. It turns out that several important non-commutative
laws are characterised by various integration by parts formulae. To motivative
this perspective we mention a famous example from the commutative world: the
Gaussian integration by parts formula. Consider a vector (X7, ..., Xy) ~ N (0, I;)
of commutative Gaussian random variables, and a sufficiently smooth function
f : R? — R. Then it is known that

EIXif (X1, ..., Xa)] = E[0:f (X1, ..., Xq)]. (3.11)

Now, taking f to be some (commutative) monomial X" X,,, where w is devoid of
the letter 7, then
E[X" X,,] = nE[X]" 1 X,,]. (3.12)

This inductive relation is exactly the defining property of Wick’s formula:

EXol= > ][] EXuXul,

repl®l (Lj)er

where P denotes the set of pair partitions on n letters. Indeed, the factor of n
in (3.12) is exactly the number of ways of pairing the new X; with one X; from
X['. Thus, combinatorial characterisation of the Gaussian law, Wick’s formula,
and the integration by parts characterisation, (3.11), are equivalent. To extend
this observation to non-commutative laws we first need suitable notions of non-
commutative derivatives. In the following, C; ® C, is the usual tensor product of

vector spaces.

Definition 3.0.8 (Free Difference Quotient). For d € Nand 1 < i < d we define the
free difference quotient 0; : C4 — C4 ® C4 by

RPQ=0Px (12Q)+ (P®1) x §;Q,
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with P Q x R® S = PR® QS and 0,X; = (1 ® 1)0;;. In particular, for a word
w € W, we have

0Xw= Y Xu®X,. (3.13)
Definition 3.0.9 (Cyclic Derivative). Definem : C; ® C4 — Ca by m(P ® Q) = QP,
then the cyclic derivative D; : Cqg — Cg is given by

In particular, for a word w € W, we have

DXy = Z X, X,

w=uiv

Via the bijection C; — A4, the operators J; and D; induce well-defined maps on
Ag — Ag®@Agand A; — Ay respectively. Assuch, we will often write 9; X, = X,
or D;X,, = Xp,. We are now ready to give the non-commutative version of an

integration by parts rule.

Definition 3.0.10 (Schwinger-Dyson Equations). Let 7 : Cg — C be a non-commutative
law. We say that T satisfies a Schwinger-Dyson equation with conjugates P; € Cy if for all
1<i<dand Q) € C,,

T® T(@ZQ) = T(QB), (3.14)

where T @ T(P ® Q) = 7(P)1(Q).

Perhaps the most well-known and important example of a Schwinger-Dyson
equation is the one satisfied by freely independent semicircular random variables.
Free independence is a non-commutative notion of independence, where joint
moments are determined by non-crossing partitions rather than the usual product
rule for classically independent random variables. Toillustrate this, suppose that X
and X are freely independent with mean zero and law 7, then 7(X; X>X; X5) = 0.
By contrast, in the commutative world with ordinary independence, it would be

equal to E[X?]E[X3] # 0 as long as X; and X are non-trivial.

Example 3.0.11 (Semicircular Variables). The law T of d-free semicircular random

variables satisfies the Schwinger-Dyson equation with conjugates X;:

T® T(@iQ) = T(QXi).
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And so for a word w € W,,

T(Xuwi) = Y T(Xu)T(Xy).
Iterating this expression gives the analogue of Wick’s formula for freely independent
semicircular random variables:

Z H 7(Xu, X“’J

reNCle! (i) Em

where NC3 is the set of non-crossing pair partitions of n letters.

An important class of Schwinger-Dyson equations including Example 3.0.11 are
those where the conjugate polynomials P, are given by the cyclic derivatives of
some polynomial P € C,. In this case, we have

TR T7(0,Q) = T7(QD;P). (3.15)

The non-commutative laws satisfying the Schwinger-Dyson equation of type (3.15)
arise as the asymptotic limit of the non-commutative laws of interacting random
matrix ensembles. For a self-adjoint polynomial P € C,, consider the law p¥ on
N x N Hermitian matrices given by

A (XN, XYY = ZlNexp{—NTr(P(XfV,...,XflV))}dXN,

where
dxV= T[] arxV@R) [ d9(xV(R).
1<j<k<N 1<j<k<N
and Z¥ is a normalising constant. In order to ensure the partition function Z5 is
finite for all IV, some restrictions on P are required. Assume that P takes the form
=157 | X? + W for a self-adjoint polynomial W = 37" | ¢, X,,,. We say that W/

is c-convex if the map

d
(Xi\](jk)>1Sj§k§N — TI‘(W(XN)) -+ L ; ¢ ZTI'(XZQ) (316)

1<v<d i—1

is convex for all N when viewed as a function of (RY 2)d. Denote by Uy, the set of
g = (g1,...,94) C C?for which Eq. (3.16) holds. For ¢ > 0, we also write B. for the
set of coefficients g for which||g|| , < e. Recalling that tr( - ) := +Tr( - ) defines the
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normalised trace, we now summarise a collection of results from [GM06; GMO07],
see also [Guil9, Chapter 7].

Theorem 3.0.12 ([GMO06; GMO7]). For every self-adjoint c-convex W = > | ¢; Xu,
and R > 2 there exists ¢ > 0, such that for all g € Uy N B.

: N
A}linoo E,.x [tr(X3)] = 7p(Xw),
for every w € W, where tp solves the Schwinger-Dyson equation Eq. (3.15). Moreover,
there is exactly one solution 7p € C}; to Eq. (3.15) and it satisfies

17p(Xw)| < R for all w € W;.

Note that when W = 0, the distribution ;% is the Gaussian Unitary Ensemble (GUE)
and the limiting law 7p is the law of d free semicircular random variables. From now

on, we will only consider those P satisfying the assumptions of Theorem 3.0.12. In

N
max

of an N x N matrix A4, and let \Y

max

the following let A\ (A) be the maximum of the absolute values of the eigenvalues

(A) be the maximum of (A (Ai))j:y We will

max

need the following lemma to be able to exchange certain limits and expectations.

Lemma 3.0.13 (Sub-Gaussian tail of largest eigenvalue). Let V' be a potential satisfying
the conditions of Theorem 3.0.12, and for each N suppose that (A;)L, ~ p. Then there
exists o« > 0 and t, < oo such that, for every t > t, and N,

Py MV (A) > 1] < eV

max

Proof. See Appendix A. O

3.1 The signature kernel is a universal limit

We consider first the case of GL(/N; R)-developments. In [MLS23], it was shown
that the signature kernel between v, 0 € C1V ([O, T], V) may be recovered from
the scaling limit of these random developments driven by v and . Indeed, if {y is

the Gaussian measure on Hom(V, My (R)) with variance 4, then one obtains

K35 (T.7) = Jim ~Eareey [(6 (3 M), G (03 M) (3.17)

sig N—o0

The proof of Eq. (3.17) in [MLS23] is specialised to the Gaussian setting and
relies heavily on Isserli’s Theorem. We identify a random matrix theory approach
inspired by [AGZ10], where we generalise the preceding in the following ways.
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1) We replace the space GL(V;R) with GL(/N;C), whose Lie algebra is gy =
My (C),

2) We replace the Gaussian assumption on the entries of the matrices with a

sub-Gaussian assumption on the operator norm of the matrices;

3) For fixed indices (m, 1) € {1,..., N}* we require that A (m,[) and AN (m,1)
are uncorrelated and not necessarily independent.

Moreover, our approach results in shorter proof than [MLS23] and allows for
different limits to be derived for randomised CDEs with a different matrix structure,
see Section 3.2. In the following we will use||-||,, to denote the operator norm of
matrices.

If one fixes a basis for V, then every M € Hom(V, gx) may be written in the form
d
’U) :ZAjUj, for Az <€ gnN,
j=1

so that we have a canonical isomorphism between Hom(V, gx') and g%. In particular,
the spaces of Borel probability measures P(Hom(V, gy)) and P (g% ) are in bijection.
Additionally, the development in Eq. (3.3) can then be written as

d
dZ =Y Z Ay, Zo=Iy.

=1

Theorem 3.1.1. Let (2, F,P) be a probability space supporting for each N € N and
1 <i < d, a random matrix AY : Q — gn. Assume that forall k € N,

sup sup  sup EHAZ]-V(m, l)‘k] < cy(k) < 0, (3.18)
NeN 1<i<d 1<m,I<N

and that E[AY (m,1)] = 0 and E[|AN (m,1)|*] = 1. Suppose also that there exists some
k > 0 such that for every p € N

1
sup sup ]Ele Op] < KPT(5+1), (3.19)

NeN 1<i<d

where I'(+) is the Gamma function. For each N € N, we assume that

d
\/ (AN (m,1)), for1<m,I<N, (3.20)
=1
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are independent sigma algebras and that
E | AN (m, 1) AN (m, Z)] —0, forij. (3.21)

For each N, let &y be the law of this collection in P(g%). Let v,0 € CT([0,T], V') and
let Z'(t), ZX (t) be the GL(N'; C)-valued solutions to

d
1 %
Az (t) = 7% ; ZN () ANdy;, ZN(0) = Iy (3.22)
d
1 .
dzN () = —= Y Z¥t)ANdo!, ZN(0) = Iy. 3.23
o ( ) \/N Zzl o ( ) 7 Ut o ( ) N ( )
Then for every s,t € [0, T]
. 1 o
Aim B, [(Z7(s), 25 (6))ns] = Kg (s,1). (3.24)

As in [MLS23], the proof relies on the expansion of Eq. (3.22) as a convergent
infinite series of integrals, and a careful analysis of the trace of products of random
matrices from the set {AY : 1 < < d} in the limit as N — oco.

Remark 3.1.2. Special cases of the following lemma can be deduced from existing results
in the literature. For example, both the complex and real Gaussian case may be derived from
[DP21, Sections 2 and 4.4], while matrices with i.i.d. entries satisfying a fourth moment
condition can also be found in [DP21, Section 4.1].

Notation 3.1.3. For A € My(C), A* will denote the conjugate transpose of A. The
Hilbert-Schmidt inner product on My (C) is then given by

<A, B)HS = TI"(A*B)

Lemma 3.1.4. Suppose that for each N € N, { AN : 1 < i < d} isa collection of d matrices
satisfying the assumptions of Theorem 3.1.1. Let n, m > 0 be non-negative integers and
letu=muy...u, € W}, v=nu0y...0, € W], with corresponding matrix products

AN = AN AN

Un

N . AN* 4N
AN, = AN A
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Then, setting k = n +m,

1 ifu =
lim —E (A, =4 fu=v. (3.25)
N=roo N2 0, otherwise.

We use the convention that if |u| = 0, then AY = Iy, the N x N identity matrix.

Proof. We start by expanding the LHS of Eq. (3.25) in terms of the individual
elements composing the trace. We write

;QE[H(ALV*U)] - LY (3.26)

where the sum is over closed words w = wjwsy ... wWWy,41 ... WEWT € W]’i,“ of
length k + 1 :=n +m + 1, and where

*

G = E|AY (wi,w2) AN (wa,w3) ... AN (wy, Wi ) AN (Wpp1, Wesa) .- AN (wg, wy)

Un

Since w is a closed word, it defines a traversal on the undirected graph G},. Asin
[AGZ10][Theorem 5.4.2, Lemma 2.1.6], we can deduce that

1) 6., vanishes unless N > 2 foralle € E},;

2) The number of N-words in the equivalence class of any given N-word w with
wt(w) =t,is N(N —1)...(N —t + 1) < N’. This can be seen by counting
the size of the image of w under all bijections on {1,..., N};

3) The number of equivalence classes of closed N-words w of length k 4 1 with
wt(w) = t for which N¢, > 2 for every e € E* is bounded above by ¢* < kF,

since there are at most ¢ choices for each letter excluding the final one;

4) The weight of a closed word of length k + 1 with N, > 2 for every e € E? is

at most % + 1.

It follows that

Z Guw SZNtCA(k‘)tkSC(k:)N?

. k k
wwt(w)< 5 t<35

and combining this with Eq. (3.26) we see
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Note that the set {w : wt(w) = £ + 1} is empty whenever k is odd. Hence if n + m
is odd, we have that

lim 1,€E[tr(A2’*,,)} - 0.

N—oo N3
If k is even and w is a closed word of length & + 1 with wt(w) = £ + 1, then G,
is a tree [AGZ10][Chapter 2.1.3] with N, = 2 for every e € E}. As such, 6, is
a product of covariances which will either be 1 or 0. There are two situations in
which this product can vanish. Firstly, whenever the two traversals of an edge
e € B} correspond to different matrices. Second, if both traversals are from the
same matrix, but one traversal corresponds to an entry above the diagonal and the
other to an entry below the diagonal. It is the latter reason that differentiates our

problem from the Hermitian setting.

Since G, is a tree, the traversal defined by w traverses each edge once in each
direction. Let (w,,w,;1) € F% correspond to the first traversal of {w,,w, 1}
Then, for some s € {r +1,...k}, wy, = w,4; and wsy; = w,. In other words

(ws, Wsy1) = (W41, w,). If s < n, the corresponding component of 6,, is given by

*

IE[AUN:+17T(wr,wr+1)AfX;175(ws, w8+1)] = E[Ai\i;lir(wr,wr+1)Ai\;+175(wT+17wr)} =0.

Similarly if » > n + 1, the term is given by
E [Azjxfn (wra wr—l—l)AvS,n (wsv ws+1):| =K |:A1]X7n (U}T, wr+1)A1];\£7n (wr-‘rla wr):| = 0.

So it must be that » < n and s > n 4 1. Consequently for every edge, one traversal
comes from u and one from v meaning that |u| = |v|. Furthermore, since G%, is
a tree, there can be no repeated letters in w; ... w,1; as otherwise there would
be two traversals of an edge coming from u. Hence, the walk corresponding to
the sequence of vertices wy, ..., w,4+1 is a path, as is the walk on the sequence
W41, Wnio, . . ., w1. Consider the vertex w;,,;1; we must traverse the edge (w41, wy,)
at some point on the path w,, 1, Wy, . . ., w;. Since the path cannot visit w,, again,
in order to traverse the edge (w1, w,) it must be that w,,» = w,. By induction,
the only way for each edge to be traversed twice is when w,, 1, = w414, for
r =1,...,n. And so there is exactly one equivalence class of words for which €,,
is non-zero: those where G is a tree with one branch. When this holds, the term

for the traversals of an edge {w;,+1_, Wpia—r } IN By 1S

N* N
E [ Upg1—(ntl-r) (wn+1—r7 wn+1_(r_1))Av(n+l+(r—1))—n (wn+1+(7«_1), wn+1+T)

=E [Afx (wn—i-l—(r—l)a wn—l—l—T)AlJ;\i (wn—i-l-‘r(r—l)a wn+1+7“) = 5urv7~
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This implies u = v for the limit to be non-trivial. We conclude that

lim

1 1
Jm Eftr(AY.,)] Nlﬂoﬁ Y Bu
w:wt(’w)zg-‘rl

N(N—-1)...(N-%)

5u'u = 5u'v~

= lim p
N—o0 N§+1

]

Proof of Theorem 3.1.1. As in [MLS23], by considering the expansion of the ordered-

exponential we see that

1 . > 1 . ,
ngx;o NEgNKZN(s),Z;V(t»Hs} = Nhféo EgN[ Z — T tr(AiLV*v) S (NS (0)] .

2
|ul,|v|=0

(3.27)
In order to apply Lemma 3.1.4, we would like to exchange the limit and expectation
and the double sum. By Fubini-Tonelli and the dominated convergence theorem,
to justify the exchange it is enough to show that

oo

Z ‘}L o] EgN HtI‘

2
[ul,|v|=0

2| 1S8)S8 )] (328)

is uniformly bounded in N. By the assumptions of Theorem 3.1.1,

1
N\u*v\ ESN Htr )

1 * u*v
| = —mBe 4], | < AR 4 1),

[u¥o]
Then, by the factorial decay of the signature and the fact that v/d" times the L,

norm is at least as large as the L; norm on V", there exists some w > 0 for which
Eq. (3.28) is bounded by

=L T2+ 1) (wk)™ VI(n L(m+ 1)(wk)™t™
Z Fin+1)I'(m+1) Z n+1)I‘(m+1)

n,m=0 n,m=0

(Srts) <=
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The inequality follows from logarithmic convexity and Jensen’s inequality. Hence
by an exchange of limits and an application of Lemma 3.1.4, we see that

e}

Jm B (29, 20 W] = 3 Jim e, [1r(A)] S50 (0)
\U\ |v]=0
Y SISk
lu|=0
= (S0.(7)- Sosl0)}1s
= K27(s,1).

sig

O

As in [MLS23] we can also prove that convergence occurs in L? and not just in
expectation.

Theorem 3.1.5. Let (0, F,P), AY, v, 0 and ZIY, ZY be as in Theorem 3.1.1, then

%<ZN(S), ZY(#))s 2 K7(s, ). (3.29)

v sig

Proof. By expanding

Ee, [(%@5(8)7 Zy (t))ns — <50,s(7)750¢(0)>HS>2]

in the fashion of Eq. (3.27), we see that the objective is to prove

[e.9]

1
]\;I*I)l(l)o EfN |: Z (Wtr(Aﬁ*v) - 5u’u> .

2

ful ol i |0 (3.30)
1 u v
) (—Nll*kl tr(A,]gV*l) — 5kl> 3073(7)807t(0)8(’is(7)867t(0)] =0.

As in the proof of Theorem 3.1.1, we can show that exchanging the limit and
expectation with the quadruple sum is justified. Multiplying out the brackets in
Eq. (3.30) and taking limits of terms already dealt with in Theorem 3.1.1 reduces
the problem to showing

Z ( ]\}L}I{l}owﬂz&v [tr (Ag*v)tr (A;cv*l):|
ful. o]l 1]=0 N (3.31)

_ wkl) S8 ()82 (0)SE, (1)SE (o) = 0.
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Thus it remains to show that

) 1
]\}I_I}loo WESN [tr (Aﬁ*v)tr (A;cv*l)i| = 6uv5kl‘

Given closed words w = w; ... w,wy and z = 21 ... 2,21, we define the graphs

G = Gy UG Now we can write
! Ee. [tr (AN, Vtr(AN,))| = 1 4 3.32
m En F( u*v) r( k*l) —W; w,z5 (3.32)

where w = wywsy ... W Wy .. Wuwy and W = U U . . Uglgyg - - . Uy and

BGuw.z = E¢y {AN* (wy,ws) .. .Aivl* (Wr, Wyg1)AD (Wyg1, Wyp2) . AY (w0, w1)

U] T I

AQII; (21, 22) - .Aﬁ*(zs, z8+1)Al]¥(zs+1, Zsi2) - - 'A;\\ZI (Zm, 21) | -

As in Lemma 3.1.4, N, _ must be at least 2 for every e € £, _ in order for €, .

n+m
2

connected components, the restriction wt(wz) = [V | < ™™ + 2 is imposed.

not to vanish. This implies that |E, | < , and since Gy, , has at most two
Moreover, wt(wz) = 5™ 4 2 if and only if G, , has two connected components,
one with # + 1 vertices and the other with % + 1 vertices. In other words, G, and
G} are disjoint trees. In this case

ng,z = (ew (Ag*v)(@z (A;cv*l) )

since the words are disjoint. This reduces the problem to the one handled in
Lemma 3.1.4. This product will be non-zero if and only if w = v and k = [. Since
thereare N(N —1)... (N — w — 1) members of the equivalence class of wz,
it holds that

] EﬁN [tr(Ag*v)tr(A,f*l)} ) N(N _ 1) o (N . \u*v|;“k*l| _ 1)
A Fero L] = lm RS OOkt
= 5uv5kl-
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Remark 3.1.6. The assumptions of Theorems 3.1.1 and 3.1.5 are satisfied in the case of

independent entries of sub-Gaussian random variables under the condition

sup sup sup
NeN 1<i<d 1<m,I<N

‘Afv(m, l>Hw < 00,

where |||, denotes the sub-Gaussian norm. In this case, it is clear that Eq. (3.18) holds
and it can be verified from [Ver18, Theorem 4.4.5] that Eq. (3.19) holds.

Remark 3.1.7. In [MLS23] the authors in fact do not consider path developments directly
(they also consider non-linear equations), rather randomised R™-valued CDEs. Consider
the equations

d
1 7
dXV(t) = \/—N;Avaiv(t)d%, X2 (0) =7V,
d
1 )
dXN(t) = —=>_ ANXN(t)doj, XY (0) =",
N =1

where both the components of n™ and the pair {(AN)®_,, 1"} are independent. As long
as the components of n™N have zero mean and unit variance, then it is straightforward to
adjust the proof of Theorem 3.1.1 to show that

lim E[%Q{y (s), XN (t))] = K17(s,1).

N—o0 S8

If one further assumes that

sup sup E“nN(m)ﬂ < 00,
NEN1<m<N

then the convergence also happens in L* by adapting the proof of Theorem 3.1.5. We note
that the corresponding Eq. (3.31) will involve additional terms of the form

lim — 1 __E [tr(AﬁﬂvAﬁﬂl)} .

* *1
N—voo py LR

Due to the scaling factor outside the equation, one can use the techniques from Theorem 3.1.1
to show that the limit of such terms is zero.

3.2 Universal limit of Wigner unitary developments

It was proposed recently in [LLN23] to use the unitary developments of a path as

the basis for a discriminator in generative models. This can be seen as an extension
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of the characteristic function discriminator for vector valued data proposed by
[Li+20a; FSS20]. Consider the unitary Lie algebra and group of degree N defined

by
uy = {4 € My(C): A* = —A}, U(N;C)={A e My(C): A*A=1Iy}. (3.33)

Note that uy = ihy, where by is the set of N x N Hermitian matrices. For any
path y € C™*([0,7],V) and M € Hom(V, u,), the unitary feature of v under M
is the time-T solution to the CDE

The solution U(vy; M) = Zr is a special case of the Cartan development of ~,
taking values in the Lie group U(N;C). Let u be a Borel probability measure
on C'™([0,7],V) and v ~ g, then the path characteristic function (PCF) of y
evaluated at M is defined as

D, (M) =By [U(v; M)]. (3.35)

Definition 3.2.1 (PCFD [LLN23]). Let p, v be probability measures on C*" ([0,7T], V)
with v ~ pand o ~ v, and let £ be a probability measure on Hom(V,uy) with M ~ €.

The path characteristic function distance (PCFD) between p and v with respect to £ is
defined as

B(1,v) = Enpee [|0,(M) — @,(M)[3]. (3.36)

For fundamental results on PCFD that allow for its use as a loss function in
applications as well as certain theoretical properties, we refer the reader to [LLN23].
In [LLN23, Proposition B.10] it was shown that d¢(y,v) is a maximum mean
discrepancy (MMD) distance on the space P(C**([0,T],V)), the set of Borel
probability measures on C'™ ([0, 7], V).

Definition 3.2.2. Given a kernel function x : C** ([0, T],V) x CT*([0,T],V) — R,
then the MMD distance associated to « is a map

MMD,, : P(CT™([0,T7,V)) x P(C*™ ([0, T],V)) — R,
which is defined by
MMD?(p, v) == E [k(v,7)] + E_ s, [k(0,0")] = 2By omw [E(7,0)].  (3.37)

v~
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Proposition 3.2.3 (PCFD as an MMD: Proposition B.10 [LLN23]). Let £ € P(u%),
p,v € P(CT™([0,T),V)), then d¢(p,v) = MMD,,(u, v), where

k(7,0) = Epe [Tr(bl(fy * T M))} : (3.38)

One of the difficulties in the use of PCFD for the learning of a distribution
on high-dimensional or complex paths is the computational cost of computing
U(y; M), M € Hom(V,u,) for large N, especially for a fully supported measure on
Hom(V, u,,). The authors of [LLN23] propose two solutions: firstly they employ a
reciprocal learning approach where they embed high dimensional paths into a
lower dimensional space where the embedding should act as a type of pseudo-
inverse of the original generator; secondly, they adversarially learn a finitely
supported empirical measure on Hom(V, u,,). We propose an alternative approach,
where we take the dimension N — oo for a class of measures supported on the
whole space. The limiting kernel then solves a functional equation driven by  « .
Before we state and prove our result, we introduce non-crossing pair partitions

and a new associated notion of generations.

Remark 3.2.4. For any fixed N < oo, the authors of [LLN23] remark that directly
computing Eq. (3.36) is linear in sample size, whereas computing it as an MMD through
Eq. (3.38) is quadratic in sample size.

3.2.1 Non-crossing partitions, Dyck words and trees

From this point on, we will consider the alphabet A,, to be the ordered set {1,...,n}.
However, all the definitions may be carried over to any ordered set of n letters. An
element of a partition of A,, will be called a “part”.

Definition 3.2.5. A partition 7 of A, is called crossing if there exist 1 < a < b < ¢ <
d < n for which a, c belongs to one part of ™ and b, d to another part. A partition that is

not crossing is called non-crossing.
Of particular importance to us is the class of non-crossing pair partitions.

Definition 3.2.6. A pair partition of A,, is one where each part is a two element set. We
denote by NCy(n) the set of non-crossing pair partitions of A,,.

For a non-crossing pair partition 7 and {7, j} € 7, we define 7(; j; = m = 71; ==
min{s, j}. A convenient method of encoding non-crossing pair partitions is through
Dyck words. We recall their definition from [Tao12, Section 2].
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Definition 3.2.7 (Dyck Words). A Dyck word is a sequence of left and right parentheses,
“("and “)”, such that at every stage, when read from left-to-right, there are at least as many
left parentheses as right parentheses and exactly the same number of each at the end of the
word. We denote by D,, the set of Dyck words of length n.

Note that D,, = @ if n is odd. There is a well-established bijection NCy(n) — D,
where one reads the letters 1...n from left to right and for each letter, if it is the
first element in a pair, one writes a left parenthesis “(”, and if it is the second
letter in a pair one writes a right parenthesis “)”. For a proof that this map indeed
defines a bijection see [Tao12, Lemma 2.3.15].

It is also helpful to note the bijection between non-crossing pair partitions NCs(n)
and the set of non-planar rooted trees 7,, with vertices {1,..., % + 1} and % edges,
where a left-to-right traversal of the tree visits the vertices in lexicographical order.
Recall that a left-to-right traversal starts at the root node and proceeds with the
condition that for any two subtrees of any given node, all vertices of the left subtree

must be visited before the vertices of the right subtree.

Once again, we refer the reader to [Tao12, Section 2] and [AGZ10, Chapter 2] for
full details on these bijections. An example of these bijections for a non-crossing
pair-partition of Ag is illustrated below.

{161 {231 (451{T8) = (e & = (00)0 = Y/

Generations

We are interested in finding a unique sequence of steps to generate any non-crossing

pair partition 7 starting from from the partition {{1,2}} of {1, 2}, or equivalently

any Dyck word from () or any tree from 17 . We define the generation of a pair of

parentheses in a Dyck word recursively by:

1) The pair whose right parenthesis, “)”, is the final parenthesis in the Dyck

word has generation 1;

2) A pair of parentheses is of generation £k + 1 if the parenthesis in the Dyck
word following the right-parenthesis of the pair is part of a pair of generation
k.

Alternatively we can define the generation of an edge of a tree via

1) The right-most edge attached to the root has generation 1;
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2) An edge is of generation k + 1 if it is the right-most edge attached above an
edge of generation k, or it is the right-most edge attached to the left of an
edge of generation k.

Example 3.2.8. Consider the partition = € NC5(12)

w:ﬂﬂm.

12345 7 8 9101112

=]

The Dyck word and tree corresponding to w are given by

00€0€0)), and " (3.:39)

Here, generation one parentheses or edges have been drawn in red, generation two have
been drawn in blue and generation three have been drawn in green.

The generation of a Dyck word is the maximum of the generations of its constituent
pairs of parentheses. Likewise, the generation of a tree is the maximum of the
generations of its edges. The generation of a pair in a non-crossing pair partition is
the generation of the corresponding pair of parentheses of its Dyck word. Similarly,
the generation of the partition is defined as the generation of the corresponding
Dyck word. For each k € N, define G, to be the set of non-crossing pair partitions
(Dyck words or trees) of generation k. For any non-crossing pair partition 7, we let
g(m) be the set of parts (pairs or edges) whose generation is equal to the generation
of 7. In the case k = 0, we also define G, = {@}.

Remark 3.2.9. It can be shown that the notion of generation and its properties are preserved

by the aforementioned bijection between Dyck words and trees.

For any Dyck word d, we let g(d) be the set of pairs of parentheses with maximal
generation. Additionally, we define G(d) to be the set of Dyck words obtained by
inserting a pair “()” immediately to the left of at least one parenthesis that is part
of a pair in g(d).

Lemma 3.2.10. The following facts about generations hold.
1) For any non-crossing pair partition 7, any {i,j} € g(m) is of the form {i,i + 1};
2) Let dy # dy be Dyck words of generation k, then G(d,) N G(dz) = @;

3) We have that G, = | |,c;, G(7).
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Proof. If any pair of parentheses in a Dyck word is not consecutive, then they
cannot have the highest generation: if they are not consecutive, they must enclose
a pair that has a higher generation. Noting that consecutively paired parentheses
in a Dyck word correspond to consecutively paired letters in a non-crossing pair
partition proves the first point. Since insertion only happens immediately to the
left of a parenthesis of generation k, the generation of an inserted pair must be
of generation k£ + 1, and moreover any pair of generation £ + 1 must have been
inserted. Hence by deleting the pairs of generation k + 1in d € G(d;) N G(d2) we
should obtain both d; and d,, from which we deduce d; = d,. The third point is an

immediate corollary of the second. O

3.2.2 A limiting functional equation
Recall that uy = ihy so that as in Section 3.1, Eq. (3.34) can be written in the form

d
AZ =iy ZAdy], Zy =1y,

j=1

for a collection of d matrices in hy. Just as we required a version of the derivative
for functions in non-commutative indeterminates, we will also need the notion of
derivatives of functionals on path space. There are many such choices, but we will
use the Dupire or vertical derivative [DT23; CGP25]. This notion of derivative has

been popular in deriving Taylor-like expansions of functions on path space.

Definition 3.2.11 (Vertical derivative). Let f : CT7™ ([0, T],V) — R be a suitably
regular functional, 1 < i < d, and h' € CT"([0,T), V) the path defined by t — ¢’
with {e'}{, basis vectors in V. The vertical derivative of f at a path ~y along the direction
i is defined by
. ht) —
V£ = tim L0 = 10)

h—0 h

For a word w = w, - - - wy, € W, of length k, define

V= VT f(y).

Proposition 3.2.12 (Proposition 3.8 [DT23]). For any path v € C**([0,T],V) and
v, w € Wy, the vertical derivative satisfies

w S*(v), w=wuwv,
VeSE () =4 _
0, otherwise.
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We are now ready to state the main result of this section.

Theorem 3.2.13. Let (2, F,P) be a probability space supporting for each N € N and
1 <i < d, a Hermitian random matrix AY : Q — by. Assume that for all k € N,

sup sup  sup IEHA m, l)‘ ] < cq(k) < 0, (3.40)

NeN 1<i<d 1<m,I<N

and that E[AY (m,1)] = 0 and E[| AN (m, 1) |2} = 1. Suppose also that there exists some
x > 0 such that for every p € N

1
sup sup E[Ng Avaip] <rKT(E+1), (3.41)

NeN 1<i<d

where I'(+) is the Gamma function. For each N € N we assume that
d
\/ (AN (m,1)) forl <m <I<N, (3.42)

are independent sigma algebras and that
E[AY (m, [)AN(m, )] =0, fori#j. (3.43)

For each N, let &y be the law of the collection in P(b%). Let v € CT([0,T], V) and let
Z (s,t) be the U(N; C)-valued solution to

. d
dZN(s,t) = Z (s, )ANdY],  ZN(s,s) = Iy. (3.44)

Then for 0 < s <t <T, <%,t>u%o = Ump o0 Ee, [tr(Z,]YV(s,t))] exists and solves the
functional equation

t r
ot = 1 f f s s docs (s ), (e = 1 forall u € [0, 7).
(3.45)

Remark 3.2.14. The use of the notation (. .) e will be justified in Section 3.5.

Proof. As in the proof of Theorem 3.1.1, we may expand the solution Z, (s, t) in
terms of the signature of 7. Indeed, we may write

tr(Zv(s,t)) = Z Ftr(Ag)S;ft(v).
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The same techniques in the proof of Theorem 3.1.1 show that the limits, expectations
and sums may be interchanged. Meanwhile, [AGZ10, Theorem 5.4.2] gives

1
A}l_r)I;ON Eey [tr(AN)} =7(Xu),

where 7 is the law of d free semi-circular random variables. Hence

(b = Jm Eev |er(ZY (s,0)) | = D7 7 (X0)S%(). (3.46)

|u|=0

We recall from Section 3.0.4 that the non-commutative law 7 of d-free semi-circular

random variables is uniquely characterised by the Schwinger-Dyson equation
T® T(@Z-P) = T(PXZ'). (3.47)

Consider first the following

D i @ 7(0,X0)SY,(y Z D il (X)) T (XS ()

weW, =1 u,veEWy
_ S el J 7)dv’
u,VEWy
t
__ J S iltra)sE () | [ ()T () | i
$ ucWy veEWy

t
= _J <75,u>u2;° <’Yu,t>u°God’7;'

By applying the right-hand side of the Schwinger Dyson equation Eq. (3.47) we
deduce that

> i @ r0XL)SH( = Y (X X)S ()

weWy weWy

— Z le\ VS;"t( )

weWy

=V ) i (Xw) S (y)

weWy

=V (’Ys,t);z?;-

Combining the two derivations gives

t
%A <’Yst> o = f <’Ys,u>u°§ <’Yu,t>uocodfy;,
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and integrating both sides with respect d+* yields

t
v J <78 r d7r f f s u u rd'Yud%‘

t
<%t>oo—1+2vzj o) e,

Since

we conclude that

t r
oty = 1 — f f s (s (vl ).

Lemma 3.2.15. For any v € C*([0,T, V'), the functional equation
t pr
K(s,t) = 1—f f K (s, w)K (u,7)(dy, d7), K (w,u) = 1 forall u € [0,T), (3.48)

has a unique solution (7 ), for 0 < s <t <T.

Due to the quadratic nature of the equation, we adopt the approach of iteratively

expanding the equation and proving convergence to the series in Eq. (3.46).

Proof. Existence of a solution is settled by Theorem 3.2.13. To prove uniqueness,
we show that any solution K must agree with the solution K, described in
Theorem 3.2.13. Fix a solution K to Eq. (3.48), then it must be uniformly bounded
on the simplex by the structure of Eq. (3.48). Define x = max{1,| K| }. We now
introduce some notation. For any m € NC, (Qk) , recall that 7; is the minimum value
of the pair to which i belongs. We then define following.

1) The time-ordered simplex A™[s,t] == {s =1y < t; < --- <to < t};

2) The “differential” dy™ == (—1)*S¢ . d'yffl dfy] 2 dyj 2t Note that

Jmyseedmop
the sum is over k free indices since j., = jr, if {,j} € 7;

3) The integrand

K™ = H K(tlfl,tz)K<tZ7tl+l)
{i,i+1}eg(m)

Hence, for any even k and 7 € NC, (k), the integral

I(m) = J K™dy™
AT [s,t]
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is well defined. We also define

S;it(V) = JA » dv".

As usual, we set S7(y) = 1. We recall that G}, is the set of non-crossing pair-

partitions of generation k. Using this language, K satisfies the equation

=Y SL)+ Y 1), (3.49)

TeGo TeGy

since Gy = {@} and G; = {{1,2}}. We now claim that

K(sit)= Y SL(M+ Y I(m). (3.50)

relUly) Gy 7€Gn

To see this, fix 7 € G, and for each {i,i + 1} € g(7), the terms in the product K7
associated with {7, + 1} are given by

K(tio1,t)K(ti, tiy1) = 1—J K( i—1,u1) K (ug, Zd’yll d%l
z 1 tz 1

l1=1

t1+1
1—f f K(t;,ug) K (ug,ro Zd’yff?d”y

la=1

From each bracket we may now either select the constant 1 or the double integral.
We see that the four possible selections correspond to replacing the pair (),
corresponding to {7, 7 + 1} in the Dyck word associated with 7, with (), ()(), (()) or
()(()). By applying these selections to each pair of brackets in K™, we see that

I(m) =SL(M+ Y, I«

' eG(m)
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Now

melUi—y Gi T€Gn41
Z Sy Z S;rt Z I(m)
|m|<2n melUio Gi T€GR+1
|| >2n
2n
|u| w -
= Z( 1) Sst( ) Z Lyj—u; + Z Ss,t('}/)"’ Z I()
|u|=0 TENCy (|u|) {i,j}enm WelH;;:QOHGi TEGn+1
2n
|"| u ™
= Z (_1) ( Sst Z Sst Z I(ﬂ->’
|u|=0 relUr, Gi 7€Gni1

where the final equality follows from another characterisation of the moments
of d-free semicircular random variables, see for example, [AGZ10, Chapter 5
pp-380-381]. We observe that the first term converges to (v, ) pes s SO it remains to
show that the second two sums converge to 0 as n — oo. Here we note that by
the uniqueness of the construction of Dyck words, for a word v with |v| > 2n, the
differential d” appears at most 7(X,,) times in the second two sums. And so we
have that

PRGOS (] B S S S E0]
relUry Gi mE€Gn+1 |v|>2n
|7|>2n
< > Cunll|sz0)|
|v|>2n
— 0,

as n — oo, where C}, is the k" Catalan number. The convergence is due to the
factorial decay of the signature and the well known fact that Cj, = O(4*). And so
the solution is unique. O

The results of this section show that the limit of di (u,v) exists under mild

conditions on the sequence ({x)nen. The limit is an MMD, with kernel given by

Ksp(7,0) = (Yor)ues, withy =% T. (3.51)

We leave it to future work to investigate the discriminative properties of Ksp
and how it compares with the adversarially learnt d; proposed by [LLN23]. We
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note that replacing d; with the MMD based on Kgp is akin to the non-adversarial
training of neural-SDEs proposed by [Iss+23] using the MMD based on K.

3.3 Numerical Schemes

In order for Kgp to have practical application, we require some method of approxim-
ating the solution to Eq. (3.48) without the need for computing the signature S(7).

We propose explicit and implicit numerical schemes based on discriminations.

3.3.1 Explicit Scheme

We propose a straightforward explicit numerical scheme to solve Eq. (3.48). In-
deed, suppose that 7 is absolutely continuous, then we may use the Lebesgue-
Differentiation theorem and a mixed endpoint approximation to the resulting

Riemann-Stieltjes to arrive at the following discretisation

t+A pr
Ks,t-{—A =1- f f Ks,uKu,r<dIVU7 d%)
’ t—i—Z r
= Nt — J J Ks,uKu,r<d7’LL7 d’%‘)
t s

t
~ s,t _J Ks,uKu,t<d’7ua’yt,t+A>

~ st Z Ks,qu,t<57u,va57t,t+A>dua
[u,w]€Q

where §7,, denotes the increment v, — 7, and Q is a partition of [s,?]. Let
P={0=1t <t <--- <t, =T} be a partition of the interval [0,7] and for
0 < n < /{define

OnY = Vtn = Vtnr-

The above discretisation naturally leads to the recursion

Kn,m+1 = Kn,m - Z Kn,rflKr,m<5r7ra (5m+17>7 (352)

n<r<m-41
for 0 < n < m < ¢, with the boundary condition K, ,+; = 1 for all n.

Remark 3.3.1. The use of a mixed endpoint approximation to the integrand (s u) ues (Yur) uss
is motivated by a natural connection to the iterated sums signature (ISS) of [KO19; DET20b;
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DET20a]. In fact the recursion Eq. (3.52) is exactly the recursion found for the functional

Fnm = 1" (X)ISSY,,(7),

weWy

where 1SS, ,,(7y) is the iterated sums signature of ~y on the partition P between times
n and m. This connection allows one to use established results concerning the ISS to
prove convergence of Ko to (o) as the mesh-size of P vanishes, see the proof of
Theorem 3.3.2 for details.

Naively solving the recursion defined by Eq. (3.52) for K|, incurs a time complexity
of O(¢?) in the length of the partition ¢. Indeed there are O({?) points in the
solution grid IT = {0 < n < m < ¢}, and the sum on the right hand side of Eq. (3.52)
contributes the final factor of /. However, just as for the finite difference scheme
proposed in [Sal+21] for the ordinary signature kernel, rather than solving the
grid in row and column order we can update a whole anti-diagonal of the solution
grid II at once, since there is no shared dependency between points on the same
anti-diagonal. It is possible to exploit this parallelisation using GPU architecture,
provided that the length n + 1 of v does not exceed the total number of threads
on the GPU. The overall time taken is then O(d(?) to populate II, where d is the
dimension of the underlying path space. The following result guarantees that the
preceding scheme converges to the true solution as the mesh of the partition P

shrinks to zero.

Theorem 3.3.2. Let v € C™([0,T),V) and let P = {0 =ty < --- < t, = T}, with
K, as defined by Eq. (3.52). Then

<70,T>u2§ - KM‘ < 16”7”1;[01] exp (4“'7“1;[01] ) 1H<1?<§||7||1;{ti,ti,l] : (3.53)

We follow the method of [KO19, Appendix A.3], wherein the authors prove
convergence of numerical schemes for the ordinary signature kernel based on a
discretisation of the terms in the signature. Throughout, let v € C* ([0, 7], V)
and let P = {0 =ty < --- < t, = T'} be a partition of [0,7]. We first show that
Eq. (3.52) may be derived by applying the Schwinger-Dyson equations to a function
of the iterated-sums-signature. Given a partition P, the iterated sums signature is
defined by

L O I SN () R () (3.54)

n<iy1<-<ip<m
for any word w = wy ... wy in d-letters and 0 < n < m < /. As usual, we define
ISSS,m = 1. Note that ISS}},, = 0 whenever |u| > n —m. Consider now the

110



CHAPTER 3 - RANDOMISED PATH DEVELOPMENTS

discretisation

= i (X,)ISSY,,. (7). (3.55)

] =0

Then, as in the proof of Theorem 3.2.13 we may deduce that

Z i1 (X,)ISSY,..(7)

|w|=0
— 1+Z Z i (X)) ISSY (7)
J=1 |w|=0

d 00
—1= > (X)) (X,)ISSE ()

7= Jul.[v|=0

d o]
=1=D0 D IR (X ) (X,)ISSE (7).

J=1 |ul,|v|=0

Now foru = uy...u;, v =vy,...,vpand i =iy < --- < 4 andj::jl <o < Jky
we see that
ISSEvi(v) = > ()™ () (57 (57)™ - - (357)"™ (S5
n<i<r<j<s<m
= > ISSE, ISSY,  (6:9)(6:7),
n<r<s<m
so that

d
o = 1= 30 3 ) re) 3188, 1SS, (6,0 (65:0)]

=1 u,veWy n<r<s<m
=1— Y | Yo irrssy, | | Y] it (w)Issy, | (67,04
n<r<s<m \ |u|=0 |v|=0
=1-— Z ’fn,r—l"fr,s—l<57’fy’ 5Sry>
n<r<s<m
=1- Z Kn,r—l"@‘,s—l(&“’y; 557> - Z /{n,r—l/ﬁ:r,m—l<5r’}/a (5mfy>
n<r<s<m—1 n<r<m
= RKpm—-1 — Z fin,r—lﬂr,m—1<57“77 5m7>7
nrm

which is exactly the recursion defined in Eq. (3.52). It remains then to show that

ISSg’r(7) is a suitable approximation to Sy’ () for any v. To this end, define the
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th term of the iterated sums signature by

ISSap(0)™ = > (6,7 @+ @ (5:,7)-

a<i]<---<ip<b

The following bound on the difference between the m™ term of the signature of v
and its iterated sums signature may be deduced from a careful reading of [KO19,

Lemma A.4 and Proposition A.5].

Lemma 3.3.3. For all m > 2, it holds that

m—1
vaon
(m —2)! 1<z<€

[ Sor ()™ = 18800 < X171 vi - (3.56)
Sketch of Proof. By [KO19, Lemma A 4], the difference Sy (7)™ — 1SSo,¢(7)™ is the

th jterated integral of  over the subset of the m-simplex where the projections
of at least two coordinates lie in the same interval [t,_;,t;] € P. By dividing this
subset into disjoint regions, the authors of [KO19] obtain a bound on the difference
in terms of the 1-variation norm of v over each sub-interval [¢;_1,¢;]. By writing
10 = Zi:l 1YWt 1,7 it i then shown in [KO19, Proposition A.5] that this
bound on the difference is smaller than||v([,,  maxi<i<c[[7]l,,, , ,, multiplied by
the (m — 2)™ term in the Taylor expansion of exp (||v||;. [0.7] )- O

Corollary 3.3.4. For any v € C*™ ([0, T],V') and P, we have the bound

‘('VO,T)ME;" - KM’ < 16”7”1;[0,T] exp (4”7”1;[0,7’] ) fga<X£||7||1 [tim1,ts] *

Proof. By the triangle inequality and Lemma 3.3.3, we see that

,0.7) = Koo)| = | Y (1) 5 7(Xa) (77) (S (7) — 1SS8,(7))
|w|=0
< Y T(Xa) St ()~ 1883()]
|w|=2

< i CmHSO,T('Y)m - ISSO,E(V)mH

(et
< 24 b H’YH1[t tiv1]

m 2|1<<

Hﬂhmﬂ)m
< 16”7”1[0T] 1H<1 H'YH1[tz 1t]z

= 16“7”1;[0,T] exp (4H7H1;[0,T] ) {E%H’Y\h;[ti,l,m :
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]

Remark 3.3.5. Note that for any path v € CT ([0, T], V') and any sequence of partitions
T, With |m,| — 0, it holds that lim,, ., maxlgignHle;[th] =0, so that Theorem 3.3.2
guarantees convergence along any sequence of partitions with vanishing mesh size.

Remark 3.3.6 (Exact Solution for Straight Lines and d = 1). We fix T' = 1 without
loss of generality, since the signature is invariant under time reparameterisation. There are
two situations for which the solution to Eq. (3.48) is explicit. Firstly, assume that v is a
straight line. That is, for t € [0, 1]

v = tv, for somev € RY,

so that ~) = v and (dv,, dy,) = ||v||* dsdt for all s,t € [0,1]. In this case Eq. (3.48)
reduces to

t prr
<75,t>u°co =1 _J J <’Vs,u>u°co <7u,r>u°coHUH2dUdrv

which depends only on ||v||. Hence, the resulting solution will be the same as for the
R-valued path oy = t||v||. Recalling the expansion Eq. (3.46), we see that

<75,t>u°c° = Ko<3>t) = ZiQkCZkH(tz%?H = E|:€Xp (ZR”(t — S)UH )],

for a semi-circular random variable R with radius 2. The characteristic function of a
semi-circular random variable is well known to be given by @, where Jy(-) is a Bessel
function of the first kind. It is possible to use this exact solution to populate the solution
grid 11 at any point (n, m) for which a path ~y is a straight line on the interval [t,, t,,).
Finally, the solution is also explicit for any path in d = 1, since the signature then depends

only on the increment v, — .

3.3.2 Implicit Scheme

We also propose an implicit scheme derived from a discretisation of Eq. (3.48)
given by
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t+A pr
Ks,t—i—A =1- f J Ks,uKu,r<d’VU7 df%‘)
’ t+g r
- st f J Ks,uKu,r <d/7’uy d7r>
t s

t+A
~ st f Ks,uKu,t—i-A <d7ua ’Yt,t—&-A)
s

~ st Z Ks,va,t<5’Yu,va57t,t+A>dua
[u,v]€Q

where Q is again some partition of [s, t|. This motivates the recursion

K:zrvmﬂ - Kr—:m - Z KITK:m+1<5T775m+17>'

n<r<m-+l1

Rearranging the above yields

Kﬁ:m B Zn<r§m KJTK:,_erl <67“/77 5m+17>

K :
141017l

n,m-+1 =

(3.57)

Remark 3.3.7. While we do not prove convergence of the implicit scheme, the experiments
in the subsequent section utilise the implicit scheme rather than the explicit scheme as
it appears more stable in practice. Indeed, from the form of Eq. (3.57) one may see that
the first update K|, , | remains bounded in [—1,1], while this is not true for the explicit
scheme. We also remark that there are multiple variations on the implicit and explicit
schemes to estimate the double integral in Eq. (3.48). For example, one could implement a
quadrature style scheme where the integrand is averaged at both endpoints of the interval.

Remark 3.3.8. Since the limiting equation satisfied by (7..) . is derived as the large-N
limit of randomised path developments, it is natural to consider a Monte-Carlo estimator
for the solution to Theorem 3.2.13. That is, we average the time-T solution of multiple
trajectories of the equation

l

Az (t) = Vi

d
S ZYWAY Y, Z)(s,s) = Iy, (3.58)

Jj=1

driven by independently sampled random matrices A;. Let 7 be a piecewise linear
interpolation of v on the partition P = {0 = o < t; < --- < t; = T}. For each
jg=1,..., M let Zs’N be independent solutions to Eq. (3.58), i.e. the driving matrices are
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sampled independently for each k. We then define the Monte Carlo estimator
1
MCIY = — Z_ ZEN(T)). (3.59)

By Theorem 3.2.13, we have the convergence

lim lim MCMY = K,(0,7) 25

N—o00 M—o0

K,(0,T).

Since 4 is a piecewise-linear interpolation of ~y, the solutions Z ﬁ N are explicit and given as
the product of matrix exponentials involving only the driving matrices and the increments
of v, see [LLN23, Section 2.2] for details.

3.3.3 Comparing Numerical Solvers

Given the stark contrast between the numerical approaches outlined in Sections 3.3.1
and 3.3.2 and the Monte-Carlo approach of Remark 3.3.8, it is natural to compare
their relative benefits and limitations. Of particular interest is the scaling behaviour
of the computational time in the length of a path, its dimension, and the hyper-
parameters of MCﬁ\f N(s,t). All experiments were performed on an NVIDIA
GeForce RTX 2060 with Max-Q Design.

Remark 3.3.9. This section is merely intended to compare the scaling of computational
costs, and does not claim superiority of one method over the other.

In the following, the true underlying path + will be a piecewise-linear interpolation
of a fractional Brownian motion with Hurst parameter H = 0.75 on some uniform
partition P of [0,1]. For the implicit numerical scheme from Section 3.3.2, we
examine the convergence of K to (yor),e for a sequence of dyadic refinements
P(A) of order A € Nas A\ — oc. For MCJWW N, we fix M = 50 and vary the dimension
N of the random matrices. All random matrices will be generated according to the
Gaussian Unitary Ensemble (GUE).
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Convergence of Approximations for d = 1

Dimension N
10 12 14 16 18 20

Dimension N
2 4 6 8 10 12 14 16 18 20 2 4 6 8

0.750

0.725

0.700
—— Kt
$ 0675 —=- MC
2 = --- Exact
0.650
0.625
0.600
0.575 ' ' . i .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Dyadic Order Dyadic Order
(a) Convergencein d = 1.
Convergence of Approximations for d = 10
Dimension N Dimension N
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
—— Kt
Pt g —=- MC
SO SN —E———m --- Exact

Value
K

0.00 ]

-0.02 !

-0.04

Dyadic Order

Dyadic Order

(b) Convergence in d = 10.
Figure 3.1: Convergence for the implicit numerical scheme Kt on the dyadic partition
P(\) and the Monte Carlo MCf\f "N for d = 1 and d = 10. For each dimension, we generate
two examples of a piecewise-linear interpolation of fractional Brownian motion with Hurst
parameter H = 0.75 on a uniform partition 7 of [0, 1] of size 15. The blue line corresponds
to the lower x—axis (indexed by the dyadic order) and the red line corresponds to the upper

x—axis (indexed by the dimension of the driving matrices in MC{‘Y/[ "N). The number of
Monte-Carlo samples is fixed at M/ = 100. The dotted black line is the true value {(yo,r) e,

computed in d = 1 by Remark 3.3.6 and by MC'?54%0 in ¢ = 20.

From Section 3.3.2, we know that the computational time for K scales as O(¢?) in
the size of P if computed on a GPU. In contrast, the randomised approach will
scale as O(¢). However, due to the increased computational costs involved (matrix
exponentiation, matrix multiplication and Monte-Carlo sampling), it can be more
costly to compute MC]WV[ V. Furthermore, both K+ and MCy "V scale as O(d) in the
dimension of the underlying state space of v, although the constants involved are
different. For K, (2 dot products of increments in R? need to be computed. And

for MCJ""", there are ¢ x d scalar-matrix multiplications R x RV — R.

116



CHAPTER 3 - RANDOMISED PATH DEVELOPMENTS

Computational Time vs Path Length Computational Time vs Path Dimension
K+ 175 K
0.7 Va MC MC
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— / - 100
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02 —~ 0.50
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00— 000 — — —
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Path Length Path Dimension
(a) Time vs. path length in d = 10. (b) Time vs. dimension with 128 time steps.

Figure 3.2: A comparison of the computational time scaling for the implicit numerical
scheme and the randomised scheme when path length and path dimension vary. The
hyper-parameters of MCf\//[ NV are fixed at N = 20 and M = 10.

Finally, we note the impact of the choice of hyper-parameters M and N on the
computational time for MCf‘f V. The computational time is linear in the number of
Monte-Carlo samples (without additional parallelisation) but more than quadratic
in the dimension NN, even when leveraging efficient algorithms that exploit GPU

parallelisation.

Computational Time vs Dimension N

50 —=- MC

Time (s)

0 50 100 150 200 250 300 350
Dimension N

Figure 3.3: Computational time vs. N for a path with 128 time steps in d = 10. The
remaining hyper-parameter of MCQ/[ " is fixed at M = 2.

3.4 Pauli string path developments

Recall again the differential equation underlying Eq. (3.45)

d
Az} =iy Z]A;dn], 73 = Iy,

j=1

and for convenience suppose that each A; € RV*¥ is a random matrix with i.i.d.
N(0,+) entries and N is large. Supposing that v = v, % - - - x 7, is a piecewise
linear path valued in R? with linear increments ~; fori = 1,...,m, then Z7. is given
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exactly by the matrix product

ZJ = exp (z Zd: Aﬂ{) -+ exp (z zd: Aﬂfﬁ). (3.60)
=1 j=1

Clearly, this exact solution becomes costly to compute when N is large. An
approach to circumvent this issue might be to consider sparse approximations of
the A;. However, even for sparse A;, each matrix exponential is typically dense and
so the products are still an obstacle. However if we restrict ourselves to the case
N = 2", then there exists a sparse - but still high-rank - random matrix ensemble,
whose eigenvalue distribution converges to the free semicircular random variables
as n — 0o. Moreover, this representation allows one to embed Eq. (3.60) efficiently

In a quantum circuit.

The random matrix ensemble we utilise is called the random Pauli string ensemble,
which is a known example of a non-trivial random Hamiltonian that is “quantumly
easy” [Che+24b].

Definition 3.4.1 (Pauli strings). A set of Hermitian operators on C* given by

10 01 0 — 10
or = , Ox = , Oy = , Oz = . 3.61

A (real) linear basis for uy is then given by tensor products of the Pauli matrices
Ow = Oy @+ Q Oy, (3.62)

where w = wy ... w, is a word with n letters chosen from {1, X,Y, Z} and ® denotes the
tensor product. The operator o, is referred to as a Pauli string. We write the set of words

on Pauli matrices as P.

Definition 3.4.2 (Pauli matrices). We denote by P = {o;,0x, 0y, 0z} the set of Pauli
matrices, introduced in Definition 3.4.1 and write o ~ P for a random variable o uniformly
distributed over P.

We are now ready to introduce the random Pauli string ensemble.

Definition 3.4.3. Let N = 2". We say that a matrix A belongs to the random Pauli
ensemble with m Pauli strings if

m
1 o
A= E ro’,
m
i=1

3
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where r; "X Rad(1/2) and ot = o(1)' ® - - @ o(n)! with o(j)¢ " P.
The remainder of this section is dedicated to proving the following result.

Theorem 3.4.4. For each n, suppose that A7, ..., A} be i.i.d. matrices from the random
Pauli string ensemble of dimension N = 2" with m,, strings each. Let Z7 be the solution to
d .
AZ0(s,t) =iy Z'(s,)ATdy],  Z)(s,s)=1.

Jj=1

Then there exists C' > 0 depending only on the length of v and the dimension of the
underlying space V' for which

E[(tr(Zf;(s,t)) — <757t>u5°)2

< C(my +27). (3.63)

The core of the argument is a (quantitative) proof that for A,,..., A, from the
random Pauli string ensemble, their joint eigenvalue distribution converges to
the law of d-free semicircular random variables as n — oo. We note that this is a
generalisation of the result found in [Che+24b] for d = 1, although the method of
proof is different.

We start by recalling and proving some basic properties concerning the Pauli
ensemble. Firstly, products of Pauli matrices follow the following multiplication
table.

X or ox oy Oz
or gr ox Oy Oz
Ox | 0Ox or 107 —10y
oy | oy —ioz O 10x
Oz | Oz ’iO'y —iO’X g

We may then consider the group G = (P) generated by Pauli matrices under matrix
multiplication. By the above multiplication rules, it is clear that every g € G may
be uniquely written as

g=9¢(g)m(g), ¢(g) €{l,i,—1,—i} and m(g) € P. (3.64)

We refer to ¢(g) as the phase of g. Note the rules of commutation of two elements
of g, h € G: gh = hg whenever
1) m(g) = m(h); or

2) m(g) =L orm(h) = 1.
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The matrices g and h anti-commute (gh = —hg) if m(g) # m(h) and neither is the
identity. Moreover, since m(g) € P for any g € G, it follows that [tr(g)| < 1 for all
g€ qG.

Lemma 3.4.5. Suppose that X and Y are independent random variables with values in G
such that m(X) and m(Y') are uniformly distributed on P, then m(XY') ~ P.

Proof. This is clear from the multiplication table and the fact that m(XY) =
m(X)m(Y). O

By induction on the above lemma, we obtain the following.
Corollary 3.4.6. Let X,..., X, WP, then m(Xy - X,) ~P.
We also require the following result.

Lemma 3.4.7. Let g € G and X ~ P, then E[X gX]| = Lin(g)=0130(9)1.

Proof. If m(g) = I, then E[X¢X]| = ¢(9)E[XX]| = ¢(g)I. If m(g) # I, then

g, X =TorX =m(g);
—g, X #Iand X # m(g).

XgX =

Since both cases have probability 1, E[X gX] = 0. O

Combining the above allows us to bound the expected trace of products of random
Pauli matrices.

Proposition 3.4.8. Let X;,..., X, P and let w be a word in p letters of length 2p

such that each letter {1, ..., p} appears exactly twice. If pairing equal letters results in a
non-crossing pair partition, then Etr(X.,, - - - Xu,, )] = 1, otherwise

E[tr(Xa -+ Xus, )] < 7 (3.65)

A~ =

In the following, we will write [m] for an alphabet in the letters {1,...,m}.

Proof. If w defines a non-crossing pair partition, then any consecutive pairs of
letters X; X; may be collapsed to the identity. By the non-crossing property there
must be at least one such pair, which results in a shorter word of 2p — 2 letters,
defining a non-crossing pair partition in p — 1-distinct letters. By induction the

entire word may be collapsed to the identity, from which the result follows.
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Assume now that w does not define a non-crossing pair partition. First note that
if there are any consecutive letters in w, i.e. the appearance of X;X; for some
j € {1,...,p}, then the pair may be collapsed to the identity. If this collapse results
in a new consecutive pair appearing, this may also be collapsed. Since the pairing
of equal letters does not result in a non-crossing pair partition, the entire product
cannot be collapsed to the identity. As such, we may assume without loss of
generality that w contains no consecutive pairs. We claim that there must be a
subword of w of the form X X, X, for some non-empty word 1 that contains no
repeat letters. This can be checked by induction on the length of the word with the
conclusion that if no such subword exists, then there must be a consecutive pair.

We may then write w = kjljm, where k, m do not contain j. Hence

E[XkE[X XIX |X i € [p)\ J]Xm]])
E[ X E[X;X,X; | X)) X))

E [ Xid(X0) L pm(xy)=1) Xom])
= E[¢(X1) Lm(x=n 11 (XicXom) ]

The fifth equality used Lemma 3.4.7. Therefore

[ [tr ()] | < [Bgnoryen 6060 [sr(0Xm) || < B({m(X0) = 1) = .

since |¢(g)] = 1 and |tr(g)] < 1 for all ¢ € G, with the final equality using
Corollary 3.4.6. O

Lemma 3.4.9. Let X;,..., X, P and let u, v be words in the letters [p] such that

1) |uv|=2p;
2) Each letter appears exactly twice in uv;
3) There is at least one letter that appears in both u and v.

Then
E[tr(X,)tr(Xy)] <

NN

Proof. For any word w we have that tr(Xw) = ¢(Xw)1{m(xw)=0,}- We know there
exists a letter j € [p] that appears once in both u and v, therefore we can decompose

the two words as u = u;ju; and v = vyjvy, where none of uy, us, vq, v contain
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the letter j. Thus, we have
[t (X, XX, ) tr (X, X5 X0, )| = Lon (X, X, Xug) =} Lm0, X, Xy ) =01}
The two indicator functions are simultaneously equal to 1 if and only if
m(X;)=a' and m(X;) =" (3.66)
where o = m(Xy, )m(Xy,) and 5 = m(Xy,)m(Xy,).

Now, consider the o-algebra 7 = o(X; : ¢ # j) generated by all Paulis X; except Xj.
Conditioning on F, the random matrix X is uniformly distributed on P. Hence,

if o = f3,

1
E [|tr(XulXqug)tr(leXijg)| |f] — P((3.66) holds | F) = { ¥
0, ifa#p.

In either case, the conditional expectation does not exceed }1. Thus, taking
expectation and using the fact that |¢(g)| = 1 for all g € G yields the result. O

Recall that the tensor product oy, = 0y, ® - -+ ® 0y, Where o,,, € P,isa 2" x 2"

matrix such that
tr (O’W) =tr (le) ceetr (an). (3.67)
Definition 3.4.10. For any alphabet size m > 1 (denoted by [m|]) and integer p > 1 define

1) W (m,p) : number of words of length 2p where distinct letters appear an even number
of times;

2) N(m,p) : number of words of length 2p where distinct letters appear exactly twice.

Lemma 3.4.11. Foranym > landp > 1,

1 < [m 2 2p)!
W(m,p)=2—m;<k)(m—2k) = ). (2k1)!(--p-)(2km)!' (3.68)

kit km=p
ki>0

Proof. For a given word w = wj - - - wo, define the vector ¢(w) = (¢1(W), ..., cn(W)),

where ¢;(w) denotes the number of times letter ¢ appears in w. Write

—1)ci(w)
Ser(w)) = DT
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for the indicator that the count of letter i is even. Then w contributes to W (m, p) if
and only if

_ ﬁ 1+ (_21)C¢(W) _ QLm Z (_1>Z;’;1 eici(w)

=1 ec{0,1}m™

Hence, by summing over all words in the alphabet [m] of length 2p, we have
Do eici(w) Doy €ici(w)
Z g > (F1 g 2 D (LFEee.
ee{0,1}™ 66{0 1} w
For fixed ¢, we can compute the inner sum as

2p

pRI=SREND o) y (RIS b a2 Iy

w w j=1 =1

where ¢,,, = ¢; whenever w; = i. Noticing that

Z(—l)ei =m —2t, wheret=#{i:¢ =1},
i=1

we can combine the above to get

2p
m

W(m,p) = 2% > |2 = om Z ( ) —2)".

ec{0,1}m \ i=1

For the second equality, from the conditions defining W (m, p) we have ¢;(w) =

2k;(w), for some k;(w) > 0,and ;" | k;(w) = p. Using the multinomial theorem

we know that the letters of w can be arranged in (w))('Zp ()Qk i different ways.
Putting these two observations together yields the result. O
Lemma 3.4.12. Foranym > landp > 1,
m (2p)! (2p)!
N(m,p) = ( ) = . (3.69)
p) 2° kl+_§m:p (2k1)! -+ (2k)!
kie{ovl}

Proof. We have to choose which p letters out of the m possible letters will appear
and then arrange them in a word of length 2p so that they appear twice each. There
are (’;) ways of choosing p letters from the alphabet [m]. For the chosen p letters,
we must place two copies of each letter among the 2p positions. For any set of
the forrn {wl, wy, Wy, Wy, - - - }, the number of distinct orderings is the multinomial

count 22! which yields the first equality. The second equality follows from the

21“’
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observation that each multi-index (k1, ..., k,,) with k; € {0,1} and ), k; = p has
exactly p of the k;’s equal to 1 and the remaining m — p equal to 0. Hence

(2p)! _ (2p)! _ @) _ @)

(2k1)! (2ko)! -+ (2k,,)!  20---20 01--. 00 (2 2p

p factors m—p factors

There are (’;) ways to choose which p indices satisfy k; = 1, so the total sum is

(") 29! as claimed. O
Lemma 3.4.13. For any m > 1 and p > 1, the inequality W (m,p) < 2°mPp! holds.

Proof. For any integer k > 0, (2k)! = 2*k!(1-3----- (2k — 1)) > 2*k!. Hence
from (3.68) we obtain

(2p)! 1 (2
W(m,p) < > kil k! 20pl m’,

where we used the fact that

k1++km:p
k; >0

Finally the lemma follows since (2p)! = 2Ppl(1-3---(2p — 1)) < 2Ppl(2-4---2p) =
(2Pp!)2. O

Lemma 3.4.14. For any m > 1 and p > 1 we have
W(m,p) — N(m,p) < (4e)Pm?~p! (3.70)

Proof. Using (3.68) and (3.69) we obtain

2p)!
W(m,p) = N(m,p) = ) +§ ) (2k1)!(- -p-)(%m)!'

at least one k;>2
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Using similar arguments as in the proof of Lemma 3.4.13,

2p)! 1
Winp) - Nmp)< 220y L
Tl o
k1t thm=p
at least one k;>2

(5 -()
~ar (=)
—<22p—];)!!mp1 (m—m(l—%) (1—%)(1—%))

Now, forany j = 1,--- ,p—1then 0 < £ < 1land (1 — a) > exp(—7=;) for any
a € (0,1). Hence,

-1
(2p)! 1 J/m
W(m,p) — N(m,p) < 2pp!mp 1 m—mHexp<—1 j/m)
j=1
2p)! L~
2p)! -1
< Bt (o ey (- 221
Ip(p — 1 i
< (22pp)' plp—1) o1 2p)
p! 2

where in the penultimate equality we used the simple fact that 1 — e™ < z for
any z > 0 and set v = %. The classical Stirling bound p! > (p/e)? easily yields
(2}9)1’%2 < (4e)Pp!, from which the result follows. N

We are now ready to prove that the random Pauli string ensemble converges to the

law of d-free semicircular random variables.

Proposition 3.4.15. For each n, suppose that A}, . .., A%} bei.i.d. matrices from the random
Pauli string ensemble of dimension N = 2™ with m,, strings each. If lim,,_,., m, = 0o,
then

lim ]E[tr(Ag,)] = 1(Xy)

n—oo

forall w € W,, where 7 is the law of d-free semicircular random variables.

125



CHAPTER 3 - RANDOMISED PATH DEVELOPMENTS

Proof. First note that that
E [tr(AZ,)] = m " Z E[ra]E[tr(o%)],

where the sum runs over words u in m,,-letters of length |w|. Since E[r} | disappears
unless each letter in u appears an even number of times, we need only to consider
the case where |w| = 2p for p € N. We will still require for each letter in u to
appear at least twice, so that the total number of distinct letters in u is at most p.
We will write wt(u) for the number of distinct letters in u. We say that two words
u and v are equivalent if there is a bijection on [m,,] that takes u to v. We have the
following facts.

1) The number of words in an equivalence class of a given m-word with weight
t is exactly
My (mp — 1)+ (my, —t+1) <m?;
2) The number of equivalence classes of words with weight ¢ is bounded by ¢*.

By (3.67) and the property of traces of the group G,

E[tr(c%)]| < 1. Combining

these facts yields
p—1
Z ‘E[TZ]E[tr(afv)} ‘ < meﬁp < mPip?th (3.71)
wwt(u)<p—1 t=1

We turn our attention to words of weight p. First, we see that

E[tr(az,)} = E[tr(a(l)ﬁ,) . -tr(a(n)ﬁ,)] = E[tr(a(l)ﬁ,)}n,

by the i.i.d. construction of the Pauli strings. Consider first the case where pairing
equal letters in u defines a crossing pair partition, now by Proposition 3.4.8 we
know that

E[tr(o(1)s)]" <27

The number of words of length 2p with weight p where distinct letters appear
exactly twice may be bounded by mp’%. And so the total contribution of these
terms is bounded by mﬁ’%Q*Z”. Finally, consider those words u where pairing
equal letters results in a non-crossing pair partition. Then

E[ry]E[tr(oy)] = H B —
(

a,b)Emyu
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where 7, is the pair partition of the letters {1,. .., 2p} defined by the pairing of the
letters in u. It is easy to see that two valid words u and v are equivalent if and

only if the non-crossing pair partitions they each generate are equal. It remains

then to count the number of non-crossing pair partitions of {1, ..., 2p} for which
IT te.-w =1
(a,b)Emu

Recalling the discussion in Section 3.0.4, this is one of the defining properties of
7(X4w). The number of words in each equivalence class is m,,(m, —1) - - - (m,, —p+1).
It follows that

,}LIEOE[M(AZ’)} = nlg& {T(Xw)mn(mn ) mp(mn —prl) + 0272 + O(m;l)}
= 7(Xw).

Here, the first term is the contribution of the non-crossing pair partitions, the
second is the crossing pair partitions and the third is the contribution of terms
with weight less than p. [

We now derive a quantitative version of the previous result.

Proposition 3.4.16. For each n, suppose that A}, ..., A are i.i.d. matrices from the
random Pauli string ensemble of dimension N = 2™ with m,, strings each. Then

‘E [tr(A%) | = 7(Xw)| < (e)p! (" +272),

where T is the law of d-free semicircular random variables and w € W, has length 2p for
some p € N.

Proof. As in the previous proposition we note that
E|tr(A3) | = m, "= Y EaE[tr(oh)],

where the sum runs over words u in m-letters of length |w|. Again, it suffices to
consider words w of even length |w| = 2p, with p > 1. We write wt(u) for the
number of distinct letters in u. As in the previous proposition, we split this sum
into three parts.

(i) (Words of weight ¢t < p) It is easy to see that
W(m,p) — N(m,p) = #{u : wt(u) < p}.
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Thus, using Lemma 3.4.14 we obtain directly

m? Y [ElLE[ ()] =m;p<W<mn,p>—N<mn,p>>s<4e>pp!mi
e (3.72)

(ii) (Words of weight ¢t = p) As before, we need to distinguish two sub-cases:
Case 1: where pairing equal letters in u defines a crossing pair partition. By

Proposition 3.4.8

Eftr(0%)] = Eftr(o(1)2)]" < 272",

w

The count of such words is at most N(m,,p) = (") < mp 2
p p:
Hence,
m,,? E ‘E[r“]E[tr(a“)]‘ < (2p)!2_2n < (4e)Ppl2—2" (3.73)
n w w — 2pp! — p' ? *

wwt(u)=p
Case 1

where we used the Stirling bound (2p)!/(2Pp!) < (4e)?pl.

Case 2: where pairing equal letters in u results in a non-crossing pair partition.
Using the same counting arguments as in the proof of the previous

proposition, we have

My (mp, — 1) -+~ (m, —p+1)

m,,” Z E[TE]E[tr(afv)} =7(Xw) - .
wwt(u)=p
Case 2
Using the fact that
— .. —_— 2
‘m(m 1)---(m 10—1—1)_1 Sp_’ (3.74)
mP 2m
yields
2
_ p (4e)"p!
p E[r2|E|tr(cl) ] — 7(Xw)| < Xow)| < ,
3 BrbIEf(od)] = ()| < grir(X)l < S0
wwt(u)=p
Case 2

where we used the fact that |7(Xy)| < 4°.
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Combining the bounds (3.72), (3.73) and (3.75) yields

‘E [tr(A’ZU)] — 7(Xw)| < (de)Pp! (2m;" + 272 .

]

Proposition 3.4.17. For each n, suppose that A7, ..., Al are i.i.d. matrices from the

random Pauli string ensemble of dimension N = 2™ with m,, strings each. Then

B [t (AL br (A7) | = m(Xu)7(X,)

< (de)Pp! (2m,, " +27%")

for all words w,v € Wy such that |u| + |v| = 2p for some p € N (with the left-hand-side
being zero otherwise).

Proof. We first write
E [tr(AZ)tr(AZ)] = DR Z E[r2rPE[tr(o2)tr(oy)],
a,b

where the sum runs over words a and b in the letters [m] of length |u| and |v|
respectively. Due to the Rademacher random variables, we need only consider the
case where |u| + |v| = 2p for some p € N. Moreover, we require each letter in the
word ab to appear at least twice for the expectation to be non-zero. As before, we
then split the sum into three parts.

(i) (Words of weight ¢t < p) Using Proposition 3.4.8 we directly compute

m,,” Z ‘E[rﬁrB]E[tr(az)tr(as)} ‘ =m, " (W (mp,p) — N(mpn,p))

1
< (4e)’pl—.

n

(3.76)

(ii) (Words of weight ¢t = p) We now consider two subcases

Case 1: where at least one letter appears in both a and b or where pairing equal
letters in a and b results in a crossing. By noting that

E[tr(o2)tr(oy)] = Eftr(o(

—_

)Z)tr(o(l)g) . -tr(o(n)z)tr(a(n)g)}

129



CHAPTER 3 - RANDOMISED PATH DEVELOPMENTS

Case 2:

we may apply Proposition 3.4.8 and Lemma 3.4.9 to see that

2p)!
mr Y [ErE()(e)]| < Gl < ey,
a,b:wt(ab)=p
Case 1
(3.77)
where we have used the fact that the total number of terms in the sum

is bounded N(m,, p).

where the words a and b are distinct and pairing equal letters in ab

results in a non-crossing pair partition. In this case

E[tr(02)tr(0?)] = E[tr(o(1)2)] "E[tr(o(1)2)]" = 1.

We then see that
E[rar ]]E[tr( H lyo=u, H L=y
(a,b)ema (e, d)empb
where 7, is the non-crossing pair partition of the letters {1, ..., |w|}

defined by the pairing of the letters in a, with 7, defined similarly.
Words ab and cd in Case 2 are then equivalent if and only if 7, = 7
and m, = mq. It follows that the total number of equivalence classes in
Case 2 is given by 7(X,)7(X,). Using the counting arguments as in the
previous proposition, we have that

m,,? Z E[Tu’l“v]E[tI‘( )tr(afj’)}

a,b:wt(ab)=p
Case 2
Mp(Mmy —1)---(my, —p+1
= 7(Xu)7(Xyp) ( ) p( )
Mn
Using the fact

M = 1) e —p 1) | _ P

mb — 2m’

we conclude that

— a,b a b 1
m? S E [rurv} E [tr(au)tr(av)] — 7(Xu)7(X)| < (4e)pl—.
R
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Combining (3.76)-(3.77)-(3.78) gives

m,” ZE [7"27“5] E [tr(ai)tr(af,’)} — 7(Xu)7(Xp)| < (4e)Ppl (2m;," +277") .

]

As a corollary of all the results, we can now prove the main result of this section.

Theorem 3.4.18 (Theorem 3.4.4). For each n, suppose that AY, ..., Al arei.i.d. matrices
from the random Pauli string ensemble of dimension N = 2" with m,, strings each. Let
Z7 be the solution to

d
AZ0(s,t) =iy Z'(s,)ATdy],  Z(s;s)=1.

Jj=1

Then there exists C' > 0 depending only on the length of v and the dimension of the
underlying space V' for which

E [(tr(ZZ;(s,t)) - (%,tm@)z < C(myt+27). (3.79)

Proof. We start by expanding

(r(Z205.)) = (ahz ) = 30 4 (r(Au)ir(Ay) — r(X)r(Xo)

w,vEW,
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Let us deal with the first term.

> [Efer(A)tr(40)] = 7(Xu)r(Xo)

<SS El(Al)e(An)] - r(Xu)r(X)

P=0 u|=0 |v|=2p—|u]

< (Qm;1 + 2_2") Z Z Z (4e)Pp!

p=0 k=0 |u|=k
|v|=2p—k

St ()S% )|

- |St ()88 ()]

co  2p

(4e)Pp! - d*|[|y|I5h
< 2 —1 2—21’7, 1-var
< (2m," + ZZ K(2p — k)]

p=0 k=0

= (2p+1 dr
< (er—Ll 1 2—2n) Z (2p )(4e )p‘ H7“1 —var
0 !

p
< CL(|Vlyvar » 4) (2m, "t +2777)

The remaining two terms may each be bounded by
S [Bler(4n)] - rxa)|r(X0)] S ()82 0)|
w,vEW,
< 3 [Bl(4n)] - (x| [s20)] 3o

ueEW,y
(4e ”d2”||7|| 2"d2"||7||
2m 4 9- 2n 1-var 1-var
> > 20)

v
Sst ‘

p=0 q=0
S CQ(HVHl—var’ ) (2m;1 + 2—2n) .

Taking C' = 3max{C1, C>} yields the result.

To see how the results of this section can be used to derive an efficient quantum

algorithm for Eq. (3.60), we refer the reader to [Cre+25].

3.5 Functional equation for interacting matrix models

We conclude this section by extending Theorem 3.1.1 to the case of perturbations

of the Gaussian Unitary Ensemble (GUE); we will again leverage the Schwinger-

Dyson equations to derive the corresponding limiting functional equations in this

setting. To this end consider P € C; given by

d d m
i=1 i=1 j=1
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satisfying the conditions of Theorem 3.0.12 with associated non-commutative law

7p. Also associate to IV the path-dependent differential operators

m

Djy = = ) (=i)lg; v, (3.80)

j=1

where D, is the cyclic derivative from Definition 3.0.9. We define the following
functionals on C** ([0, T, V):

aw)y = Y iE, [tr(Aw)]S5(7),

weWy
Oaphu = D i Jim By [or(Aw) | S3(7):
weWy >

Proposition 3.5.1. Suppose that P satisfies the assumptions of Theorem 3.0.12 and for
each s € [0,T] let U, be the Uy-valued solution to the controlled differential equation

d
AU = 1Y UsuAjdyl, Uss = Iy,

j=1

where (AY, ... AY) ~ u¥. Then

Eug [tr(Us,t)} = <%7t>;ﬂlX <oo and lim E, N [tr(U )} = (Yst)uze < 00. (3.81)

N—o0

The content of the above is simply a statement that both limits and expectations

may be exchanged with the sum over words.

Proof. The expansion of the path ordered exponential in terms of its signature
provides that

tr(U) = D i er(AL) S ().

weWy

To attain both parts of (3.81), we simply need to justify the interchange of the limits

and expectation with the sum over words w. To do this, it is enough to show that

> By [fer(ad)]][s20)

weW,
is uniformly bounded in N. The sub-Gaussian nature of the tail behaviour of

)\N

max

(A) (see Lemma 3.0.13) yields the following bound

By [[er(A0)]] < By [Ac(A)] < wlvlr(tl 4 1) (3.82)
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for some x > 0, where I' denotes the usual Gamma function. The second inequality
uses a common equivalent definition of sub-Gaussian random variables, see for

example [Ver18, Proposition 2.5.2]. Then, by the factorial decay of the signature
> By [[r(ad)]|[sme < D0 wir (el 4 1)]s5 ) Z% LG+ ) < oo
s — s,t n )
weWy weWy n=0
for some &£ > 0. Then Fubini-Tonelli and the dominated convergence theorem
allows for the interchange of limits and expectation with the sum of words. [
We now turn to the main result of this section.

Theorem 3.5.2. The functional (v, ), satisfies the path-dependent integro-differential
equation

d ¢
(Vshuse =1 — J Vo) s Vuadps (D o) = > | Dy (Ya)pssdrk,  (3.83)

_ s
s<u<v<t k=1

with the boundary condition (s ), = 1 forall s € [0,T1.
The proof follows the same method as in the proof of Theorem 3.1.1, while

accounting for the additional terms coming from the perturbation W.

Proof. Recall from Theorem 3.0.12 that

lim E N[tr(A )] = 7p(Xw),

N—o0

where 7p is the unique non-commutative law associated with P solving the
corresponding Schwinger-Dyson equation. Consider now the following expansion
where we use (3.13) for the first equality.

Z Z|w\+17_P®TP(8k Z Z|u|Jr\v\+27_P ) ( v)g:lw(,y)
weWy w,vEWy
=Y el (x f )k
u,vEWy

—— [ | 2 rexaso) | | X imecn)msy, | ol

ueWy veEWy

t
== f <’78,u>,u§’§’ <7u,t>uopodlyq]j'
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We now expand the left-hand-side using the Schwinger-Dyson equation

Y e @ (0 Xw)SE() = Y i e (X DiV)SE ()

weW, weWy
— Z jlwl+1 (T(Xka) +ZngP(XwXDkvj))S§U,t(V)
weWy j=1
= 3 X VASEO) + Do Y el XS
weWy 7j=1 weW,
_ vk Z 17 (X)) S (v Z Ylvil=2g Do Z (X)) S (7)
weWy Jj=1 weWy

= 'Yst pos + Z \vgl 2 kavy (s t>uP
7=1
(vk + Dj; )<75 t>u

Equating these identities, integrating both sides with respect to dv* and then
summing over k results in Eq. (3.83)

d
<7S,t>#}’§’ =1- J (s, u>#p (Vu, v>up dvyy, dy) Z D{?{/('Vs,uh;’;’d%j- (3.84)

— s
s<u<v<t k=1

]

Example 3.5.3 (GUE). Consider the case of the quadratic potential G = 3 S X2, for
which pl corresponds to the GUE. Then each DY, = 0, and we recover Eq. (3.45)

<’ys,t>u%° =1- f <78,u>u°co <’7u,v>u%° <d/yu) df}%)

s<u<v<t

To conclude this subsection, we consider the uniqueness of solutions to (3.83). A
complete theory for uniqueness in a general space of functions on path space is a
topic for future research. Instead, we consider infinite linear functionals on the
signatures.

Proposition 3.5.4. Consider the set of infinite linear functionals ¢ : C**([0,T],V) — C
on the signature

E(%,t) = Z i'w'awS?’,t(v%

weEWy
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for which |a,,| < C1*! for some C' > 0. Suppose that

d ot
e =1- [ totonaldndn) = Y [ Dhttnt @89
k=1"Y"

s<u<v<t

holds for all v € X, then a,, = Tp(Xy) for all w € W,.

Proof. Expanding (3.85) gives

d
D ia,SE(y) =14 D iRa,0,8M v (y)

weWy k=1 uw,veWy

d m
£y D0 Dl g ay, SY ().

k=1 ueWwy j=1

Noting that the left-hand-side may be expanded as

d
> iy SE) =14 30 DT i a9,

weW, k=1 weWy

meaning that we may equate the coefficients of S** to obtain the system of

equations

m
Ak = E Ay Ay — E 95QwDyv; >
=1

w=ukv i

which after rearranging yields

m
E OOy = Qupk + § 9jQwDyv, -

w=ukv 7j=1

This mplies that the extension of ¢ to a linear functional 7, : C; — C satisfies
the Schwinger-Dyson equation 7, @ 7,(0xX4) = 7a(XwDiP). By the uniqueness
of solutions to the Schwinger-Dyson equation (Theorem 3.0.12) we must have

Ta — TpP. [
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—— 0 D o<

SIGNATURE ASYMPTOTICS AND

WASSERSTEIN DISTANCES

Our next example of a function on unparameterised path space is the asymptotic limit
of suitably scaled norms of signature terms. While it is easy to compute the signature
given a representative of an equivalence class of unparameterised paths, it is a
non-trivial task to recover information about representatives given their signature.
While certain information such as the increment or area is straightforward, it is
significantly more challenging to recover the tree-reduced length or total curvature.
The study of this problem is connected to the aforementioned asymptotic limit and
is the subject of several open conjectures. We will see that under a suitable choice
of norm, the leading order term in the asymptotic expansion is the tree-reduced
length and the second order term is a weighted curvature of the tree-reduced path.
This chapter extends work by Hambly & Lyons [HL10] and is based on the paper
[CMT23].

Some terms in the signature are explicitly relatable to properties of the original
path, for example the increment and the area can be recovered from the terms of
order 1 and order 2 respectively. Recovering more granular information demands a
more sophisticated approach. A rich stream of recent work has tackled the explicit
reconstruction of the tree-reduced representative from its signature. For example
in the probabilistic setting, the work of Le Jan & Qian [LQ13] showed how to
construct a Brownian sample path given its Stratonovich signature using polygonal
approximations. This has since been generalised to hypoelliptic diffusions [GQ16],
Gaussian processes [BG15] and even to the deterministic setting [Gen17]. However,
the approaches presented in the aforementioned papers are not implementable

in practice. In the more realistic setting of piecewise linear paths, the work in
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[LX17] showed how the hyperbolic development can be used to find the length and
direction of the last linear piece. Iterating this approach allows one to reconstruct
the entire trajectory. On the other hand, [LX18] proposed a symmetrisation
procedure on the signature which leads to a reconstruction algorithm in some
cases. Both of these latter approaches have the advantage of being implementable.

An alternative branch of investigation is the recovery of broad features of a path,
such as its length or curvature properties, using the asymptotics of its signature.
This problem has been an active area of research over the course of the preceding
decade and a half. Indeed, Hambly & Lyons initiated this direction in [HL10],
with the papers [BG19b; CLN18b; BG19a; BGS520] all contributing to this direction.
Recall that if v is absolutely continuous, that is v € C%1™2([0, T, V), its length is
given by

t
W hvaro = j ! |ds, 1)

and denoted by [ := [|7[|;_yay.0 77 Sucha curve admits a unit-speed reparametrisation.
That is, the existence of a path 4 and reparameterisation « : [0, 7] — [0, /] such that

y=Feoa

where || = 1.

Remark 4.0.1. The unit speed reparameterisation is closely related to the constant speed
reparameterisation we leveraged in Chapter 2. Indeed, a constant-speed parameterised
curve v satisfies || = % ||V|l1-ar;jo,r) 01 [0, T, while the unit speed parameterisation
satisfies || = 1 on [0, ||7|l1-varjo,7] -

Hambly and Lyons [HL10] initially showed that the arc-length of a unit-speed
path can be recovered from the asymptotics of the norm of terms in the signature
under a broad class of norms. Concretely, they proved thatif v : [0,{] - V isa
continuously differentiable unit-speed curve whose derivative satisfies a modulus

of continuity condition, then it holds that

o 2SO

n—00 [n

=1 4.2)

for a class of norms ||-|| on the tensor product V®" including the projective tensor
norm but excluding the Hilbert-Schmidt norm in the case where V' is endowed
with an inner product. This result has since been extended by Lyons and Xu [LX17]
to all unit speed C' curves. For the same class of norms, this also implies the

weaker statement y
lim (nll|S()"]) " =t (4.3)

n—o0
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A natural question is whether other properties of the original path can also be

recovered in a similar fashion, such as (a functional of) its curvature.

When the Hilbert-Schmidt norm is considered instead, [HL.10] also showed that
Eq. (4.3) holds, but that statement Eq. (4.2) fails to be true in general. Under the

assumption that v is three times continuously differentiable it was proved that!

1/2

!
=c(y):=E |exp (Jo (3075)2 <7;, 7;"> ds) , (4.4)

sy

n—00 n
where (BO’S)se[O,l] is a Brownian bridge which returns to zero at time [. It can be
seen that ¢ () < 1 unless v is a straight line, and so Eq. (4.3) indeed holds. More
recent articles have focused on proving statements similar to Eq. (4.3) under the
fewest possible assumptions on y and on the tensor norms. For example, in the
paper [CLN18b] it was proved that if 7 is continuous and of finite 1-variation, then

under any reasonable tensor norm we have that

1/n 1/n
r}in;o <n!HS(7) H> :ilgl) <n!HS(7) H> >0 (4.5)
provided that the sequence {HS M| :n=12,..., oo} does not contain an
infinite subsequence of zeros. Boedihardjo and Geng [BG19b] strengthened this
result by proving that the existence of such a subsequence is equivalent to the
underlying path being tree-like, see also [CLN18a]. Taken together, these papers
prove that the identity in Eq. (4.5) holds true for a wide class of continuous bounded
variation paths. It is conjectured that for a tree-reduced path 7 the limit is exactly

the length of v, see [CLLN18a]. This question remains open at the time of writing.

4.0.1 Contributions

In this chapter, we contribute to the effort of recovering broad features of the original
path from its signature by way of a novel approach. We do so by explicitly relating
the Hilbert-Schmidt norm of projected signatures with p-Wasserstein distances
between discrete probability measures, allowing the study of the former using
tools of the latter. These measures are characterised in terms of v only through an
integral equation, making the contribution of the geometrical properties of v (such

as its curvature) in the limit of the norm explicit.

! We refer to the right-hand side term c(vy) as the Hambly-Lyons limit.
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Remark 4.0.2. To ease notation, from this point forward we consider unit speed paths
parameterised on [0, 1] rather than [0,1]. Indeed, it is clear from the left-hand-side of
Eq. (4.4) that the limit is invariant under the scaling of . Additionally for o = \y with
A € R, we see that

A Al
[, (Boa) ooy ds = | 7 (Bou)* (el lf s
!
= f (Bogs)” A (72n) ds
0

l
< f (Bos)” (77" ds,
0

where the second equality follows from a change of variable and the third is equality in
distribution where By is a Brownian bridge returning to 0 at time I. The claimed equality
in distribution follows from the well-known scale invariance of Brownian bridges.

The insight to this connection originates from a theorem by del Barrio, Giné, and
Utze (see Theorem 4.1.3 below), which can be used to recast the Hambly-Lyons
limit ¢(7) as the limit of a 2-Wasserstein distance between empirical measures,
see Section 4.1. Formally, for a twice continuously differentiable unit speed path
7 :[0,1] — V that is regular enough (see exact conditions in Proposition 4.1.11),
we construct and show the existence of a measure p on R, prescribed in terms of
the following integral equation for its cumulative distribution function F

s—0t s—1—

t
F(t) = f Vil 'ds,  lim F(s) =0, lim F(s) = 1. (4.6)
0
When coupled with the B-G-U theorem we show that

c(v) = lim E [exp(—nW3 (pn, 1))] , (4.7)

n—o0

so that the Hambly-Lyons limit ¢() can be seen as the limit of 2-Wasserstein
distances between y and an empirical version p,, = > | dp-1(y,). Here ¢ denote

-----

variables on [0, 1].

In Section 4.2 (motivated by the above) we derive relationships between the
signature inner product (S(v)",S(0)") and a series of p-Wasserstein distances.
Then as an application, we re-derive a generalised version of the Hambly-Lyons
limit theorem (Section 4.2.4) through the lens of discrete optimal transport by
exploiting asymptotic results of Wasserstein distances between empirical measures
[BL19].
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Theorem 4.0.3 (Generalised Hambly-Lyons limit theorem). Let v : [0,1] — V
be a twice continuously differentiable unit-speed path such that the map s — || is
non-vanishing, and differentiable with bounded derivative. Then

1/2

1
lim n!|[S(7)"|| =E |exp (—f (Bo.s)? ‘7;"2 ds) . (4.8)

By combining Remark 4.0.2 and the right-hand side of Eq. (4.8), the Hambly-Lyons
limit ¢(y) can be viewed as a weighted (scale-invariant) functional of the curvature
of 7. Section 4.2.5 concludes this chapter by presenting a way to practically compute
the limit through the solving of a second order distributional differential equation.

4.1 The Hambly-Lyonslimitand Wasserstein distances

This section outlines the proof of Theorem 4.0.3. We do so by first recalling a
theorem by del Barrio, Giné, and Utze (Theorem 4.1.3 below) and observing that
under some conditions, the former allows the rewriting of the Hambly-Lyons limit
¢(7) as a limit in terms of the 2-Wasserstein distance between empirical measures.
The rest of this section will investigate the assumptions needed on 7 for these
conditions to be fulfilled.

41.1 The B-G-U theorem

Before presenting the aforementioned theorem of del Barrio, Giné, and Utze, we
start by recalling the definition of the p-Wasserstein distances that form a core part

of our analysis.

Definition 4.1.1 (Wasserstein Distance). Let i and v be probability measures supported
on R. The p™ Wasserstein distance W, (1, v) between i and v is defined by

We) = ot [ [ o=yl dnla.g), (49)

el (p,v

where I, v) denotes the set of all couplings of pand v. If i and v have bounded support

then one may also define the p = oo distance by
Weo(p,v) = lim W,(u,v). (4.10)
pP—00

Definition 4.1.2 (J, functional and /-function I(t)). Let i be a probability measure on

R which has a density f with respect to the Lebesque measure, and let I be the associated
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distribution function. The J, functional is defined as

* z)(1 — F(x))]P/?
= | F)(1 = F@)P? i

for p € N. Moreover, if F' admits an absolutely continuous inverse on (0, 1) (or equivalently
by virtue of [BL19, Proposition A.17], if ju is supported on an interval, finite or not, and
the absolutely continuous component of ju has an almost everywhere positive density on
that interval), define the I-function I(t) for almost all t € (0,1) as

(A.18) 1
(F=)(#)

where the last equality exploited [BL19, Proposition A.18].

I(t) = f(F'(1)) (4.12)

For the rest of this chapter we denote by 1, the empirical measure defined as

1 n
o = Z_; dx,, (4.13)

where fori € {1,2,..,n}, X; S L.

Theorem 4.1.3 (B-G-U Theorem; [dBGUO5]). Let i be a measure supported on (a,b) C R
admitting a density f. Assume further that f is positive, differentiable, satisfies

|f'(x)] < oo, (4.14)

Flx)(1 - F(x))
as<lalsgb f(x)z

and that Jy(p) < oco. Denote by F its distribution function. Then,

nW3 (tin, 1) — f By (4.15)
’ o 1(8)?

as n — oo weakly in R where By, is a Brownian bridge starting at 0 and vanishing at

t=1.

Remark 4.1.4 (Origin of assumption Eq. (4.14)). The condition in Eq. (4.14) has been
a recurrent assumption in several asymptotic results involving quantile processes and
ultimately goes back to Csorgo and Revesz [CR78]. To better understand its connection
with the B-G-U Theorem 4.1.3, recall the following identity

1

twmmmzﬁ<a%@—F%m%w=gga@%a (4.16)

142



CHAPTER 4 - SIGNATURE ASYMPTOTICS AND WASSERSTEIN DISTANCES

with &,(s) = /n (F,*(s) — F~'(s)) denoting the quantile process. It is shown in
[ABGUO05] that &, converges weakly in L*(0,1) to By/I(t). For a slightly more general
object, the so-called normed sample quantile process p,, it can be shown that requiring

Eq. (4.14) allows one to asymptotically control p,,. More details can be found in [Cs683].

The following corollary will form a key component of our generalisation of the
Hambly-Lyons result.

Corollary 4.1.5. Let y1 be a measure supported on (a,b) C Rwhich satisfies the assumptions
of Theorem 4.1.3, then

W2(ul, %) — 2 1(Bo’tyd 4.17
0

weakly in R as n — oo, where u and p2 are independent copies of empirical measures
from pu.

Proof. Let £} and &} denote the quantile processes of u. and u2 defined in Re-
mark 4.1.4. Since L*(0, 1) is separable, [Bil68, Theorem 2.8] implies that &} — &2
converges weakly in (0, 1) to (Bg, — Bj,)/1(t) for independent Brownian bridges
B! and B?. Since the difference of independent Brownian bridges is itself a
Brownian bridge with twice the variance, we can apply the continuous mapping
theorem and Remark 4.1.4 to conclude that

1 1 (BO t)2

nWE (e it) = [ 610 - a2 [ LB

weakly in R. O

The existence of a bridge between signature asymptotics and the theory of em-
pirical processes is hinted at when one considers a special instance of the B-G-U
Theorem 4.1.3. Indeed, when applied to a regular enough class of measures
satisfying I(t) = |y/|™!, the right-hand side of B-G-U exactly coincides with the

Hambly-Lyons limit. The following remark formalises this observation.

Corollary 4.1.6 (Recovering the Hambly-Lyons limit). Let v : [0, 1] — V be a twice
continuously differentiable unit-speed path with non-vanishing second derivative. Consider
a probability measure ;1 on R supported on (0,b) having density f. Assume that the
following four conditions are satisfied.

A) The density function f is positive and differentiable everywhere;

B) Its associated I-function satisfies I(t) = |v/'|~" almost everywhere;
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C) The distribution function F and density function f satisfy

p PO = F2)

S @) ()] < oo (4.18)

D) Jy(p) < oc.

Now the B-G-U Theorem 4.1.3 implies that the Hambly-Lyons limit in c(y) can be rewritten
as the limit of a 2-Wasserstein distance, that is

c(y) = lim E [exp (= W3 (i, ,u))] 1/2. (4.19)

n—oo

Proof. The assumptions for the B-G-U Theorem 4.1.3 are satisfied and the limit

1
lim nW2 (pn, 1) = J B3|y ?dt < oo (4.20)
n—00 0 ’

exists under the stated assumptions. If one further assumes that the assumptions
of the Hambly-Lyons limit Eq. (4.4) holds (i.e. that v is of class C?), then the limits

coincide as v is unit-speed and satisfies (v, v") = —|7"|*. O

4.1.2 Existence and characterisation of admissible measures

The rest of this section will focus on characterising the paths, v, for which a measure
(v exists satisfying the conditions A, B, C'and D of Corollary 4.1.6. Firstly we recast
the determination of such 1 into the solving of an integral equation in terms of
only, and then formulate the assumptions on vy ensuring the existence of a solution

to this equation whose associated measure 1 satisfies the relevant assumptions.

We start by rewriting condition B as an explicit condition on the cumulative
distribution function F' associated to the measure .

Remark 4.1.7 (Reformulating condition B as an integral equation for F). Let
v :[0,1] — V be a twice continuously differentiable unit-speed path with non-vanishing
second derivative. If F' admits an absolutely continuous inverse on (0, 1) (which is the
case whenever condition A holds; see [BL19, Proposition A.17]), then condition B holds if
and only if F satisfies the integral equation

F(t) = . Vi~ ds, (4.21)

144



CHAPTER 4 - SIGNATURE ASYMPTOTICS AND WASSERSTEIN DISTANCES

forall t € (0,b) with boundary conditions lim, o+ F(s) = 0, lim, ,,- F'(s) = 1. To see
this, first suppose that conditions A and B hold, then

t (412)t33_ gtu ~14s
fo I(F(s))ds “2 f f(s)ds = F(1) 2 J | tdls.

Assume now that condition A and Eq. (4.21) hold, then the Lebesgue differentiation theorem
implies that the density function associated to F' can be written as

f(s) = el ae. (4.22)
And so

I(s) = f(F7Y(s)) = [vp@-1ep| = W™, almost everywhere.

Lemma 4.1.8. Let v : [0, 1] — V be a twice continuously differentiable unit-speed path
with non-vanishing second-derivative. Assume the existence of a twice-differentiable
function F : (0,b) — [0, 1] satisfying

t
F(t) = f |7}§(S)|_1d3, lim F(s) =0, lim F(s) =1, (4.23)
0

s—0t s—b—

with bounded second derivative F". Then

(i) F is a cumulative distribution function with support on (0,b) and admits an
absolutely continuous inverse F'~* on (0,1);

(ii) F fulfils condition A,B,C, and D.

Proof. That F'is a cumulative distribution function corresponding to some measure
p supported on (0, b) follows immediately from Eq. (4.23) and differentiability of F.
By virtue of proposition A.17 in [BL19], ' admits an absolutely continuous inverse
on (0, 1) if and only if y is supported on an interval (finite or not) and the absolutely
continuous component of ;. has on that interval an almost-everywhere positive
density (with respect to Lebesgue measure). We show that the latter statement
holds. Indeed, since 4" is non-vanishing, the Lebesgue differentiation theorem
implies that the density function of the absolutely continuous component of the
probability measure p associated to F is positive almost everywhere and satisfies

f(S) = |fyg‘(s)|_17 a.e., (424)

implying the existence of an absolutely continuous inverse F'~'. This concludes

(). Regarding point (ii), as F' is twice-differentiable its underlying measure p is
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absolutely continuous and f is its density which is positive and differentiable,
implying the fulfilment of condition A. Condition B follows from Remark 4.1.7.

Finally, since ||

is bounded from below (since it is continuous and non-vanishing)
and F” is bounded from above, it follows that conditions C and D are both

satisfied. 0

The above result states that a twice-differentiable solution F' prescribed by the
integral equation Eq. (4.23) with the property that /" is bounded, is the cumulative
distribution function of a measure p required for the application of Corollary 4.1.6.
We now determine the conditions on v for which the existence of such an F' is
guaranteed. Let v be as in Lemma 4.1.8. Then the following observations can be

made.

1) Suppose that the map s > |y/| !

S

is Lipschitz on the interval [0, 1], then the
Picard-Lindel6f theorem gives existence and uniqueness to the initial value

problem
t
F(t) = f M, F(0) =0

as long as F(t) < 1. Since v has bounded curvature, i.e. there exists a
constant ¢ > 0 such that |7/| < 1 € R, it holds that
t

F(t)ZJ cds =ct
0

so that I hits 1 at some finite time b > 0.

2) To ensure that F' is twice differentiable, requiring Lipschitz continuity of
s +— |77] is not enough. Indeed, the latter assumption only implies the
differentiability of F" almost everywhere on any open subset of the definition
domain by virtue of the Rademacher’s Theorem (which is not sufficient as
it can lead to the breaking of condition A). However if we assume the map
s — |77| to be differentiable, then F is guaranteed to be twice-differentiable

for all £ € (0,b) by the quotient rule and non-vanishing property of 7.
B

3) As it is now assumed that s — |y”|7' is differentiable, the fundamental

theorem of calculus implies that the probability density function f can be
exactly written as

f(S) = |’7¥“(s)|_1 >cCy, SE (Oab)

Additionally, since 7" is non-vanishing and continuous, the curvature |7/
is bounded from below, i.e. |[7| > - € R, forall s € [0, 1] (or equivalently
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said, if the map s — |7”|~! is bounded above by c_), then we may conclude

that
f(S) = h/g‘(s)‘il <c., se€ (Oab) (425)

Assuming further that the derivative of the map s — |7”| is bounded, this

s

implies the boundedness of F" by the chain and quotient rules.

These observations are collected and combined with Lemma 4.1.8 in the following

lemma.

Lemma 4.1.9 (Condition on ~ for existence of admissible F). Let v : [0,1] — V
be a twice continuously differentiable unit-speed path such that the map s — |y7| is
non-vanishing, and is differentiable with bounded derivative. Then there exists a constant
b € R and a twice-differentiable function F : (0,b) — [0, 1] such that the integral equation
and boundary conditions Eq. (4.23) are satisfied as well as the conditions of Corollary 4.1.6.

Remark 4.1.10 (Boundedness of the derivative of || as a condition on the total
curvature). Observe that the boundedness condition on (| |)/ (which we recall is there
to ensure that F" is bounded) can be reformulated as a condition on the total curvature
T(t) == [, |7|ds of  as follows. Fora c, € Ry,

an

/
—1\/ |f)/s -
e > (1v7) = TR —{bg!’yé'l} S

which happens if and only if

1 /
Vel > o [loglvé’@ :

Taking the integral from 0 to t gives

1 /!
— log ("Y(/)/’) <T(t), foralltel0,1].
Co h/t ’

Finally, the direct application of Lemma 4.1.9 followed by Theorem 4.1.3 yields the
following result.

Proposition 4.1.11 (Hambly-Lyons limit as the limit of a Wasserstein distance). Let
v be as in Lemma 4.1.9 and F the solution to the integral equation Eq. (4.23). Let u be
the measure associated with the cumulative distribution function F and let X4, ..., X,

be a sample of n i.i.d. random variables drawn from p. Let 1, be its associated empirical
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measure, i.e.
1 o (4.26)
Un = n 4 X, .
Then, the Hambly-Lyons limit in c(~y) is the limit of a 2-Wasserstein distance

c(y) = lim E [exp (=nW3 (ptn, u))] v : (4.27)

n—oo

4.2 Signature projections and Wasserstein distances

Due to the known connection between the Hambly-Lyons limit and the limit of the
Hilbert-Schmidt tensor norm of projected signatures [HL10], the insights developed
in the previous section naturally lead one to ask whether the Hilbert-Schmidt
tensor norm of projected signatures can be related to Wasserstein distances. This
section answers this question positively. By using this relationship we are able to
characterise a class of curves, which are not necessarily C* as originally considered
in [HL10], that satisfy

lim n!||S(4)"|| = ¢(v). (4.28)

n—oo

We proceed as follows.

1) First, in Section 4.2.1, we prove a technical augmentation of a lemma in
[HL10] and then derive a probabilistic representation for the inner product

of two signature terms;

2) We then proceed in Section 4.2.2 to exploit the characterisation of the Wasser-
stein distances between empirical measures to relate the quantities derived
in the first step to these Wasserstein distances and hence derive lower and

upper bounds on||S(7)|| in terms of the former;

3) By leveraging the results of the previous section, we generalise the Hambly-
Lyons limit Eq. (4.4) in Section 4.2.4 and present the proof of Theorem 4.0.3;

4) Finally, we show a practical way to compute the limit in Section 4.2.5 and

illustrate it in a simple case.
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4.2.1 A probabilistic expression for signature inner products

In this subsection we generalise [HL10, Lemma 3.9] to the inner product between
signatures before presenting a probabilistic formula in terms of the angles between

the derivatives of the two underlying curves.

Definition 4.2.1 (Uniform order statistics sample). Let {U; }ic1,2..ny and {Vi}icri,2...0)
be two independent collections of n i.i.d. uniform random variables in [0, 1]. Consider the

relabelling {U) }icq1,2....ny Where

ceey

0<Un SUpy <---<Upy <1, (4.29)

and similarly for {V(;) }ic1,2....ny- In the rest of this chapter, we will denote by {U ) }ic(1,2....n)

ceey

and {Vi;) }icq1,2....n) two independent collections of i.i.d. uniform order statistics on [0, 1].

Lemma 4.2.2 (Generalisation of Lemma 3.9 in [HL10]). Let v, 0 : [0,1] — R™ be two

C" unit-speed curves, and let {U }ieq12...ny and {Viy) Yicqr 2.0y be two iid. uniform

sey

order statistics collections (Definition 4.2.1). Then,

(S0 S0 = | TT0b, ok | (430

(l)* Li

Proof. It is known [HL10] that

n!S(y)" =E éfy{]m : (4.31)
=1
Hence for an orthonormal basis {ep}pe (1o} of R", we have
PSS L8 | Tk, o) |- (4.32)
i=1
For more details, we refer the reader to the arguments of [HL10]. H

This result states that the inner product between signatures of deterministic paths
can be represented statistically through the mean of the product of (7{](2_) , a(/m).
Observe that for unit-speed curves the inner products (fy’U(i), oy, i)> encode only the

information on the angles ©; between the vectors ’Y/Um and a{/( o ie.

(’ijm, U(/(Z,)> = cos (0;) = cos <Z(7’U(i),a{/@)) . (4.33)
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In this case, also observe that the angles ©; can be exactly recovered from the norm
of the difference between the two above random variables,

- _ 1
O; = cos™* <<7,U(i)70-{/(i)>) =cos ! (1 —3

!
— g
i Vi

2
) . (4.34)

Proposition 4.2.3 (Inner product as a probabilistic expression). Suppose that v, o
[0, 1] — V are two absolutely continuous curves, such that |,| = |o}| = 1 for almost every
t € [0,1]. Then for every n € N we have

()", 8(0)") =

E exp V() ]l{max@i<g}

k2k
(4.35)
1

e

il |

where ©; in [0, ] is defined by <7{J<i),a(/(i>> =cos©; fori =1,...,n, and 1, denotes
the indicator function on a set A.

Proof. On the set {max;_y, ,©; < 3}, it holds that

1
2

/

5~ OV, <1, fori=1,...,n.

Consequently on this set, we have the expansion

n

1 / / 2
log H<7U< ) Zlog (1 D) ’7U<i) B UV(»‘ )

=1

n o0

1 C2\"
:—zzk( ~aiy,|)
=1 k=1
T kR L V<z> !

where the second equality utilises the standard Talyor expansion for log(1 — x),
which is valid for |z| < 1. Combining this expansion with Lemma 4.2.2 yields
Eq. (4.35). O

The following two subsections leverage the preceding probabilistic expression to
attain upper and lower bounds for||S(v)"||. We first collate the recurrent objects
and assumptions that will be used in several subsequent arguments.
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Assumption 4.2.4 (Standing assumptions). Let (2, F,[P) be a probability space. The
following standing assumptions will be used throughout

i) Let v :[0,1] — V be a twice continuously differentiable unit-speed path such that
the map s — |!| is both non-vanishing and differentiable with bounded derivative.
Let F : [0,b] — [0, 1] be its associated cumulative distribution as prescribed in
Lemma 4.1.8.

----------

statistics (Definition 4.2.1). Define the collections X ;) and Y ;) as

Xo=F ' Uy), Yo=F"'Vy), i=1...,n. (4.36)

iii) Let pi2x and pY be their respective empirical distributions defined by
X 1 - Y 1 -
== Oxg, =) by, (4.37)
i=1 =1

iv) Let vand f respectively be the probability measure and density distribution function
associated with the cumulative distribution function F.

To conclude this subsection we state the explicit characterisation of the p-Wasserstein

distances in the case that 1 and v are both discrete measures.

Lemma 4.2.5 (Characterisation of the p-Wasserstein distance for empirical measures.
Lemma 4.2 of [BL19]). Let {A;}jcq,..ny and { B} } jequ,..ny be two samples of i.i.d. random
variables. Denote by {Ajy}jcq1,..ny and {B(jy}jeq,..n) their respective order statistics
and let piy == =370 04, and pB = L3715, be their associated empirical probability
measures. Then for every p > 1 we have

> 4G = Byl" =y (Nf7ﬂ5> )
j=1

where W, is the p-Wasserstein distance. Moreover, for p = oo, we have

max |Ag, = Bg)| = Wao (!, nf)
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4.2.2 Lower bound on signature norms in terms of Wasserstein

distances

We now use the probabilistic expression of the signature inner product (Proposi-
tion 4.2.3) when o = v and derive a lower-bound for HS () H in terms of Wasserstein

distances.

Proposition 4.2.6 (Lower bound on HS (7) H in terms of Wasserstein distances). Let
v, X, Y be as defined in Assumption 4.2.4. Then

nil2 =1
(n)?[| S (1)"[]” ZE | exp —H;WW%(%{,MD i X v | <1}

..... n

—P (iﬂfax | Xy — Y| = 1) :

(4.38)
for every n € N.
Proof. We use the fact that
o, — M| = 19X @) — 9(Ye)| (4.39)
where g = 7' o F. The assumptions on v give that g is once continuously

differentiable and so the mean value inequality may be employed to see that

V0, = Wil < 1 X = Yol - [9'(&)] for some & € [Xp), Y] fori=1,...,n. (4.40)

Furthermore as F' satisfies the integral equation of Lemma 4.1.8, we have that

19" () = Wl - 1F'(s)] = 1, ¥s € [0,0].

By applying Lemma 4.2.5 we see that

n

D

=1

% 2%k
Yoy =MW S DX = Yoo = nWEE (Y, ). (4.41)
=1

.....

.....

of Eq. (4.35) may be lower bounded by —1 by the Cauchy-Schwarz inequality. The
lower bound Eq. (4.38) then follows by combining this observation, Eq. (4.35), and
Eq. (4.41). [
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Remark 4.2.7. We can also multiply the sum inside the exponential term in Eq. (4.38)
random variable inside the expectation. Doing so will prove convenient in the proof of our
main result Theorem 4.0.3.

4.2.3 Upper bound on signature norms in terms of Wasserstein

distances

Similarly to Section 4.2.2, we use Proposition 4.2.3 to derive an upper bound for

HS ()" H in terms of a series of Wasserstein distances.

Proposition 4.2.8 (Upper bound on ||S () H in terms of Wasserstein distances). Let
v, wxX, pt be as defined in Assumption 4.2.4. Then there exists an 0 < &' < 1 so that for
everyn € Nand 0 < e < ¢’

oo

(nl)QHS(fy)"HQ <E |exp —nz ww%(ﬂx MY) 1
! = — kzk 2k n»Mn {maxizl n X(i)*Y(z') <E}

,,,,,

+P (max | Xy — Y| = 5) )

1=1,....n

(4.42)

where ¢ (u) := SUpjs_y <, |9’ (t) — ¢ (s)] is the modulus of continuity of the derivative of
g=7oF.

Proof. An application of the fundamental theorem of calculus and Eq. (4.39) gives

2 2
= 9(X@w) — 9(Yip)]

|

:f 2<g’(r),g’(s)>— ‘g’('f’)|2—|—1drds
[X (@)Y

! /
T0a ~ W

2 / / /

= | X — Yo —l—f 2<g (r),d'(s) — ¢'(r)) drds.
(XY

And hence, by applying the Cauchy-Schwarz inequality to the integrand in the

last line

1

— | X — Yo’

7{fu') B %fm < ‘X(i) - Y(i)|2 ¢ (‘X(i) - Y(z)}) ) (4.43)
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and so in particular

| 2

Yoy =] 2 (1 — 6 (|xe - Y(z’)\)) | Xy = Yo (4.44)
To ensure that the series inside the exponential in Eq. (4.42) is finite, we note that ¢
is a modulus of continuity, and so there exists some 0 < ¢’ < 1 for which ¢(¢) < 1
for any € < £’. Now, the product in the second term on the right-hand side of
Eq. (4.35) may be upper bounded by 1 by the Cauchy-Schwarz inequality, so it
follows from Eq. (4.44), Lemma 4.2.5 and Proposition 4.2.3 that Eq. (4.42) holds

provided that e < €. O

4.2.4 Generalising the Hambly-Lyons Limit theorem

Combined, Propositions 4.2.6 and 4.2.8 provide lower and upper bounds for
HS (7)™ H in terms of a series of Wasserstein distances. What remains is to show that
the lower bound converges to the square of the Hambly-Lyons limit as n — oo,
and that the same applies to the upper bound when taking n — oo and then ¢ — 0.
The following pair of lemmas provide the necessary results for this conclusion.

Lemma 4.2.9. Let y, pi;\, and ) be as in the standing assumptions, then for any & > 0

lim P ('HllaX |X(i) — Y’(Z)‘ > 6) =0. (4.45)
n—00 =

..... n

Proof. Using mean value and inverse function theorems, we deduce that

Xy =Y =F" (Uy) = F (Viy)
(FY () (U — Vi) (4.46)
] Uy = Vi)

for some 7; € [Ug), V|- An application of Markov’s inequality gives that

P (iﬂllaxn | X = Y| = 5) <e 'V E (in}ax Uiy — ‘/m!)

---------- n

1
v

for some absolute constant C' > 0. The first inequality utilises Eq. (4.46) and

<207y

the second uses Lemma 4.2.5, the triangle inequality, and Theorem 4.9 of [BL19].
Taking the limit as n — oo in the above inequality concludes the proof. O
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Lemma 4.2.10. Let yu, 12, and p1Y be as in the standing assumptions and 0 < a,e < 1,
then

= - WQ}ZW 3% (o 1y ) = 0 (4.47)

in Ly asn — oo.

Proof. We have that

E [An] - TLE l{max, 1 <€} Z ka k (:un 7Iun>

| X =Y

.....

=E {maxl 1, n|X() Y <€} Z ka Z ‘
ok

<E ZWZ\X@ —Y,
k=2 =1

<E | nWy (1) i

_E [-an(ufa uf)} log (2 E )

Using the following inequality (Section 4.1, [BL19]) for p € N\ {0}

a”
K2k

E [Wé’ (tty 1 )] < E [Wff (i u)]

together with the bounds from Theorem 5.3 in [BL19] gives

E [Wf(ufauﬁ)} <2 (\/EO—H)4J4(M),

where J4 () is finite since 1 is compactly supported with density f bounded below
by Lemma 4.1.9. It follows that

n
n+2)2

lim E[A,] < lim 40* log( 2 ) ( Ja(p) = 0.

n—00 n—oo 2—a

We are now ready to prove our main result.
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Theorem 4.2.11 (Generalisation of the Hambly-Lyons Limit Theorem). Let v, y, 1.\,
and pY be as in Assumption 4.2.4. Then,

1
lim n!||S(y)"|| =E |exp (—J. (30,5)2\7;’\2d3> : (4.48)
n—oo 0

Proof. For 0 < € < 1, define A, to be the set {max;—y,.» | Xy — Y(5| < €}. Then, by
Lemma 4.2.9, 1 4. converges to 1 in probability, while P ((A5)¢) converges to 0. It
follows from Corollaries 4.1.5 and 4.1.6 and Slutsky’s theorem that

-----

1
n
SLWEG ) = | (B (4.49)

in distribution as n — oo. As such, by Eq. (4.49), Lemma 4.2.10 and another

application of Slutsky’s theorem we obtain the following convergence in distribution
nLg 3 g Wa G ) = [ (Bouhilas. (4.50)
k=1

The combining of Eq. (4.50) with Proposition 4.2.6, Remark 4.2.7, Lemma 4.2.9, yet
another application of Slutsky’s theorem and the continuous mapping theorem,

results in the lower bound
: 2 nl|2 ! 2112
h_>m (n!) HS(*y) H > E |exp <—f (Bos)“|7s | ds) . (4.51)
n o 0

Similar analysis for the upper bound from Proposition 4.2.8 shows that

1

lim (n!)QHS(W)”H2 <E |exp (—(1 - ¢(5))2J

n—o0 0

(Bo,s)? |7§'|2d8> (4.52)

for suitably small €. Using the fact that ¢ is continuous at zero, we may take the
limit in the preceding as ¢ — 0 and combine it with the lower bound Eq. (4.51) to
conclude that Eq. (4.48) holds. O

This generalisation allows us to compute the limit of the signature norm for curves
that are not C*.

Remark 4.2.12. Due to our restrictions on v, it is not possible to exhibit 2-dimensional

examples satisfying our assumptions that are not C*.
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Example 4.2.13 (3-dimensional non-C? curves). Let o, : [0, 1] — R be a continuous
function which is non-differentiable at t = . Define

tsin(ay)

T t
0, = — s)ds, = - d
4 5 —l—focos(a) S, ¢ L Sn(0,) s

By the Fundamental Theorem of Calculus, 0 and y are continuously differentiable but not

twice-differentiable at t = 1, provided o is chosen carefully. Note that  is well defined,
since 5 —1 < 0, < 7 + 1 so that sin(0,) is bounded away from 0. Construct the curve
7' [0, 1] — R3 using spherical coordinates

Y1 (t) == sin(6;) cos(pr), v5(t) = sin(0;) sin(py), 5(t) = cos(6y),

and set y(t) == |, g v/ (t)dt. Then by construction:
1)  is twice continuously differentiable;
2) vy is unit speed and so of length 1;
3) 4 = —0, sin(6,) which is not differentiable at t = %;

4) |*y”(t)‘2 =0 + (¢, sin(@é))2 = cos?(a) + sin®(a,) = 1, which is differentiable
with bounded derivative.

4.2.5 Computing the Hambly-Lyons limit explicitly

Finally we propose a way to practically compute the limit presented in The-
orem 4.0.3. Using the work of Yor and Revuz on Bessel bridges [RY99], we relate
the computation of the expected integral c(v) to the solving of a second order
distributional differential equation.

Lemma 4.2.14 (High order term and curvature). Let V be a finite dimensional inner
product space. Suppose that  : [0,1] — V is parameterised at unit speed and is three-times
continuously differentiable (under this parameterisation). Let ;1 denote the finite Borel
measure on R which is absolutely continuous with respect to the Lebesque measure
A = Au, with density given by % (t) = & |y 1 (t) ace. Then,

i) There exists a unique continuous function ¢ : [0,1] — R which solves, in the
distributional sense, the second-order differential equation

W = 2, with v = 0,9} = 1. (4.53)
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ii) This solution satisfies

1/2

VA _E | exp (— L 1 (Boy)* 1 (dt)) = c(). (4.54)

Proof. We recall from Remark 4.0.2 that ¢(7y) is invariant under rescaling . As such,
it is enough to prove Eq. (4.54) for unit-speed curves of unit length. Indeed, for the
path 5 := 77, defined on [0, 1], we see that the density defining 1 is given by

5 1
1% 1?10, () = l—QMHQH[OJ] ().

We therefore assume that [ = 1 and seek to prove that ¢ (y) = 1, Y4 To this end, we

first observe that the unit-speed parameterisation of v gives that (y/,7/") = — |/

for every tin [0, 1] . When used together with Eq. (4.4) this gives that

1/2

c(y)=E |exp (— Jol (Bo,t)zu (dt))

By noticing that (Bof)2 is a squared Bessel bridge of dimension 1 which returns to
zero at time 1, we can then use Theorem 3.2 of [RY99, Chapter 11] to see that

. —1/4
c(y) = (¢1 fo %dt) (4.55)

where ¢ is the unique continuous positive function solving the distributional
equation ¢” = 2¢pu, with ¢y = 1, ¢; = 0. Using Exercise 1.34 in [RY99, Chapter 11],
we know that the function 7 in the statement and ¢ are related by

|
Yy = ¢ . ¢—§d5
and therefore Eq. (4.55) becomes ¢ (y) = 9, V4, O

This result reduces the computation of ¢(y) for a planar circle to the solving of a

simple differential equation.

Example 4.2.15 (The planar circle). Let v, = 5= (sin(27t), cos(2nt)) for t in [0, 1], then
7 is a smooth unit-speed curve of length | = 1 with || = 2 so that ju (dt) = 2714 () dt.

158



CHAPTER 4 - SIGNATURE ASYMPTOTICS AND WASSERSTEIN DISTANCES

By solving the differential equation Eq. (4.53) we find that

1/4
2y
c(v) = (W) : (4.56)

Remark 4.2.16 (Role of ¢(y) in the asymptotics of the norm). By starting from Eq. (4.3)
and Eq. (4.4) we notice the latter statement can be rewritten as a statement of asymptotic

equivalence, namely

1/n l 1
<n!HS(7)"HHs> ~ 1+ - loge(y)+o (E) asmn — oo, (4.57)

where we write||-|| ;¢ for the moment to emphasise the dependence of this expansion on the
choice of tensor norm. By contrast for the projective tensor norm, it follows from Eq. (4.2)

that we have

/n
(n!HS(’y)"Hpmj>1 ~l+o (1> asn — oo.

n

When written in this way, the c(vy) limit has the interpretation of being the second term in
the asymptotic expansion of (n!||S(y)"||,;s)"/™ as n — oo. Natural questions would be to
explore the higher order terms in these asymptotic expansions, and relate them to geometric

features of the underlying curve.
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(GENERATIVE MODELLING OF LEVY AREA

The final chapter of this thesis is concerned with constructing weak estimators for
the Lévy area of a multi-dimensional Brownian motion. Lévy area — used in high
order numerical schemes for SDEs — is the anti-symmetric component of the second
level of the signature of Brownian motion. As a random variable, its distribution is
non-Gaussian and difficult to approximate. Traditional approaches involve either
truncated Fourier expansions of Brownian motion or designing custom random
variables whose low order moments match those of Lévy area. We adopt an alternative
approach: generative modelling, which uses a custom discriminator that leverages
symmetries of the distribution of Lévy area. The results presented this chapter are
found in [Jel+23].

The numerical simulation of stochastic differential equations (SDEs) is a ubiquitous
task encountered in a wide variety of fields, ranging from mathematical finance
[Shr04] and systems biology [Bro+20] to molecular dynamics [LM15] and data
science [Li+19]. Real-world phenomena arising in these areas are often described
well by SDEs formulated through It6 calculus and of the general form:

d
dX; = f(X)dt+ Y gi(X)dW, X =, (5.1)

i=1
where the solution X = {X; }c[0.1 takes valuesinR¢, W = (W ... W(@) denotes
a standard d-dimensional Brownian motion and f, g; : R® — R® are suitably regular
vector fields on R®. In practice, one is often concerned with estimating quantities of

the form ¢ := E [¢(X) | Xo = 2], where the function ¢ may depend on the whole

trajectory of X or simply on the terminal value Xr; such as the payoff of a European
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call-option. On occasion, it may be possible to obtain ¢ by solving certain PDEs
(e.g. through the backward Kolmogorov equation or the Feynman-Kac formula).

However, the standard approach is to use Monte Carlo simulation where one
uses a discretisation scheme to generate approximate sample paths {X;}¥ | of X,
which can be used to approximate by taking the average of {¢(X;)}Y,. Given
the importance of Monte Carlo simulation in applications, there is a rich literature
concerning numerical methods for SDEs and their theoretical properties. A broad
range of discretisation schemes are available, such as the classical Euler-Maruyama
and Milstein schemes as well as the higher order Talay [Tal90] and Ninomiya-Victoir
[NV08] schemes. For more details on the numerical simulation of SDEs, we refer
the reader to [KP92] and [PT85].

There are two standard measures for the effectiveness of numerical schemes:
strong error (or MSE) and weak error. It is a well-known result of Clark and
Cameron [CC80] that numerical schemes using only increments of Brownian
motion are limited in general to a strong convergence rate of at most O(v/% ), where
h denotes the step size. Furthermore, to the best of our knowledge, all numerical
schemes achieving second order weak convergence require the generation of
random variables in addition to the Brownian increments. In particular, the Talay
scheme [Tal90] and the Ninomiya-Victoir scheme [NV08] require the generation of
Rademacher random variables. Further examples include the Ninomiya-Ninomiya
scheme [NN09] and a stochastic Runge-Kutta method due to RofSler [R6£209]. In
all of these cases, the additional random variable(s) is (are) generated to replace
certain second order iterated integrals of Brownian motion which are commonly

referred to as its Lévy area.

Definition 5.0.1. The Lévy area of a d-dimensional Brownian motion over [s,t]isa d x d

antisymmetric matrix whose (i, j)-th entry is given by

t

- 1 ¢ . . ,
A5 =3 ([Lovo —woyawe - |

5 (W = W) dWﬁ”) .
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w W

w®

Figure 5.1: Each entry A9 is the signed area between the independent Brownian motions
W@ and WU) (diagram adapted with permission from [Fos20]).

When the vector fields of the SDE Eq. (5.1) do not satisfy the commutativity condi-
tion [g;, g;] = 0 (where [g;, g;](7) := g}(2)g:(z) — gi()g;(x) denotes the standard Lie
bracket of vector fields), then schemes that achieve high order Strong convergence
(such as the Milstein and log-ODE methods) require the simulation of Lévy area.
Consequently, the approximation of Lévy area has received much interest in recent
decades, with the view towards both high order weak and strong convergence.

Approximations to Lévy area have been well studied [Dav14; Dic07; GL94; KP92;
KPW92; Fos20; FH23; MR22; Wik01], with the majority of approximations con-
cerning strong estimation. Strong estimators aim to approximate Lévy area by
minimising the mean-squared error so that the resulting estimator may be in-
corporated into the strong analysis of the discretisation scheme. Typically such
estimators rely on truncated expansions of Brownian motion, such as the Fourier
series expansion [KP92; KPW92; KR23], the Karhunen-Loeve expansion [Loe78]
and more recently the polynomial expansion [FH23; FLO20]. These estimators
are often improved by estimating the tail sum of the expansion in an appropriate
mannet, see for example [MR22; Wik01].

To the best of our knowledge there is no known scheme which simulates Lévy
area exactly, with even the “rectangle-wedge-tail” algorithm of Gaines and Lyons
[GL94] requiring numerical integration. Moreover, this approach is only applicable
in d = 2. On the other hand, the main drawback of the truncated expansion
methods is the cost of simulation. In practice one is often required to generate
millions of Lévy area samples, and the aforementioned methods typically require
a high truncation level to achieve good performance. Consequently there has been
a renewed focus in recent years on approximations of Lévy area that are suitable
for weak discretisation schemes, where the estimator is less costly to generate.
The aim of a weak estimator is to match some moments of the Lévy area given a
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Brownian increment. These estimators differ in complexity depending on their
intended usage. Basic estimators include the Rademacher random variables that
appear in the Talay scheme [Tal90] and Davie’s approximation [Dav14; FL15]
which uses a Gaussian random variable with the correct variance (this may be
improved to have the correct conditional variance given the Brownian increment
[Fos20]). Perhaps the most sophisticated weak approximation is due to Foster
[Fos20], which matches the first five conditional moments of Lévy area given the

Brownian increment when d < 3.

In this chapter we provide a new approach to the construction of weak estimators
of Lévy area given a Brownian increment, through the use of generative modelling
techniques. To the best of our knowledge, this is the first time that the powerful
toolkits provided by modern machine learning have been applied to the problem
of Lévy area simulation. Arguably the main obstacle to this approach is the
computation effort required to generate considerable amounts of precise samples
of Lévy area. We note this is possible in principle, through the use of a truncated
Fourier series method [KR23], with other options also possible. However in the
context of Lévy area generation, we present a novel training algorithm based on
Chen’s relation [Che57] that allows for the training of a generative model without

access to a dataset of Lévy area samples.

5.0.1 Contributions

In this chapter we present LEvyGAN, a deep-learning based generative model that
simulates the Lévy area of arbitrary dimensional Brownian motions. Deep-learning
based generative models have been widely used for data synthesis where a paramet-
ric model is trained to learn the target distribution. Among the variety of generative
models, GAN-type models [MO14; Goo+14] have been particularly noteworthy for
their performances. GAN, short for Generative Adversarial Network, operates on
the compelling principle of adversarial training. This approach consists of two
neural networks - a generator and a discriminator - that are trained simultaneously.
The generator’s task is to create synthetic data, while the discriminator’s role is to

distinguish between real and generated data.

With no exception, like other generative models, GAN-type models also possess
drawbacks. The necessity of real data as reference sets for training is one. Machine
learning models are often data-driven and sometimes data-greedy; normally,
practitioners collect real-world data and approximate its distribution using an
empirical distribution output by the generator. This is especially pertinent in the

context of Lévy area generation, where a competitive method needs to achieve
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very high accuracy, incurring a high statistical complexity, thusly requiring large
amounts of data. In contrast to standard GANSs, score-based diffusion models and
variational autoencoders, LévyGAN is designed to learn the target distribution
without requiring any samples from it at all. We term this approach “Chen-
training”, which is theoretically underpinned by the unique invariance of the joint

law of Brownian motion and Lévy area under Chen'’s relation, see Theorem 5.3.5.

We have designed both the generator and discriminator by exploring the features
of the joint law of Brownian motion and its Lévy area [FH23; FLO20; Fos20]. In
particular, for the generator we ensure that the joint distribution of our generator
is permutation invariant and that each component of the generated area depends
only on the relevant components of the Brownian increment. We also ensure that
all odd cross moments of our generator are exact through the multiplication by
certain Rademacher random variables. For the discriminator, we have chosen a
characteristic function based discriminator initially proposed in [FS520; Li+20a].
Inspired by this approach and the more general method of [LLN23], we define
the unitary characteristic function of a random variable as a generalization of the

characteristic function into higher degree Lie algebras.

For our numerical results, we train the LévyGAN in d = 4. It is noteworthy that the
model is able to generate the Lévy area for arbitrary Brownian dimensions, with no
loss in performance guaranteed in d’ < d and empirically strong performance for
d' > d. We show empirically that LEvyGAN attained the best performance among
other weak estimators (such as those found in [Dav14] and [Fos20]) in terms of dis-
tributional metrics and is comparable in generation speed to the method in [Fos20].
Finall,y we provide an application of weak approximations of Lévy area to high
order multi-level Monte Carlo numerical schemes. In this example, we demonstrate
that the inclusion of an approximate Lévy area term in the Strang splitting method
achieves higher order variance reduction and weak convergence. Moreover, we
provide evidence that an estimator that only matches the variance of Lévy area
(such as the Rademacher random variables found in the Talay scheme) is not appro-
priate for this application. The LévyGAN implementation, together with a trained
model for d = 4 can be found at https://github.com/andyElking /LevyGAN.

5.0.2 Outline

This chapter is divided into five main sections. In Section 5.1 we recall the standard
setup of generative adversarial networks and discuss why the traditional approach
to generative modelling is not easily applicable to our setting. In Section 5.2 we

outline the structure of our generator. This section focuses on the symmetries
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of the joint law of Brownian motion and Lévy area that we hard code into our
generator. This includes so-called “bridge-flipping”, a precise multiplication
by certain Rademacher random variables to ensure all joint odd moments are
correctly estimated and to help the generator train evenly across all quadrants in
space. In Section 5.2.2 we introduce a network architecture dubbed “pair-net”,
inspired by graph neural networks that ensures the correct dependence structure
between the coordinates of Brownian motion and the coordinates of Lévy area.
The structure of our discriminator is outlined in Section 5.3. Here we discuss two
alternatives for a loss function based on the analytical form of the joint characteristic
function of Lévy area and Brownian motion, and a generalisation termed the
unitary characteristic function proposed in [LLN23]. Our novel training approach
“Chen-training” is covered in Section 5.3.2, before the whole training procedure is
summarised in Section 5.4. Finally, in Section 5.5, we compare the distributional
performance of our generator in comparison to the state-of-the-art Foster method
[Fos20] and demonstrate the applicability of weak estimators for Lévy area to
multilevel Monte-Carlo.

To conclude the introduction, we outline some common notation to be used

throughout the chapter.
1) Pxjy—, for the conditional distribution of X given Y = y.

2) With abuse of notation (X | Y = y) L (Z|Y =y)if Pxjy—y = Pziy—y-

3) (Wi)iepo,1) for a d-dimensional Brownian motion with coordinates {Wt(i) }1 cicd’
and the process (A;)iepo,1) with A, = {Agi’j )}1 Cici<d d(d; Y _dimensional

vector representing the flattened upper triangle of the Lévy area matrix

associated with the Brownian motion. Unless stated otherwise, we denote by
a the dimension of Lévy area, i.e. a = @.

4) For any process (X;):c[o,1], X: denotes the process evaluated at time .

5) Puw, a,) for the joint law of Brownian motion and Lévy area at time .

6) N%(u,0?) for a d-dimensional Gaussian distribution with independent co-

ordinates, each with mean ; and variance o2.

7) Rad’(p) for a d-dimensional Rademacher random variable with independent
entries each of which takes 1 and —1 with probability p and 1 — p respectively.

8) ®x for the characteristic function of a random variable X.

9) Wy = Wy — Wj for the increments of a Brownian motion (W}).c(o,1), we will

use W, = W, interchangeably.
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10) For any tensor, i.e. an element x € R*%, we always denote by () € R’ the it

coordinate of the second dimension.

5.1 The GAN architecture

The goal of this chapter is to build an efficient and accurate estimator that
approximates the conditional law P4, w,, and hence the joint law, Py, 4,), of
a Brownian increment and its Lévy area. Thanks to the scaling property of

Brownian motion, it is enough to consider the problem when ¢ = 1.

We adopt a conditional GAN (Generative Adversarial Network) approach as
proposed by [MO14]. GAN-typed models, initially proposed by [Goo+14] consist
of a pair of competing neural networks - the generator and the discriminator. The
aim of the generator is to create “fake” data x from some noise distribution that
tries to mimic a target distribution. On the other hand, the discriminator will
be given both x and data x from the true distribution and will try to distinguish
the ground truth from the fake data. The dynamics between the generator and
discriminator are controlled by a min-max game acting on a loss function, which
usually represents the distance between two distributions. In a conditional GAN,
the generator is given not only samples from the noise distribution but also the
conditioning variable — in our case that will be the Brownian increment W — or later,
the space-time Lévy area H (see Section 5.2.1). Here we provide the description of
a classical conditional GAN adapted to our interest.

Definition 5.1.1 (Classical conditional GAN for Lévy area generation). Let d > 2
be the Brownian dimension, and a = @ be the dimension of the associated Lévy
area vector. Assume z is an n-dimensional noise vector distributed according to P,. The
conditional generator Gy and the discriminator D, are maps

Go:REXR* - RIxR* D, :RIxR* - R

that are parametrized by 6 and n respectively. When restricted to the first d-coordinates of
the domain and co-domain, Gy is enforced to be the identity, i.e. Gg(w, z) = (w, A). Let
Pw,,a,) be the ground truth distribution of the coupled process. An example loss function

might be given by

L(0,n) = ]E(w,A)~IF’(W1,A1) [Dn(w>A)] - EwNPwl,ZNPz [Dn(Gg(w,z))] )
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where one restricts D,, to be at most 1-Lipschitz. The models are trained using the min-max
game ming max,, L(0, n) until convergence. The generator obtained is then used to simulate
Lévy areas.

Since there are no known methods for exact simulation of Lévy areas in d > 2,
the “true” Lévy area samples A ~ P4, must themselves be obtained through
approximate simulation. In particular we might generate the “true” Lévy area
samples using a Julia-language package created by [KR23], which complements
their paper about approximate strong simulation of Lévy area through truncated
Fourier series methods. We also present the flowchart of this methodology in
Fig. 5.2.

a=d(d—1)/2

Fourier algorithm ’:> - %

Generator |— A —

bsz Gaussian | —, fake
noise

n

Figure 5.2: A schematic of Lévy generation for classical conditional GAN. Throughout
this article, bsz represents the training batch-size.

The main drawback of this methodology is the need for simulating approximate
real samples of Lévy area. Using real data not only slows the training procedure,
but also introduces simulation error (due to the truncation in the Fourier series) and
finite sample error (leading to over-fitting). In order to address these problems, we
propose a novel approach, LévyGAN, which completely excludes real samples from
the training process and is well justified by our two main theoretical contributions
Theorem 5.3.5 and Theorem 5.3.8.

5.2 Generator

In order to improve the accuracy of the generated distribution, we can consider the
symmetries of the Lévy area distribution and hard-code them into the generator
itself. This way, the generator will consist of both a neural net and additional
operations applied to the network’s output. One symmetry of Lévy area that is

desirable to reflect is the fact that its distribution is mean zero when conditioned
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on any increment Wy ; = w. We do this through two operations, which combined
we term “bridge-flipping”.

5.2.1 Bridge-Flipping

As far as possible, we would like to enforce any symmetries of the joint distribution
of Brownian motion and Lévy area. For example, it would be beneficial to hard-
code the symmetry of Lévy area about zero into the generator’s architecture.
Even though each dimension of Lévy area A7) is symmetric about zero, their
joint distribution is not invariant to multiplying any individual dimension by —1.
However, the dimensions of the underlying Brownian motion are independent,

and hence each can be mirrored separately without violating their joint law.

The goal is then to find a symmetry of Lévy area corresponding to independently
“flipping” individual dimensions of the Brownian motion. Notice, however,
that we are trying to generate Lévy area conditional on a fixed input Wy, = w,
and so we do not wish to flip the increment of Brownian motion itself. We can
circumvent this issue by considering the polynomial expansion of Lévy area [FH23].
This decomposes the Brownian motion into the components dependent on w and
components independent of w, the latter of which can then be flipped independently.
To this end, we first define the Brownian bridge and its accompanying “space-time”
and “space-space” Lévy areas.

Definition 5.2.1 (Brownian bridge). Let 0 < s <t < oco. Then the Brownian bridge of
W on [s, t| returning to zero at time t is defined as

EWs’t for w e [s,t].
$

Bgy =Wy —
9’ t_

)

The “space-time” Lévy area H,, € R? and “space-space” Lévy area by, € R**? of B over

s, t] are
g . ! J "BO du — f Wi Jdu for1<i<d, (5.2)
st = s = st — 7 = :
’ t—s)s © t—s ’
p(id) .:ftB(i 0odBY) for1<i,j<d 53
st S, u >un]>a ( . )

Whenever s = t, we define b, , = Hsy = 0. Wewrite H, and b, for Hy , and by , respectively.

It turns out that (H,b) and W, are independent, the marginal distribution of H is
Gaussian, and the marginal of b is logistic.
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Proposition 5.2.2 (Distribution of Brownian bridge Lévy area [FLO20; Fos20]).
For fixed 0 < s < t < oo, the process {(Hsu,bsu) bucls,y) and the increment W, are
independent. Furthermore, H is distributed as a d-dimensional Gaussian with independent
coordinates and the marginal distribution of each Brownian bridge Lévy area is logistic:

1 ¥ 1
Hyy ~ N[0, —(t—s)) and b7 ~ Logistic (0, —(t — s) ] .
’ 12 ’ 27

This yields the first two terms of the polynomial expansion of Lévy area.

Proposition 5.2.3 (Polynomial expansion of Lévy area [FH23]). The Lévy area of a
d-dimensional Brownian motion W has the following decomposition:

As,t = Hs,t X Ws,t - Ws,t & Hs,t + bs,ta

where ® denotes the outer-product of vectors.

This decomposition reduces our conditional generative task to the estimation of
the Brownian bridge Lévy area conditional on a Brownian increment. In this
case, the target distribution and conditioning variable are independent. Indeed
since B and the increment W, ; = w are independent, the conditional distribution
(Bt | Woa = w) is symmetric around 0. Furthermore, each dimension of B is
its own independent process, so we can flip each individually without affecting
the distribution (as established in the following lemma). This approach may be
generalised to the estimation of the tail sum of the polynomial expansion of Lévy

area truncated at a higher level.

Lemma 5.2.4. Let W be a d-dimensional Brownian motion on [0, 1] and let B, H, b be the
corresponding derived processes from Definition 5.2.1. Fix some & € {—1,1}¢, and let H',
and b’ be the space-time and space-space Lévy area processes associated with the process
£ © B = {{ ® Bi}iepoy where © denotes the Hadamard (coordinate-wise) product. Then

{Bi}ieps) = {60 Bihiepy, H' =€ H, V= (@& 6b, and (H'V)= (H,b).
Proof. See Lemma B.2.3. O

We also include a multiplication final value &, € {—1, 1}, whose role is explained in
Proposition 5.2.7. Combining this with Lemma 5.2.4 we obtain the “bridge-flipping”

function.

169



CHAPTER 5 - GENERATIVE MODELLING OF LEVY AREA

Definition 5.2.5. Let w,h,& € R%, b € R™ and & € R. Then the Bridge-flipping

function is defined as

BF(w, h,b,£0,6) =& (EORN) @w—w@ (EQR) +(ERE D).  (54)

For this function we have the following as a consequence of Proposition 5.2.3
and Lemma 5.2.4.

Theorem 5.2.6 (Bridge-flipping). Let &, ...,&q 9 Rad(3) be random variables so that

W, (H,b), and (&, . .., &q) are independent. Write § = (&4, ..., &) and fix some w € R%,
Let H, b be as in Definition 5.2.1. Then for every t € [0, 1]

(Ao,t \ WO,l = w) < (BF(WO,tyHO,tabO,thaf) ‘ Wo,1 = w).
For our purpose, we will utilise the result for t = 1:

(AO,l | W0,1 = w) N BF(wao,labo,bfo,f) .

Recall that H,; ~ N%(0, 5 (t — s)) and that b and H are correlated, but that (H, b)

712
and Wy ; are independent. Hence, given a neural net NNj : R4 — R?, we define

the “Bridge-flipping generation".

Algorithm 1 Area generation using Bridge-flipping

Input: 0 - neural net parameters, d - Brownian dimension, w - Brownian
increment, n - dimension of noise vector.
1: § « Rad(1/2); &+ Rad’(1/2)
2 h+ N0, 5(t—s)); 2+ N™(0,1)
3 b« NNy(h, 2) > we want NNy(h, 2) 2 (6071 | Hy = h)
4: return BF (w, h, b, &, €)

This construction has some desirable properties.

1) Informally speaking, the use of { effectively makes the generator behave
identically on all orthants of R? and hence any learning done in one orthant
transfers equally to the other orthants. This speeds up training and signi-
ficantly improves the generator’s accuracy, as it now perfectly mimics the

symmetric structure of Lévy area.

2) The neural net can be trained directly on the distribution of (bo,1 | Hop = h),
and is then used for generation of (A 1|, = w) using the BF algorithm.
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3) The structure of the BF algorithm allows for efficient implementation of
back-propagation.

The use of the extra Rademacher random variable & is to guarantee that all odd
joint and conditional moments are correctly matched. This is summarised in
the following proposition. We denote by P%¥ the output distribution of the BF
generator given inputs w and 6, and the joint distribution of Brownian increments

and “fake” area defined by the generator is denoted by P%...

Proposition 5.2.7. The following facts about the joint and conditional distributions of
Brownian motion, Lévy area, and the BF generator hold.

1) If?“ ~ Rad(%) ﬂ’l@?’l (T’W()’t, TA()J) i (VVO’t7 TA07t) i (Wo’t, AO,t)-

2) Forany n;,n;j,m;; € N, 1 <14 < j < dit holds that

d
]E(Wo,l,AO,l)NP(WO’l,AO’l) H(Wé,zl))m( H (Ag,’f))n”> :Ou (5.5)
(o)

i=1 1<i<j<d

E(WO,I:A)NP%F H

d

< 11 (A("’j))””) =0,  (56)
i=1 1<i<j<d

EAO,IN]P)AO’“WOYI:w H (A(()Z,ij))m” = Oa (57)
| 1<i<j<d |

By | [[ A7) =0, 68
| 1<i<j<d |

provided that 3 n; + (Zlgiqu nij) and Y7, ;g ™ij are odd.
Proof. See Appendix B.2. O

Having A unbiased means that some of the usual error analysis from stochastic
numerics can be applied, such as in the proof of Theorem 5.3.5 where one of the
requirements is that A be unbiased. Recall that the Milstein scheme requires a
subroutine which generates samples of Lévy area given a Brownian increment.
Since A ~ P is unbiased, one can establish theoretical guarantees on the
convergence of Milstein’s method with the BF generator as this subroutine. Note
however, the order of convergence: with exact Lévy area samples one would obtain
a rate of O(h) not O(v/h). The following result can be proven by applying [MT21,
Theorem 1.1] with p; = 2, py = 1.
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Proposition 5.2.8. Given a time horizon T > 0 and a step size h = % where N > 1
denotes the number of steps, let { X, },co0... vy be the output of Milstein’s scheme (see
Eq. (B.4) in Appendix B.6.2 for the definition) applied to the SDE

dXt = /,L(Xt, t)dt + U(Xt, t)th,

where the Lévy areas provided as input were generated by the BF generator. Then if i, o are
continuous and globally Lipschitz, there exists a constant C' > 0 such that for sufficiently
small h )

sup [E|)~(n — thﬂ ? < Chz.

0<n<N

Remark 5.2.9. Although Theorem 5.2.6 and Algorithm 1 leads to the generation of
(Ao 1|[Wo 1 = w), we emphasise that by the scale invariance of Brownian motion, it can be
generalized to the generation of (Ao |Wo1 = w) for any t € [0, 1]. In particular, given w

we can perform the following.
1) Sample w' from the distribution of (W,|W; = w), i.e.w' ~ N (tw, t(1 —1t));

2) Rescale w" = % and sample o ~ (Ao | Wi = w");

3) Finally rescale again o’ = t o, which will have the desired distribution a’ ~ (Ag, |
W1 == ’LU)

5.2.2 The pair-net generator

It is clear that for any 1 < 7,5 < d, both bgi’j ) and Agi’j ) depend only on the paths of
{Wp}te[o’l} and {Wt(j)}te[o,l] but not on {Wt(k)}te[o,l] for k ¢ {1, j}. This dependency
structure can be well described using graphs, encouraging us to employ model
architectures reminiscent of Graph Neural Networks (GNN) [Sca+09].

Consider a clique on d nodes, where each node corresponds to one dimension of
the Brownian motion and each edge (i, j) is associated to A7 (or b(%9)). Unlike
GNNs, where it might be desirable for information to propagate throughout the
entire graph, we want edge (¢, j) to never see information atnode k& ¢ {i, j}. Hence,
our architecture should function like a 1-step GNN with edge-wise outputs.

So that A% only depends on W@ and W), we generate a separate noise vector
for each dimension of Brownian motion. We can interpret this as some embedding
of the entire path w }ieoa) > noise®, but in practice we use Gaussian noise.
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Definition 5.2.10 (Pair-net). The Pair-net is defined as the mapping:

PairNNy (R, Z2) x (R, Z2) — R,
(H,Z)x (H',Z') ~ b,

where Z is the space of latent noise. Consider H; and by ; from Definition 5.2.1. We
approximate Py, |\, ,—p via

b = PairNNy((h?,2), (hD),20))), 1<i<j<d
for any z € Z2. In practice, we choose Z to be R" and we let z¥) be an n-dimensional
Gaussian noise for 1 < i < d. Combining this with bridge-flipping, we describe the
generation algorithm and flowchart in Algorithm 2 and Fig. 5.3.

Algorithm 2 Area generation using Pair-net generator and Bridge-flipping
Input: 0 - neural net parameters, d - dimension of Brownian motion, w - Brownian

increment, n - dimension of noise vector associated with each coordinate of
Brownian motion.

1 & « Rad(1/2); ¢+« Rad?(1/2)

2: 20« N™(0,1) for1 <i<d; h eNd(O, 5t —s))

3 57 PairNNy (), 29, (b9, 20))) for 1 < i < j <d

4: return BF (w, h, b, &, &)

) AT T 1 2 3
~ 7/ :>: Neural net :> - H, H H
H~ Nd LQ

N' T,
— 18 2
Ed) I |
— | @ o
I cnaaan G
' Neural net ::> = =1 A
A\ R\ N | |
— I S o | |
e I ‘%g /l : :
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~[p = : Neural net. | = - -

ﬁugddgg—eﬁpug

Gauss1an
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Figure 5.3: A schematic of the Pair-net architecture when d = 3.

Another benefit of the Pair-net architecture is that the neural net PairNNy can now
be significantly smaller, since it does not need to capture the relationship between
all the dimensions. This comes with the downside of requiring more passes (as
shown in Fig. 5.3; we use a single net to generate all bs, but each dimension of b
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requires its own forward pass), but suitable indexing and batching can make this
efficient. Indeed, using PairNet results in both a speed-up (compared to truncated
Fourier series methods) and greater accuracy (see Section 5.5). Furthermore, we
emphasise that the PairNet structure allows us to generate Lévy area for any
dimension d’, even though we train the model in a lower dimension d < d'. From
now on, we will take nsz to be the total noise dimension for the complete Lévy area
generation, namely nsz = n x d where n is the latent noise dimension and d denotes
the Brownian dimension. In the framework of Definition 5.1.1, our generator is

now Gy : R x R™* — R? x R® and the evaluation follows Algorithm 2.

5.3 Discriminator

One potential discriminator is the characteristic function GAN (CFGAN) approach
introduced in [FSS20; Li+20a], which aims to learn the law of an underlying process
by approximating its characteristic function. Compared to traditional GANs, we

list some advantages of this approach.
1) The characteristic function always exists and is uniformly bounded;

2) The characteristic function fully describes the law of the random variable,
hence offering good theoretical support.

In this section we introduce two different choices for the characteristic function.
Firstly, we assess the distance between two distributions using the characteristic

function distance.

Definition 5.3.1 (Characteristic function distance [FSS20]). Let Py and Py be the
distributions of two R*-valued random variable X and Y respectively. The characteristic
function distance (CFD) between X and Y associated with an R%-valued random variable
A ~ v is given by

CFD,(X,Y) = Exy [||<I>X(A) - @Y(A)H] ,
where ®x (A) == Ex.p, [expi(A, X)].
The characteristic function distance has the following properties:
1) Definiteness: if the support of v is R?, then CFD,(X,Y) = 0 iff Px = Py;

2) The distance is bounded and differentiable almost everywhere;

3) For certain v, CFD,(X,Y,) — 0 => Y, % X ([Sri+10], Proposition B.1.2).
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Supposing we restrict v to be a member some parametric family of distributions
{fo: 0 € O}, e.g. Gaussian with § = (u, 0?), we can parametrise the distribution v
by learnable coefficients which will then play the role of the discriminator in the
GAN setting. Backpropagation on these coefficients is well-understood by utilising
techniques such as the reparameterisation trick. In practice, the characteristic
function of both the generator and true data is approximated by empirical measures:
if A ~v,and zy,...,zy are samples from Py, then we estimate ®x(A) by

1 N
:NZ Al'l

The use of the empirical characteristic function in place of the analytical character-
istic function is justified in Proposition B.1.1. In the case that X = (W;, 4;), i.e. the
joint process of d-dimensional Brownian motion and the corresponding Lévy area
at any time ¢, we may obtain ®y, 4,) analytically, see Theorem B.2.1. With access
to the analytical form of the target characteristic function, it would be possible
to train our generator without access to any samples from Lévy area. While this
proves a successful approach, especially in low dimensions, there is a better option:

Chen training, which will be discussed in Section 5.3.2.

5.3.1 Unitary characteristic function

In this subsection we introduce an extension of the classical characteristic function
of a random variable, which was originally proposed in [CL16] and [LLN23].
Denote by Uy the set of unitary matrices of dimension NV x N. Then Uy is a
matrix Lie group with the group operation given by matrix multiplication. The Lie
algebra corresponding to Uy, denoted by uy is the set of anti-Hermitian matrices,
ie Uy :={A e CV*N: A* + A = 0}. We now give the definition of the unitary

characteristic function.

Definition 5.3.2 (Unitary characteristic function). Let X ~ Px be an Re-valued
random variable. Let B > 1 be an integer and let M & E(Rd, u,), then the unitary
representation function of X at M is given by

Un (X) = exp(M (X)), (5.9)

where exp denotes the matrix exponential. The unitary characteristic function (UCF) of X
is a mapping from L(R% uy) to GL(N) such that

UCFn(X)(M) = Exp, [Un(X)]. (5.10)
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In practice, UCF (X ) (M) is approximated by Monte-Carlo sampling. Let X = {X,}7,
be m samples from Px. The empirical unitary characteristic function is given by

EUCE,,(X)(M) = %iL{M(Xi).

Remark 5.3.3. When N =1, uy is simply the set of pure imaginary numbers and M can
be identified with an element X € R? such that M (x) = i(\, z) for all x € R¢ where (-, -)
denotes the standard inner product. Then, UCF,(X) recovers the ordinary characteristic
function of a d-dimensional random variable.

Similarly to Definition 5.3.1, for any N > 1 we can define the unitary characteristic

function distance for two random variables X and Y as
UCFD3, (X, ) = Eyrop, [JUCEN(X)(M) — UCEx (¥)(M)][34]

where P, denotes the distribution of the linear mapping M and ||-|| zs denotes
the Hilbert-Schmidt norm. Since Monte-Carlo over any fully supported measure
on L£(R? uy) quickly becomes computationally infeasible even for moderate N, we
will instead parameterise the law P, to be a discrete measure. That is, we take

Pym= %Z O,
=1

where ¢ denotes the Dirac measure and each M; can be parametrized as learnable
coefficients and optimized using gradient-based methods. For computational and
optimisation details of the UCFD, we refer the reader to [LLN23]. Let X be any
d-dimensional random variable, then benefits of UCFD compared to the standard
characteristic function distance include the following.

1) Standard uniqueness results hold as UCF, (X) recovers the standard charac-

teristic function;

2) Since u, is a subspace of uy for any N > 2, Uj; should possess a richer
structure than C for any linear mapping M into u,. Although using u,
already encodes enough information to determine the random variable,
embedding the random variable into a Lie algebra of a higher degree appears
to provide a more efficient way of representing this information. Moreover
empirically, using the unitary characteristic function led to a more stable

training procedure compared to using the ordinary characteristic function.
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5.3.2 Chen training

Whilst Brownian motion over different intervals can be concatenated simply via
addition, i.e. Wy, = Wy s + W, concatenation of Lévy areas requires an additional
term, specified by Chen’s relation. In its general version within rough path theory,
Chen’s relation establishes the homomorphism property of path signatures under
concatenation as we saw earlier in this thesis. However, we recall here only the

special case relating to Lévy area.

Proposition 5.3.4 (Chen’s relation [Che57]). For times 0 < s <t

ij i\j ij) 1 i i)

0,s s, s,

We now present the main theoretical contribution of this section, which can be

viewed as a partial converse of the above proposition.
Theorem 5.3.5. [Distributional uniqueness of Lévy area under Chen’s relation]

Suppose 1 is a mean zero probability distribution on R? x R4, where the first marginal
has finite second moment. Let (V;, Z;) i w for i =1, 2; if it holds that the pair

V=5 (Vi + Vo),

(5.11)
Z3 = %Zl—i‘%ZQ"‘%(‘/l@%_‘/Q@‘/l)

is also distributed according to p, then y is the distribution of (W1, Ao.1) where A is the
Lévy area process associated with a d-dimensional Brownian motion W.

Proof. Let (2, F,P) be a probability space carrying for each NV € N a sequence of

NN N.N\oN _ iid.
, 7 )2

random variables (V 7, ~ p. Foreach N define via backward recursion

the sequences (V;"", Zk N) fork=0,1,...,N —1by
1
yEN E(Vﬁﬂz\f + VYY) and (5.12)
1 1
ZiV = S (VN V) 4 2 (B T e v = vt e vt (5.13)

2k iid

Using the assumptions on g, it follows that (Vik’N, zk ’N)i:1 ~" p for every k. We

now define

2k 2k
1 1
N _ k,N k,N _
Xk—(WE 1% ,2—n§ Z, ) for k=0,...,N, (5.14)
i=1 =1
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noting that X = (Vlo’N, z ) ~ p. For every N we have the telescoping sum

=z

-1
X(])V: (X,i\il—X,iV)—i—X]I\Y,
1

i

and since by Egs. (5.12) and (5.13)

2k71

1
X=X = g (0. VS o v - v v ),

k= ok-+1
i=1

this relation may be rewritten as

2N N 2k—1
1 1
N N,N kN kN kN kN
X _<W2Vi a ZWZ‘GH@?‘@ —Vy ®V2i1>
=1

k=1 =1
1 &
N,N
+ (0, Q_NZZz‘ )
=1

The left-hand side has distribution ; independent of N. On the right-hand side
the second term tends to zero in probability, while the first term can be recognised

as having the distribution
(Wol?le Area(W(ﬁN)) < (W0,1, Ao,1) as N — oo,

where WP is the piecewise linear interpolation of a rescaled random walk along
the N diadic partition Dy of [0, 1]. Here, Area(W(ﬁN ) denotes the Lévy area of
the piecewise linear interpolation. The convergence in distribution follows from
Donsker’s theorem for enhanced Brownian motion [BFH09, Theorems 2 and 3].
The proof is concluded by an application of Slutsky’s theorem. O

Remark 5.3.6. To see that

N ok—1

1 kN kN kN kN
D g 2 Ve @Vt =Vt @ vy
k=1 1=1

has the distribution of the Lévy area of the piecewise linear approximation of Brownian
motion on the diadic partition DY, one can note that foreach k =1,..., N, the summand
is the signed area between the piecewise linear approximation on D* and the piecewise
linear approximation on the coarser partition D*~1. For a piecewise linear path, the Lévy
area is given by the sum of these enclosed areas. Alternatively, one can show via induction
that the sum may be rearranged to give the trapezium rule applied on D" to the Lévy area
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of the piecewise linear approximation on the same partition. The trapezium rule in this
case will be exact.

Including a finite-variance assumption on the second coordinate measure
together with a Gaussian assumption on the first marginal yields an alternative
proof using Wasserstein distances, see [Jel+23] for details. The preceding motivates
the following procedure, which takes samples Z;, Z, from some distribution and
concatenates them using Chen’s relation to produce samples that are closer in
distribution to Ay ;. With abuse of notation, if X € R™*? consists of m samples of
a d-dimensional random variable, we denote by X} € R™ the it" coordinate of
each sample. Adopting this notation, we describe the Chen-combine operation in
Algorithm 3.

We also note that the proof of [Jel+23, Theorem B.2] shows that the repeated
application of Chen-combine gives convergence of order at least ; in the 2-
Wasserstein metric. Faster rates can be proven assuming a suitable starting
distribution, such as Davie’s approximation [Dav14; FL15]. To fully justify the
Chen training procedure, we prove that the conditional Wasserstein distance
[Che+24a] between

1) Lévy area conditioned on a Brownian increment; and
2) An estimator conditioned on the same Brownian increment

is bounded by an explicit constant times the conditional Wasserstein distance
between

1) The estimator conditioned on the Brownian increment; and

2) One iteration of Chen’s relation applied to the estimator, still conditioned on
the Brownian increment.

Definition 5.3.7 (Conditional Wasserstein distance). Let p and v be probability
measures on the product of two metric spaces X, x X, (equipped with the Ly product
metric p) for which the restrictions to the first coordinate are equal, that is A := W;(;)M = ﬂg)y.

Define the set of couplings

T*(,v) = {y € T(u,v) : 74y = AyA},

where I'(p1, v) is the set of all couplings of pnand v and A : X7 — X, x X, is given by
x +— (x,x). The conditional Wasserstein distance between p and v is then defined to be

Wy (pov) = inf  Bay gpn [p(@1, 22)%).

YET* (1)
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Theorem 5.3.8. Let i1 be a mean-zero square integrable measure on X; x X, = R? x R4*¢4,
where w;;) p=N9%0,1), and let v be the joint distribution of a Brownian increment and
its Lévy area over the time interval [0, 1]. Define the “Lévy-error” of ju as

€Lévy = W2,7r(1) (,ua I/)- (515)
Let (V;, Z;) S w, and let fi be the law of the random variable

v

%(‘/14“/2) and 7 =

The “Chen-error” of yu is then given by €y, = W ) (4, ft). Then

1
(Zl+Z2)+Z(‘/1®‘/2_‘/2®‘/1)-

N | —

€Lévy S (2 + \/5) E.Chen' (5'16)

Remark 5.3.9. Note that €, is well-defined, since the W;: ) i is also N4(0, 1).
Proof. Fix e > 0 and let y! € I'*(u, v) be a coupling for which
Lévy

Ev,2),w,4)~y1 [HZ - AH;} <& 4e

Note that we are able to omit V' and W inside the expectation due to the conditional
nature of the coupling. Additionally, let y? € I'*(u, it) be a coupling for which

2112
E(MZ)7(~7Z)N72 |:||Z o ZH2:| S €ghen + .
Suppose there exists a probability measure v* on (X; x X5)?, such that any
((‘/17 Zl)7 (‘/27 ZZ>7 (%7 Z3>7 (Wh Al)a (W27 AQ)) ~ 7*

has the following properties.
@) ((Vi, Z), (Wi, A)) A for i = 1,2;

(i) ¥V = 5(Vi+ W) and Z = 3(Zi + Z5) + (Vi © Vo = Vo @ V), then
((%723)7(‘772)) N’Y2'

We will return to the construction of such a measure later. For now, define

W3 = %(Wl + Wg) and Ag = (Al + AQ) + i(Wl & W2 - W2 & Wl)

N | —
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By construction of v* and invariance of v under the rescaled Chen’s relation, it
holds that the law of ((V3, Z3), (W3, A3)) is in T*(u, v). Hence

Lévy —

&2y < By [ 45 - 23]

=By |45~ 2~ 2+ 2|}

=E,.[[[4s - 2|} + B 125 - Z)13] - 2B, [(4s - 2, 2 - 2)].

The second term in the final line is bounded by E.- [ ‘A3 - Z Hﬂ < €2, +ebythe

construction of v*. Now

~ 1 1 1 1
A3 - Z - 5(141 —|— Ag) - E(Zl + ZQ) — 5(141 - Zl) —|— 5(142 — ZQ),

where the equalities hold almost surely by the nature of the couplings, so that

45 = Z|I}] = B[540 = 22) + 545 — Z)}]

]

+ 2E.. [<A1 =2 A - Z2>D

E,. [

42 = 2]}

- 2] v

< S(ek, +e).

Lévy

N =

Note that the cross terms vanish by independence. Finally, we bound the third
term using the Cauchy-Schwarz inequality

2[E[(4s — 2,2 - 2))| < 2E || 40— 23] "B [ 20 - 28]
< \/5(62

Lévy

+ €>% (6(2:hen + 8>% N
Substituting all bounds into the original inequality and taking ¢ — 0, we obtain

2
2 1.2 2 1
Lévy S 58 + \/§€Lévy€Chen + EChen - <7§€Lévy + €Chen> .

€ Lévy

Since all quantities are non-negative, we see that (1 — \%) Erey < Echen a8 required.
We now return to the problem of constructing the measure 7*. To this end,
disintegrate ' as dy*((v, 2), (w,a)) = dY(y..y(@)dpu(v, z) (Which is possible since
w =v,v'-as.), ie.

[ twawanieeea = [ ([ fesnaonh.@)a.:)
(X1><X2)2 X2 ’

X1 ><X2

181



CHAPTER 5 - GENERATIVE MODELLING OF LEVY AREA

for any Borel measurable f. Also disintegrate 7* onto its second coordinate as
dv*((v,2), (0, 2)) = dyf; 5 (2)dju(, Z). Now define the product kernel p by

AP (or,21,02.22) (A1, G2, 28) = Ay, 2y (@1) ANy, 2y (a2)d0E 5 (23)
where v = \/%(vl + vy) and z = %(vl + vy) + i(vl ® vy —v2 ®v1). The required

measure 7" is then defined by the integration of bounded Borel measurable f as

f fd’}/* — J [J f((Ul, Zl), (Ul, Cbl), (Ug, 22), (1}2, CLQ), (1)3, a3))
(X1xX2)2 [ JX3
X AP(or,21,09,22) (@1, A2, 23) | dpa(vr, 21)d (v, 22)
]

Since W,(u, v) is bounded by W, e (p, v) we immediately obtain the following.
W

Corollary 5.3.10. The error Wy (u, v) is bounded by (v/2 + 2)€c-

Motivated by the above results, we now present our training procedure. Assume
that (W, A) € R?™*(@+%) jg 9m samples of (d + a)-dimensional random variables.
By Chen-combine(W, A) we mean: evenly split (W, A) into two blocks with equal
size, denoted by (W, A) firsts (W, A)second e Rmx(d+a) and apply the operation
described in Algorithm 3. The output of Chen-combine will be in R™*(+a),

Algorithm 3 Chen-combine
Input: m - batch size, d- Brownian dimension, a- Lévy dimension,

(W, A)sirgt € R™¥H9) (W A)econa € R™¥(@) - Brownian increments and Lévy

area samples.

1. W <« 0cR™d A + 0c Rmxe

. . d
2: Wfirst < \/Liwﬁrst/ Wsecond A %Wsecond/ > Brownian SCahng W(),% = LQI/VO,I
3 Aﬁrst — %Aﬁrst/ Asecond — %Asecond/ > Brownian Scaliﬂg AO,% i %Ao,l
4: fori e {1,...,d} do
AR (i) (i)
5: A — Wﬁrst + Wsecond
6: forje{i+1,...,d} do
. 1 (4) ©)) ©) (@)
7: D « 2 (Wﬁrst © Wsﬁzcond - Wfi]rst © Wsecond)
8: A Aﬁfr’jt’ + Ai@’jgnd +D, > Chen'’s relation

9: return (W, A)
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54 LévyGAN

In this section we incorporate the ideas presented in Sections 5.2 and 5.3 into our
tailored model “LévyGAN”, used to generate the associated Lévy area conditioned
on the Brownian increments. Similar to Definition 5.1.1, we provide the definition

of the proposed model as follows.

Definition 5.4.1 (LévyGAN). Let PairNN, denote a PairNet generator defined in
Definition 5.2.10. Given a d-dimensional Brownian increment att =1, W ~ N4(0,1),

forall 1 <i < j < dwe generate the estimated Lévy area associated to W as follows:

B(i,j) _ PairNNe((H(i), Z(i)), (H(ﬁ) Z(j))) (5.17)
A% _ gow) _ gowe 4 p) (5.18)

Let w € RN*? be N samples of Brownian increment and the associated A € RN*®
generated according to Eqs. (5.17) and (5.18). Then, we construct new samples using
Chen-combine defined in Algorithm 3:

(WChens Acm) := Chen-combine(w, A).

For N > 1, let uy be the Lie algebra of the unitary matrix group Uy. Recall EUCF y
from Definition 5.3.2, and let M = {M;}M, M; € L(R¥* uy) be a collection of linear
mappings in w,,, each of them parametrised by an element in R(4+a)*dimin) - A will play
the role of the discriminator. Finally, training is performed with respect to the following
min-max game

m@in max Loss(0, M;w),

where Loss(0, M; w) := EUCFD,,, ((w, A), (Wchen, AChm)). The training algorithm and
flowchart are described in Algorithm 4 and Fig. 5.4.

Remark 5.4.2. One can interpret Chen training as a type of adaptive training, where
the “almost true” target data Acy, is always just better than the generator’s output, so
that training can progress effectively. Thus, instead of requiring large datasets of “true”
samples, which are costly to generate and difficult to handle, we can now efficiently generate
new “true” data on the fly. This new true data can be of any desired quantity and of just the
right precision required for training. One could choose to iteratively apply Chen-combine
several times, but we have observed that training is slightly faster and more efficient when
only a single application of Chen combine is used in Algorithm 4. This is partly because
using two Chen-combines produces twice fewer “true” samples and reducing the sample

size leads to a poorer estimate of EUCFD.
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Algorithm 4 Training algorithm for LévyGAN

Input: d - Brownian dimension, a - Lévy area dimension, n - noise dimension, m -

Lie algebra degree, M - number of linear mappings onto uy, PairNNj - generator,

M € RM>(d+a)xdim(un) _ digcriminator, iter, - number of discriminator updates per

generator update, bsz - batch size, 7, 1 - generator and discriminator learning

rates.
1: while §, M not converge do
2 forie (1,...,itery) do
3 Sample w ~ N4(0,1), (h,z) ~ N%0,55) x N"(0,1) of size 2xbsz.
4 b < PairNNy((h®,z®), (h®,20)) for 1 <i < j <d
5 & « Rad(1/2), &+ Rad’(1/2)
6: A « BF(w,h,b,&,¢)
7 Whens AcChen Chen-combine(w, A)
8 Loss(6, M;w) < EUCFD,,((w,A), (Wchen, Achen))
9 M — M —nq-Vr(—Loss(8, M;w)) > Maximize the loss
1. Sample w ~ N%(0,1), (h,z) ~ N%0,55) x N"(0,1) of size 2xbsz.
1: b7 < PairNN((h®,2z?), (W9, 20))) for1 <i < j < d
122 & + Rad(1/2), &+« Rad’(1/2)
13: A ¢+ BF(w,h,b,&,¢)
14: Wehen, AcChen Chen-combine(w, A)
15:  Loss(f, M;w) « EUCFD,,((w,A), (Wchen, Achen))
16: 0 < 60 —ng-VyLoss(0, M;w) > Minimize the loss
17: return PairNN,, M

d
2szz|:' |:> ' Afake I:> -

]
J -
[ Generator ] J

1
Gaussian
2 xbsz g
noise

Figure 5.4: A schematic of LévyGAN. Here bsz denotes the batch dimension and we recall
that nsz denotes the total noise dimension, namely nsz = n x d.
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5.5 Numerical experiments

We trained the model in d = 4. Note that by the architecture of the generator, the
model can be used to generate Brownian Lévy area for any d' < d. The model can
also be used to generate Lévy area for any d' > d, however the performance might

deteriorate as the training was not performed in higher dimensions.

We performed the training procedure as illustrated in Algorithm 4. On the generator
side we used a feed-forward neural network, with the activation function chosen to
be LeakyRelu. On the discriminator side, we parameterise 128 linear maps onto the
Lie algebra of degree 3 to mimic the empirical distribution used to compute UCFD
mentioned in Section 5.3.1. The total number of training iterations is set to be 2500,
which was approximately the point that we observed convergence in the marginal
2-Wasserstein metric to reference samples. We optimised both the generator and
discriminator using stochastic gradient descent with the Adam optimiser. We set
the batch size to 2'* and the learning rate for generator/discriminator was chosen
to be 0.001/0.01 respectively. We also employed a learning rate scheduler, with
both learning rates decaying every 500 iterations. Finally, we set iter, to be 3.

We conducted a hyperparameter grid-search (see Appendix B.4 evaluating the
model performance according to the marginal 2-Wasserstein metric, with our

optimal architecture as follows.
(i) Feed-forward neural network with 3 hidden layers each of dimension 16;
(ii) LeakyRelu activation function with slope = 0.01;
(iii) Gaussian noise with n = 3.

Finally, we assessed the performance of our model on the generation of the coupled

process for d = 2, 3, 4, and 8. We consider the following test metrics:
1) Marginal 2-Wasserstein metric;
2) Cross moment metric;

3) Characteristic function distance, computed using maximum mean discrep-

ancy with different kernels;
4) Empirical Unitary Characteristic Function.

A detailed explanation of each test metric can be found in Appendix B.3. We
compare with two baselines: Foster’s and Davie’s moment matching generators
[Fos20; Dav14]. We regard the truncated Fourier series [KR23] of Lévy area up to
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an L? precision of 10~* as “true” samples. Finally, we provide a numerical SDE
example for the log-Heston model using different estimators for fake Lévy area.

Table 5.1: Marginal distribution fitting and computational efficiency for the different
generative models. The generation is done using NVIDIA Quadro RTX 8000. The marginal
Wj error is calculated with respect to the joint process generated by the Fourier series.
Tests are performed with 229 samples. The final column contains the results of the Fourier
algorithm with 19 terms in the expansion (far more terms were used to generate “true”
samples). This truncation has been chosen so that the performance is comparable to
LévyGAN and Foster’s method.

Test Metric LévyGAN Foster Davie Fourier series
Computational time (s) 0.019 0.0071 0.002 3.1
Marginal 1, (1072) 246 +£.013 254 £ .010 2.03£.013 .27 40.008

Table 5.2: Fourth moment and MMD-based metrics across different models and Brownian
dimensions.

Dim Test Metrics LévyGAN Foster Davie

Fourth moment .004 +=.002 .002 £+ .002 .042 + .001

5 Polynomial MMD (107°) .3414.070 .6544.131 .646 & .188
Gaussian MMD (107%)  1.474.125 1.44 4 .128 34.6 & .683
EUCFD (1072) 1.52+.213 1.92+.113 10.1+.851

Fourth moment .004 +=.002 .004 +£.002 .043 +.001

3 Polynomial MMD (10_5) 218+ .568 2.30x+.732 2.26+.773
Gaussian MMD (107%)  1.87+£.002 1.84 &+.001 16.3 & .001
EUCFD (10_2) 1.88+.063 2.03+.034 185=+1.11

Fourth moment .004 +£.000 .006 +=.002 .043 £ .002

4 Polynomial MMD (10_5) 404+ 436 4.65+1.31 5.62 =+ .808
Gaussian MMD (107%)  1.90£.001 1.90 £.001 263 % .003
EUCFD (10_2) 1.924+.026 2.03+.036 17.5 % .483

Fourth moment .006 +£.001 .006 +=.002 .044 + .000

8 Polynomial MMD (10*2) 1.13+.019 1.154+.030 1.31 4 .066
Gaussian MMD (10*6) 1.91 +£.001 1.914.000 1.924.003
EUCFD (10*2) 1.99 £+ .002 1.994+ .001 2.054.003
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5.5.1 SDE example

In this section, we will demonstrate how “fake” Lévy area can be used within SDE
numerics to achieve both high order weak convergence as well as Multilevel Monte
Carlo (MLMC) variance reduction. Although the synthetic Lévy area only needs
to exhibit the correct mean and covariance to give high order weak convergence,
we show that the bias introduced by the MLMC estimator is negligible in practice
due to the small Chen error inherent in our generative model. A secondary
motivation is to compare the various Lévy area generators and show that our
GAN-based approach performs indistinguishably from previous state-of-the-art
methods, whilst taking less time to generate samples.

Consider the It6 SDE from Eq. (5.1)

d
dXy = f(X)dt+ Y g:(X)dW", Xo = o, (5.1 revisited)

i=1
where the solution X takes values in R®. To estimate the solution to Eq. (5.1), one
typically uses a discretisation scheme that generates approximate sample paths of

the solution X. Often the objective is to approximate quantities of the form
E [p(X) | Xo =] , (5.19)

where ¢ may depend on the whole sample path (X;);cpp,7] though commonly
is only a function of the solution X at the terminal time 7. To measure the
error of a particular discretisation scheme, there are two standard metrics: weak
and strong error. We will only evaluate the weak error for reasons discussed in
Appendix B.6.1. To accurately determine the error of various numerical schemes,
we seek a multidimensional SDE and a quantity of the form (5.19) which is known
semi-analytically. Thankfully, such an example exists: the price of a European call
option under the log-Heston model. The stochastic volatility model is defined by
the following two-dimensional SDE:

1 1
AU, = (r — =V, | dt + /Vdw ¥ R
v (T 2Vt> TV dle, o € (5.20)

AV, = k(0 — V,)dt + o/ V. aW®, vy > 0,

for a pair of independent Brownian motions W) and W?). To ensure the volatility

term V remains positive, we must enforce the Feller condition 2x6 — ¢ > 0. The
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payoff of a European call option for a price process S with S := exp(U) is given by
+
o(S)i=e " (eUT — K) ,

where 7 is the discount rate, K the strike price, and 7' the maturity. For the
derivation and form of the semi-analytic formula for the expected value of the
above, we refer the reader to [Ter22] and [Cril5].

5.5.2 Numerical results

We compare four discretisation schemes combined with the MLMC procedure
[Gil08]. We briefly recall that MLMC is based on the idea of a telescoping sum of
expectations. Indeed, assume we have L levels, and that Y is an estimator for X,

based on a discretisation scheme with step-size h;. Then we may write

L

E [@(YL)} = ZE [QO(YE) - 80(Yl—1>} )

=1

with Yy = 0. The MLMC estimator is then defined by

L
P = 0w where ¢, =37 (o) —p (1)), (521

where Y, is the i" sample of the estimator Y; used on level [ and Y}, is the "
sample of the estimator Y;_; that is used on level /. It is important to note that the
pairs (Y;"!, Y;"!,) are coupled: the underlying Brownian path for each member of
the pair is the same. In our case, the path on the lower level will be coarse (i.e. a
large step size) and the higher level will be fine (i.e. a small step size). The standard
condition used to ensure convergence of the telescoping sum of expectations is
given by
E[o(Y)] =E |p(v")].

However when incorporating a fake Lévy area term, our coupling at each level is

defined as follows:

1) The Brownian increments for the fine path Y, are generated with step size

. . ) . . ~h
h;, with the increments of fake Lévy area generated using an estimator A"';

2) The Brownian increments on the coarse path Y;"'| are computed by pairwise
summing the increments of the fine path. The fake Lévy area used on the
coarse path is computed using one iteration of Chen’s identity applied to
the increments and areas of the fine path.
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However, this scheme introduces a bias; namely, the distribution of the fake Lévy
area used for the fine path at level [ will not be the same as the distribution of
Lévy area used for the coarse path at level [ + 1. We may write the effect of this by
amending the telescoping expectation to be

L

SR [p(1(3") - (4 1(3)] =3B [p(A") - p(ri (3" )]

=1 =1

desired telescoping expectation

. (5.22)
+ B [p(ria (A" ) — e (Via(Ach)]
=1

~
bias term

We have emphasised the dependence of the fine level on the fake area A" and
dependence of the coarse level of one Chen iteration of this fake area, denoted by
AZZC The bias introduced is exactly the second sum. We aim to show empirically
that this sum is small in comparison to the size of the weak error due to the SDE
discretisation. In order to minimise this sum, the distribution of an estimator
A must be as close as possible to the distribution Chen-combine(A) — exactly the

criterion used to train our generator.

The four numerical schemes in the comparison are: no-area Milstein, antithetic
Milstein [GS14a], the Strang splitting method, and a “Strang” log-ODE method.
Only the final method incorporates the fake Lévy area. For details on the schemes
see Appendix B.6.2. The first two schemes were included to demonstrate that
the rate of variance reduction is comparable to two popular schemes, while the
weak error rate of the Strang log-ODE method is (conjectured to be) O(h?) where
the other methods achieve a weak error rate of O(h). The numerical simulations
were performed with a constant time-step h; on each level satisfying h; = %hl,l.
On the coarsest level we use the timestep hy = 5 for the Milstein methods and
ho = 1 for the Strang methods; this results in the variance on this level being
approximately equal across all three methods. The number of sample paths on
each level satisfies n; = %nl_l with ng = 2%7, so the computational effort on each
level is approximately constant. We repeat the experiment forty times and report
the average result. We fix the log-Heston model parameters tobe 7' =1, r = 0.1,
K=20,k=2,0=0.1,0=0.5 Uy =1log(20), and V; = 0.4. The following plots
report the multilevel variance defined by Var [(p (Y1) — ¢ (Yfl)} and the empirical

error given by ]g‘onl,_._m — Pyye|, where Py is the true price of the call option under

the log-Heston model.

189



CHAPTER 5 - GENERATIVE MODELLING OF LEVY AREA

In Fig. 5.5a we see that the multilevel level variance of the Strang log-ODE method
decreases at an approximate rate of O(h?). The rate for the Milstein antithetic
scheme appears slightly higher, while the variance reduction rate for the standard
Milstein method is clearly lower. As expected, the weak convergence rate of both
the Milstein and Milstein antithetic schemes is of order O(h) whilst the weak
rate for the Strang log-ODE with fake Lévy area is approximately O(h?). It was
conjectured in [FdRS24] that the Strang log-ODE method should attain this weak

convergence rate, and the experiments corroborate this hypothesis.

Multilevel Variance Comparison Multilevel Error Comparison
271 4
o Milstein Milstein
Milstein-Anti N Milstein-Anti
\ ~ Strang-Net 53] \'\\\.: = Strang-Net
2 SN e Gradient -2.03 R ——= Gradient 2.02
RN\ e g ——= Gradient -1.06
% 2 L o . -~ e
E 90 \.\,\\.\ €8] \_\\\ o
- - o ~,
-~ \'\.\ \-\'\
2 S N
T 20 | paS
S N
2t ) RN
0 1 2 3 4 0 1 2 3 4
Level Level
(a) Multilevel variance (b) Empirical error
Multilevel Variance Comparison Multilevel Error Comparison
26 | 8 2t -~
N TSl
~ ‘\ S =g
2t Sy :\\ gt \\\:\\ St
- Sy O Sxe
5 \‘\\.\\\\i\\ \\::“h,* o
- O S
© \i\i\ 9 RN e T —
£ ~ e = ST d——m=Smg—
= ~ —~—— = SO - ==
3 ~— sl S ——
= 92 \\ _ SaTE
2 .
™~ .
. S
9t . .
.
2 T
2-6 > ~3y
0 1 3 3 1 0 1 3 3 1
Level Level
(c) Multilevel variance (d) Empirical error

Figure 5.5: Plots of multilevel variance and empirical error. The top pair of plots compare
the Milstein scheme without area, Milstein antithetic and Strang log-ODE scheme with
fake Lévy area from our generator (labelled “Strang-Net"). The bottom pair compare the
Strang log-ODE scheme using three different fake Lévy areas. “Strang-T” indicates that the
fake Lévy area is an independent Rademacher random variable with the correct variance
(the same random variable appearing in the Talay scheme), and “Strang-F” denotes
Foster’s approximation. The “Strang-NA” line is the usual Strang splitting method with
“Strang-Anti” being the antithetic version of this scheme.

When using a fake Lévy area in MLMC, a key factor for the performance of the
scheme is how close the distribution of a Chen combined sample of Brownian
motion and fake Lévy area is to the distribution before performing the combine
operation. Since we employed Chen training, our model succeeds in matching
the distributions well enough to match and even outperform Foster’s method. In
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Table 5.3 we record the bias introduced at each level, as in Eq. (5.22), for each of

the fake Lévy areas.
Table 5.3: Approximate bias introduced per level by the use of different fake Lévy areas.
We use 2% samples paths on each level.

Level 0 1 2 3

Strang-Net (107*) —0.402 0.313 —0.133 —0.652
Strang-F (10%)  0.361 0.848 0.0714  1.31
Strang-T (107%)  —17.0 433 -1.79 —1.10

For LévyGAN and Foster’s method, the bias introduced on each level of the
telescoping sum is of order 27!%; this is far smaller than the weak error seen in
Fig.5.5d. However, it is possible that the accumulated bias may then be of order 27
on the finest level, which may account in part for the slight deviation from the line
at level 4. It is also clear that it is not enough for the fake Lévy area simply to match
the mean and variance of true Lévy area, as demonstrated by the poor performance
of the “Strang-T” method. However, we do note here that a scheme matching
the conditional variance of Lévy area given a Brownian increment performed
similarly to Foster’s method in previous experiments. We may also see from the
performance of the Strang splitting method that without the fake Lévy area terms,
one achieves only a weak order convergence rate of O(h). It is interesting to note
however, that Fig. 5.5c indicates that the fake Lévy area needs only to match the
mean and variance of true Lévy area to obtain improved variance reduction at
each level. Even the “Strang-T” method has the same variance reduction rate as

the more sophisticated techniques despite having poor empirical error.

In practice, one usually wishes to obtain some target root mean-squared error
(RMSE) with minimal computational cost. In this setting, for two numerical
schemes with variance reduction O(h?) with 8 > 1, the scheme with higher order
weak convergence is not necessarily the preferred one. By the complexity theorem
of Giles [Gil08, Theorem 3.1], the optimal number of sample paths on each level

should be asymptotically proportional to O(hl(ﬁ 0/ 2)

. As such, the computational
effort should be expended mostly on the coarse levels in the regime 3 > 1, driving
one towards discretisations that are computationally cheap on the lower levels.
Since it is difficult to measure the computational complexity of the Strang log-ODE
scheme with fake Lévy area produced by a generative model, we use the following

approach. We implement the algorithm of Giles [Gil08, Section 5] for the Milstein
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scheme and Strang log-ODE scheme and compare the average time taken to achieve
a selection of target RMSEs between 0.1 and 0.0025.

Table 5.4: The average time taken across 25 runs for the Milstein and Strang log-ODE
methods to attain a target RMSE. We use the algorithm of [Gil08, Section 5] to determine
the number of samples on each level and the stopping condition on the number of levels
used on each run. All random variables are generated in torch on GPU, with the numerical
schemes implemented in numpy on CPU.

RMSE 0.1 0.0441 0.0129 0.0086 0.0057 0.0038 0.0025

Milstein (s)  0.0097 0.0256 0.376 1.03  2.86 863  23.6
LévyGAN (s) 0.0102 0.0128 0.142 0311 0.806 225 5.3

Remark 5.5.1. We see from Fig. 5.5¢ that the the Strang-antithetic scheme achieves the
highest order variance reduction with a first order weak error rate. As noted above, both
factors play a role in the overall time required to achieve a desired RMSE and it is possible
that the higher order variance reduction of the Strang-antithetic scheme may outperform
the high order weak error of the LévyGAN based approach. However, it was recently shown
in [Igu+24] that the antithetic method can be combined with weak estimators of Lévy area
to achieve high order variance reduction. We believe that combining their approach with
ours would result in a scheme with both high order variance reduction and weak error rate.

We conclude this section by reiterating that the use of extra random variables
to attain higher order weak convergence has become a popular technique, see
for example [Tal90; NV08; NN09]. However, to the best of our knowledge it has
not yet been observed that the use of fake Lévy area combined with standard
multilevel Monte-Carlo can also achieve high order weak convergence and variance

reduction.

5.6 Conclusion and open directions

While stochastic analysis techniques are often used in generative deep learning, this
chapter appears to be one of the first examples where deep learning methodology
has provided meaningful results in an application to stochastic analysis. Indeed,
we have demonstrated a proof of concept that the techniques used in LévyGAN
have a place in the field of numerical solutions to SDEs. However, we remark
here that careful consideration of the domain-specific analytical properties was
required. In particular, regardless of the network size or architecture, LévyGAN in
its initial form was an order of magnitude less accurate without the inclusion of

both bridge-flipping and Pair-net.
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One open direction for future research is a careful analysis of the conditions
required on the fake Lévy area in order to achieve optimal convergence rates for
the MLMC scheme discussed in Section 5.5.2. More applications of fake Lévy area
may be found in the field of stochastic flows and accurate approximations to the
level two rough path of Brownian motion.

An application of particular interest would be a GAN-based adaptive SDE solver.
That is, a method that first generates a coarsely discretised path before checking
whether the step-size of the solver should be reduced. Such functionality is
desirable for use in Neural SDEs [Li+20b; Kid+21a; Kid+21b] and Logsig-RNN
generators [Ni+21], which are both powerful methods for modelling noisy time
series data. In the context of Lévy area generation, this would require the ability
to generate Lévy area and Brownian increments over two half intervals given the
Lévy area and Brownian increment over the larger interval. One approach would
be to use the analytical characteristic function given in [GQ12] which provides
the joint characteristic function evaluated at multiple time points. However, we
expect the training time to be rather long, since the evaluation of the characteristic
function involves solving a recursive system of matrix Ricatti equations in addition

to a system of independent linear matrix ODEs of order one.

Finally, it is possible to extend the Chen-training approach. This might take
several forms: one might derive a Chen type relation for higher order terms in the
polynomial expansion of Brownian motion (e.g. for H and b); use the ordinary
Chen’s relation for the generation of higher order terms in the log-signature of

Brownian motion; or generating Lévy areas for certain Lévy processes.

For the third application, our approach may be applicable to the generation of
Lévy areas of a-stable Lévy processes, where moment matching approaches are
not possible, since these processes have unbounded variance for o < 2. Indeed, the
a-stable Lévy process X{* satisfies the scaling property X = %/ X¢ in addition to
independent and stationary increments. Combining these properties together, the
distribution of its Lévy area (defined using It6 integration with jumps) should also
be invariant under a suitably re-scaled version of Chen’s relation. One could then
attempt to train a network under this Chen relation, analogous to our approach for
Brownian motion.
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APPENDIX A

—— 0 D o<

TECHNICAL RESULTS IN RANDOM MATRIX

THEORY

This short appendix is dedicated to proving that the largest eigenvalue of the

Gaussian Unitary Ensemble (GUE) has a sub-Gaussian tail, as required in Chapter 3.

A.1 Sub-Gaussian tail of the GUE

The following lemma may be derived by keeping track of the constants in the
various equivalent characterisations of sub-Gaussian random variables, as in
[Verl8, Proposition 2.5.2] for example. We include a self-contained proof for
completeness.

Lemma A.1.1. Let (Xy)n>1 be a sequence of real-valued random variables. Then the
following are equivalent

(1) There exist oo > 0 and ty < oo such that for all t > toand N > 1, P(Xy > t) <
e—aNtz.

4

(2) There exists C' > 0 such that for all s sufficiently small and all N > 1, then
Elexp(sNX3%)] < CV.
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Proof. Assume (1), then

Elexp(sNX3} )| = LOOIP’(eXp(sNX]QV) > t)dt

<1 +2f ]P’(XN) > u)sNueSNUZdu
0

to 0
1+ f 25 Nue* N du + f 25 Nue™ (@ 9N gy,
0 ¢

0

=1+eM 4 2 <N
o — S

for C > 1+ et + %~ and s < a. Conversely, assume (2), then Chebyshev’s
inequality yields

P(Xy >1t) < e_SNt2E[eXp(sNX]2V)} < e sNPON < e_aNt2,
whenever a < sand t > t51/C/(s — ). O
Recall that the spectrum of an N x N GUE matrix has the distribution

1 N
oMY =g [ = AlPexp{ =5 A7 pdA (A1)
1<i<j<N i=1
where ZV is the normalisation constant given by
T
2

N
N2 [ (A.2)

=1

ZN

see [BG97, Property 3.1] with 8 = 2. The following pair of lemmas are key.

Lemma A.1.2. There exists C' > 0 such that, for all N > 2 L < eON,

7 ZN
Proof. From (A.2), we have

(N— 1)2

ZN-1 (N —1)”

N2 2 _exps (N2 log(N) — (N —1)?log(N — 1))

ZN  \2xD(N +1) V271 N!

It can be checked that for every N > 2, N?log(N) — (N — 1)2log(N — 1) <
2N log(N) + 2N, and hence

ZN-1 < exp N + Nlog N
ZN -7 \2rD(N +1)
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Using the bound from Stirling’s formula N! > /27 NeV e V=N we obtain, for

suitably large C' > 0,
ZNfl 62N
Z QW\/N

]

The proof of the next lemma follows the strategy of [BDG01, Lemma 6.2]. In the
following we write A" ~ o to mean that the vector \ := (\y, ..., A\y) is distributed

according to o, as defined in (A.1).

Lemma A.1.3 (Tails of the GUE). Let AN ~ o, then there exists o > 0 and t, > 0 such
that for all t >ty > 0 and N € N, it holds that

IP’UN< max_ |\ > t) < emoNE, (A.3)

i=1,...,.N

.....

ZN—]. 1 5 1122 N A% rQ
Poy (M| 2 1) < N e f ot f H |z — )\i|2677710N71(dAN71)d$
Z |z|>t

i=2
ZN—I 1 9 22 22 22
_—Nt J—— _ — —
< 7N e e 4 | ed aoV 1(d)\N 1)da7
ZN_l 7th2 7117_2
SN e 4 e 4dx
<6()N—%Nt2

for some C' > 0, where the last inequality follows from Lemma A.1.2 and where
we have used

e 2 = e 46_NI§6_ 4e 4

whenever |z| > t to justify the first inequality. Now

1 2
Poy ( max [N > 1) < NP, (J0] > 1) < V7007,

i=1,..

for some new constant C' > 0. Then for any o < § and ¢ > ¢(c), (A.3) holds for all
N. O

The proof of Lemma 3.0.13 now follows that of [GM07, Lemma 2.2].
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Proof of Lemma 3.0.13. Since

AN (A) = max sup \/ (v, A;Alv)

max .
1=i=d)=1

sNAN

is a convex function of the entries of the A;’s, then eV max(A)

? is also a convex
function. Note also that

AN (A)? < (AN (A = M) + A, (M) < 20

max max max

(A — M)+ 22N

max

(M)?,

where M = E,x [A] is mean of the tuple A. By the proof of [GM07, Lemma 2.1]
there is some C; > 0 for which A\, (M) < C; for all N. Furthermore, by the

generalised version of the Brascamp-Lieb inequality

for all suitably small s and some Cy > 0, and where ;2 is the law of the GUE
ensemble with variance (¢N~!). The final inequality follows from the sub-Gaussian
nature of the tails for the GUE and Lemma A.1.1. We conclude by observing that

for some small s > 0,
J eSNAgax(A)2d/J/g S €2>\£3X(M)2 f eZSNAgax(A_M)2dM5 S ecl Cév,

and applying Lemma A.1.1. O
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APPENDIX B

—— 0 D o<

APPENDIX TO LEVYGAN

We collect here various results related to Chapter 5.

B.1 Some properties of the characteristic function dis-

tance

This short subsection summarises two key properties of the distance CFD,,. Namely,
the following proposition shows that the distance between the empirical character-
istic function and true characteristic function converges to zero almost surely as
the number of observations tends to infinity. The second result demonstrates that

by carefully choosing v, convergence in CFD, implies weak convergence.

Proposition B.1.1. Let {X;}°, be a collection of i.i.d. R™ valued random variables, then

lim Ey., U@;(A) — Oy (A)‘] — 0 almost-surely.

n—oo

Proof. By [FM77; Cs681a; Cs681b], there exists a sequence of real numbers {7}, } 1 oo
such that almost-surely for every ¢ > 0 there exists an NV such that for every n > N

sup |5 (A) — @X(A)’ <e.

|A|§T'IL
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It follows almost-surely for every ¢ > 0 that

B, [|85(8) — 0x()]] = [ [B3(0) - 0x(0)] dv()

S f
IAI<Tn

<ev({iAl < To}) + 2v({Al = Tn})

— E.

~2n

Dy (A) = Dx(A)|dv(A) + 20({A] = T,.})

]

Proposition B.1.2. Let v be the Cauchy distribution on R™ with location parameter 0
scale parameter ~ and independent coordinates, then CFD,, metrizes the topology of weak

convergence on P(R™).

Proof. We consider the case n = 1; the general case is a straightforward extension.
If the law of a random variable 7' is that of a Cauchy distribution with location
parameter 0 and scale parameter +, then it is well known that its characteristic
function is given by

Dy (t) = e~

and has a density given by

It is clear that both ®7 and f7 are in L!(R), since

JR ()t — % and JR fr(z)dz = 1.

We also observe that

dzr < oo.

2
oo(1+‘%')
o [T L)
0

J.fT —Hx\) (1 +[z])*

An application of [Sri+10], the uniform boundedness of characteristic functions
in L>(v), and a standard interpolation argument yields that CFD, metrizes weak

convergence. ]
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B.2 Characteristic function and joint moments of a

Brownian increment and Lévy area

Here we briefly give the definition of the joint characteristic function and Lévy
area, and also provide a proof of Proposition 5.2.7. Part of the proof of the second
result comes as a corollary of the form of the characteristic function found in
Theorem B.2.1 and Lemma B.2.2.

Theorem B.2.1 (Characteristic function of Brownian motion and Levy area). Let
Wi (I/Vt ™ W (@) ) be a d-dimensional Brownian motion and let A; Ur22) be the
corresponding Lévy area of W7 and W) Let jp € R%and A = {A;;}1<icj<aq € RET.
The joint characteristic function of coupled Brownian motion W, and the Levy area A, at

time t
CID(WA)(t w,A) {exp ( ZMZWO 4 Z Aj17j2A£j1’j2))}
1<j1<j2<d
admits the following formula
dy

D way(t, 1, A) :(H ml(%)) exp ([i —;((Ru)giq

i=

do
_ 1
RETARTYCOIEED DI
where R, 0, dy, dy are defined in Lemma B.2.2.

Proof. The resultwas first proved in [HHS83] using a probabilistic approach. Recently,
[LNT24] have given a proof using rough path theory. O

Lemma B.2.2 (Decomposition of anti-symmetric matrix). For any d x d anti-symmetric
real-valued matrix A, let (£m1,...,£n41) be the set of non-zero conjugate eigenvalue
pairs of A with n; > 0 and 1y > - -+ > ng,. Let dy = d — 2d, be the algebraic multiplicity
of the eigenvalue 0 of A (if A does not have zero eigenvalues, then dy = 0). Then there
exists an orthogonal matrix R, such that the following decomposition of A holds:

A= RTSR,
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where 3 is of the form

Y 207 Od—do,d()
Odp,d—do  Odg,do

0 —p; 0 0 0 0 0 ...0
m 0 0 0 0 0 0 ...0
0 0 0 - 0 0 0 ...0
0 0 n O 0 0 0 ...0
1o o 0 0 —ng O 0|’
0 0 0 ny, 0 0
0 0 0O 0 0 0 0
0 0 0 0
0 0 0 0 0 ...0

where ¥ is the block diagonal matrix with all non-zero n,.

Using the above, we are now able to give a proof of Proposition 5.2.7, concerning

the joint moments of our generator.

d(d—1)

Proof of Proposition 5.2.7. To see item (1), fix u € R?and A = {\; ; hi<icjca € R 2 .
We claim that

q)(I/V,A) (t) M, /\) = (I)(VV,A) (t7 — _)‘) = q)(W7A) (ta H, _)‘) (Bl)

Let A stand for the d x d anti-symmetric matrix with the above diagonal elements
given by \. Let A have a decomposition A = R'SR as in Lemma B.2.2. Then the
corresponding decomposition for —A is given by RTER where for 1 <i < d;

RQ@. = RQZ‘,L. and RQZ‘,L. = RZ'L',- .

It is clear from the form of the characteristic function, that pairwise swapping the
first 2d; rows of R leaves the final value unchanged. Since all the terms involving 1
are squared, the characteristic function is also invariant under taking the negative
of p1. Item (1) now follows from Eq. (B.1). Foritem (2), Eq. (5.5) follows immediately
from item (1), and Eq. (5.7) follows from the fact that the conditional characteristic
function of Lévy area given W, = w is purely real [Wik01]. Eq. (5.8) follows by
independence of &, and the observation that its power will be odd. We finally
turn our attention to Eq. (5.6), where for simplicity we take t = 1. We recall that
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Ao,l ~ IP’GBF is defined by BF (Wo,1, Hy;, 130,1, 5,5), where the only dependence is

between H, and by ;. Indeed, by expanding each A" we see that it is enough to
show that

d .
B | TTvo) ( TT @ (6 owo) gaiwo) @iy )| <o
i=1 1<i<j<d

(B.2)
where k;; + l;; + p;; = n;;. We consider three exhaustive, but overlapping cases.

l) Zl§i<j§d N5 is odd.
ii) For some 1 < i < d, the power of W® or & is odd.
iii) For every 1 < i < d, the power of W) and ¢ is even.

If i) holds, then the power of &, is odd and by independence Eq. (B.2) is true. Item
ii) is similar. To conclude, we will show that if iii) holds, then i) must also hold.
We observe that the power of W) is given by

n; + Z kji + Z Lij,

1<j<i i<j<d

and the power of ¢; is given by

Z Lii + pji + Z kij + pij.

1<j<i i<j<d

Under the assumption that all these powers are even, we may add them together

to see that
d d

Zni -+ < Z /{Zji +lji —|—pjz' + Z kij —|—lij —l—pzj) - an +2( Z nij)

i=1 1<j<i i<j<d i=1 1<i<j<d
is even. As the sum over all n; and n;; is odd by assumption, it must be the case
that

> o
1<i<j<d

is odd. O

Lemma B.2.3. Let W be a d-dimensional Brownian motion on [0, 1] and let B, H, b be the
corresponding derived processes from Definition 5.2.1. Fix some & € {—1,1}¢, and let H',
and V' be the space-time and space-space Lévy area processes associated with the process
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£ © B = {£ ® Bi}iejo,g, where © denotes the Hadamard (coordinate-wise) product. Then
{Bi}ep, = {€ ®© Bi}icpas H=¢0H V=(E(280b, and (H',V) = (H,b).

Proof. By definition of H and b (in vector form)
1 t
Hg, = ?J £ © Boudu =¢§© Hoy
0

b, = f (£ Bo,) ® (€ © B,)

:(§®f)@L By, ®@dB, = (£®&) © boy.

B.3 Test metrics

We list in this section the test metrics used to assess the performance of our
generative model. Throughout the section let X, Y be d-dimensional random
variables on the metric space (M, m) and let i = Px, v := Py be the induced
probability measure. We denote by 1; and v; the measure induced by the marginal
distributions of X and Y respectively.

1) Marginal 2-Wasserstein metric. For 1 < i < d, The 2-Wasserstein distance
between X and Y is given by

1
2

yel(p,v

WQ(M,V):< inf JMCE;@/)%(%@/))

where I'(y, v) is the set of all joint measures on M x M with marginals p and
v. The Wasserstein metric is one way of assessing the difference between
two distributions, however, in practice the estimation is often intractable
when d is high as one needs to compute m(x, y) for all samples = and y. To
accommodate this issue, we compute the W, distance between the marginal
distribution X and Y only.

2) Cross moment metric. We compare the difference of the fourth moments
between the real and generated Lévy area. Let {X;}Y | be samples of the

random variable X, for any (i1, is,43,44) € {1,...,d}* we estimate the cross
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3)

4)

moment E[X(i1)X(i2)X(i3)X(z‘4)] by

Y XXX
1<91,52,93,Ja <N

If X happens to be the Lévy area of Brownian motions we do know the

analytical form of each cross-moment. One can derive it using the basic tools

of rough path theory, in this case the expected signature of Brownian motion.

This metric is used to assess the joint fitting of generated Lévy area without

using estimations of real data.

Characteristic Function Distance and Maximum Mean Discrepancy distance
(MMD). In [Sri+10] it is shown that the characteristic function distance CFD,,
when using an L? norm instead of an L' norm is equivalent to an MMD
distance with a certain kernel. For example, if v is a Gaussian measure, then
the corresponding kernel is the Gaussian kernel. For our tests we use the
MMD distance with both a Gaussian and polynomial kernel, with the Fourier
series expansion with a high truncation level taken to be the ground truth.

Empirical Unitary Characteristic Function Distance. We parametrize the
measure M on the space of linear transformations R%** onto g,, by M linear
maps, where d, a and m denotes the Brownian dimension, Lévy dimension,
and unitary Lie degree respectively. Then, we train M to maximize the
EUCEFD distance between real and generated data. In practice, we set m = 8,
M = 128, and train M for 2000 iterations, the EUCFD computed on an
independent test set is used for model assessment.

B.4 Training procedure and hyperparameter tuning

The training procedure was performed the training procedure as illustrated in
Algorithm 4. On the generator side, we used a feed-forward neural network, with
the activation function is chosen to be LeakyRelu. On the discriminator side,
we parameterise 128 linear maps onto the Lie algebra of degree 3 to mimic the
empirical distribution used to compute UCFD mentioned in Section 5.3.1. The total
number of training iterations is set to be 2500, which was approximately the point
that we observed convergence in the marginal 2-Wasserstein metric to reference

samples. We optimised both the generator and discriminator using stochastic

gradient descent with the Adam optimiser. We set the batch size to 2! and the

learning rate for generator/discriminator was chosen to be 0.001/0.01 respectively.
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We also employed a learning rate scheduler, with both learning rates decay every
500 iterations. Finally, we set iter, to be 3.

Regarding the choice of hyperparameters, we conducted a hyperparameter grid
search for training the LévyGAN. Tuning is done on both the generator and
discriminator sides. The model selection was based on the marginal 2-Wasserstein
metric. We provide here a grid for interested readers.

Table B.1: Grid for hyperparameter tuning

Hyperparameter Grid values

Generator hidden layers 2,3,5
Generator hidden dimension 8,16
Generator noise size 4,8
Generator slope of LeakyRelu 0.01,0.2
Discriminator Lie degree 2,3,5
Discriminator batch size 16,64, 128

B.5 Foster’s moment-matching method

The current state-of-the-art weak estimator for Lévy area is Foster’s method. We

now detail its construction for the interested reader.

Definition B.5.1 (Foster’s approximation of Lévy area). Forany 0 < s < tand d > 2
we define the antisymmetric tensor A, , with entries

(4,3) i j i j i j i j ~ (i, .

s,t] = H! )W(,]t) - Ws(,t)Hs(,]t) +12 (Ks(,t)Hs(,]t) - Hs(,yf)th)) + ag,tj)a for 1<4,5<d

s,t s

!

where

o W is a d-dimensional Brownian motion and H is a space-time bridge Lévy area on
s, t].

* K, € R%is the space-time-time Lévy area of the Brownian bridge between s and t,
is distributed as K, ~ N%(0, =5 (t — s)), with K and (W, H) being independent.

7720

* a is an approximation of the Brownian arch Lévy area (see [Fos20], definition 4.1.14)
constructed as shown below.

o) i<
il = —ol P i<
0 ifi=j
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with the independent random variables agf;j ) and fgi;j ) defined for 1 < i < j < daccording
to

Uni [—\/3, \/3} with probability p here 21130
Pi= o

& ~ _
Rad(1/2) with probability 1 — p 25621

and

(i.9) S ) o, 1 M) @)
oo = 2—8((]@ +¢) (COD +¢) (t—s) + 55t =) (12Ks,t> +<12Ks¢) :

where the C ~ Exp (), (1 < < d) are i.i.d. random variables and ¢ = \/ig -3

Theorem B.5.2. Let d € {2,3} and let A be as in Definition B.5.1. Then A matches all

the fifth and lower moments of the Lévy area A conditional on W and H. That is, for any
ni,No, N3 > 0 with Ny + Ng + N3 < 5

B[ (A7) (A5 (A57)" | Wersrtod] =
B[ (A0)" (%) (A4) " | W 1]

Proof. See [Fos20], page 190. O

B.6 Numerical methods for SDEs

This section details the various numerical schemes with which we perform our
tests. We start by recalling the definition of weak and strong errors and discuss

why we are only able to analyse the former.

B.6.1 Weak vs strong error

Strong error measures the discrepancy between the true sample paths of the process
and the approximate sample paths, while weak error measures the similarity
between the distributions of the true and approximate solutions. Since our
simulation methods are not exact, nor do they correspond to some approximation
of a true sample of Lévy area (in comparison to a truncated Fourier series expansion
for example), we cannot measure the strong error for schemes involving fake Lévy
area. We can, however, measure the weak error of the discretisation schemes.

Concretely, a discretisation scheme {X kJo<k<n 1s said to converge weakly with
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order « if for any polynomial p
E[p(Xn) - p(Xr)]| < Cph", (B3)

for some constant C}, > 0 and for all sufficiently small step sizes h := +. Conver-
gence with weak order o will be denoted by O(h®). The following subsections

introduce three discretisation schemes that will be used for our numerical results.

B.6.2 Discretisation schemes

Here we recall the definitions of the numerical schemes used for the results
presented in Section 5.5.2.

Milstein’s Method

Milstein’s method is derived from the second order (Itd) Taylor expansion of the
SDE in Eq. (5.1). It is defined as follows: fix N > 1, set X, = x0, and for all
0 <k < N — 1 construct X k-+1 recursively via the relation

d
Xk+1 :Xk + f(Xk:)h + Z gi<Xk>Ach(Z)

=1

p X X (B.4)
# 3 a0 (GAWAW) + A - 35,0)
i,j=1
where h = %, AW,gi) = I/Vt(ki)+ L Wt(,f), 0;; is the Kronecker delta, and
. 1 tht1 ) ; ) tht1 ) . .
A = 5 ( f (WD —wiaw — f (Wi — Wt?de)) (B.5)
t 173

is the Lévy area. Milstein’s method, under certain conditions, is known to converge
with both weak and strong order O(h). Meanwhile, removing the Lévy area terms
leaves the weak order unchanged, but reduces the strong order to O(v/h). Since
we are concerned exclusively with weak convergence, we will consider Milstein’s
method without Lévy area.

Strang log-ODE

The Strang log-ODE method, introduced in [FdRS24], is a higher order method

that incorporates a term involving fake Lévy area. To define this scheme we must

221



first convert the SDE in Eq. (5.1) into Stratonovich form, that is
dX, = f(X)dt + > g:i(Xe) 0 dW,, Xo = ap, (B.6)

i=1

where the Stratonovich drift f is given by

As in the Milstein scheme we fix X, = z,, and recursively define

d
K =exp (30F) exp [ 30 g8 + 3" (g9 — 9,90 AL | exp (30]) (X))
=1

i<j
(B.7)
where exp (C'f) (x) denotes the time 1 solution to the following ordinary differential
equation
dy
- =CfW), w==

For the Lévy area term we will consider three different weak approximations: a
Rademacher random variable which matches the variance of Lévy area, Foster’s
method, and our generative modelling method. The first method is based on the

use of Rademacher random variables in Talay’s scheme [Tal90].

B.6.3 Antithetic MLMC

Normally, in order to achieve optimal computational complexity of the MLMC
it is required that the underlying discretisation scheme has strong order O(h),
see [Gil08], which requires strong simulation of Lévy area when the SDE is
more than one dimensional. However, there exists clever reformulation of the
standard MLMC which achieves optimal computational complexity using the no
area Milstein scheme, despite only having a strong convergence rate of O(v/%).
Antithetic MLMC, proposed in [GS514a], was originally motivated by the difficulty
of simulating Lévy area exactly. Now, as mentioned in the previous subsection,
on each level the coarse and fine path are generated using the same underlying
Brownian motion. It is not in fact necessary to use the same estimator on both
the coarse and fine paths. It suffices that Y, < Y, """, For the antithetic method,
the paper [GS14a] uses two different paths on the fine level: the fine path itself
and an antithetic twin. The antithetic twin is obtained by pairwise swapping the

() I X(a) ~ QX(

increments of the fine path; essentially this means that X c), where
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%" denotes the fine path, X ) the antithetic path, and X ) the coarse path. The

resulting effect is that the variance of 3(o(X (f)) + (X (a))) — (X (C)) should be

small. For more details, we refer the reader to [GS14a].

B.6.4 The log-Heston SDE

We recall the definition of the log-Heston model as the following two-dimensional
SDE

1
d — _ t (1)
U, (7“ 2\4) dt + /Vidw", Uy e R 53)

AV, = k(0 — V,)dt + o/ V. aW®, vy > 0.
The discounted payoff of a European call option for a price S with dlog(S) := U is
©(9) =e "7 (eUT — K>+ :
The price at ¢t = 0 of this option may be written as
Co =E [¢(5)] = Solly — e " KTl4, (B.9)

where the factors I, and II; area given by

1 1 (=
n0:_+_j %
2 T™Jo

ei“’-K\IJUT (w - i) d
iwW (—1)

W

(B.10)

1 1 (=
IR
2 ™Jo

Here V)., y, denotes the characteristic function of Ur. The characteristic function
itself has an analytic form given by

Uy, (w) = exp {C’(w)@ + D(w)Vp + iwlog (SOeTT) } ,
where the functions C(-) and D(-) are defined as

_ 2 1 — bye T

1—e
1-— bge_““

D(w) =
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with constants a, b; and b, given by

a = /K24 o2w(w — 1)
K—a

bl =

o2
K—a

bg =

Ka
For full details of the derivation of this formula, we refer the reader to [Cril5].
While the preceding expression may appear complicated, it requires only the
evaluation of the deterministic integrals in Eq. (B.10), which are computed in

practice using quadrature.

What remains to full specify the numerical schemes is to compute the one step
recursion for the various numerical schemes applied log-Heston SDE from Eq. (B.8).
Full details and derivations of the vector field derivatives can be found in [Ter22].
The no-area Milstein update is given by

Uppr = Up + (r —% Y+ VAWM 4 JAW”AW(Q)

Vier = Vi + 50— Vo)h+ a\/>AW ((AWk )2 h) . -

The Strang log-ODE recursion is more involved as it involves solving two ordinary
differential equations: one for the Stratonovich drift and one involving diffusion

terms. Fortunately, these are analytically solvable, with the resulting scheme given
by

~ 1 ~ _ kh
Vi = Vi +8e 2 +¢
sh

. . 1 -
U = U+ 5- (Vi =) % = 1) +

>

(r=3%) (B.12)

2
~ 2 ~ 1 -
Vk+1 - ( Vk+1 + §AW1§2)>

Upr = Ullcﬂ + Vk+1AW(1 UAW NI
. -2
Vipr = (Vi — f) EIRN

- _rh
U1 = Uk+1+ (Vk+1 &)(e 2 —1)—1—%(7“—%),

where £ =0 — % and A denotes the fake Lévy area.
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