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Abstract

Motivated by the paradigm of reservoir comput-
ing, we consider randomly initialized controlled
ResNets defined as Euler-discretizations of neural
controlled differential equations (Neural CDEjs),
a unified architecture which enconpasses both
RNNSs and ResNets. We show that in the infinite-
width-depth limit and under proper scaling, these
architectures converge weakly to Gaussian pro-
cesses indexed on some spaces of continuous
paths and with kernels satisfying certain partial
differential equations (PDEs) varying according
to the choice of activation function ¢, extend-
ing the results of Hayou (2022); Hayou & Yang
(2023) to the controlled and homogeneous case.
In the special, homogeneous, case where ¢ is
the identity, we show that the equation reduces
to a linear PDE and the limiting kernel agrees
with the signature kernel of Salvi et al. (2021a).
We name this new family of limiting kernels neu-
ral signature kernels. Finally, we show that in
the infinite-depth regime, finite-width controlled
ResNets converge in distribution to Neural CDEs
with random vector fields which, depending on
whether the weights are shared across layers, are
either time-independent and Gaussian or behave
like a matrix-valued Brownian motion.

1. Introduction

The symbiosis between differential equations and deep learn-
ing has become an active research area in recent years, no-
tably through the introduction of hybrid models named neu-
ral differential equations (Kidger, 2022). In fact, many
standard neural network architectures may be interpreted as
approximations to some differential equations.
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This approximation has been treated rigorously for finite-
width ResNets, which in the infinite-depth limit converge
in distribution to zero-drift neural stochastic differential
equations (Neural SDEs) with diffusion depending on the
choice of activation function (Cohen et al., 2021; Hayou,
2022; Marion et al., 2022; Cont et al., 2022).

The “dual” scenario of finite-depth and infinite-width neural
networks has also been the object of many recent studies
(Neal, 2012; Matthews et al., 2018; Novak et al., 2018).
Notably, through the unifying algorithmic language of 7en-
sor Programs designed by Yang (2019), many standard
feedforward, convolutional and recurrent architectures of
finite-depth can be shown to converge to Gaussian processes
(GPs) in the infinite-width limit.

In the context of deep learning for sequential data, finite-
width RNNs have been informally identified as approxi-
mations to neural controlled differential equations (Neural
CDEs) introduced by Kidger et al. (2020); Morrill et al.
(2021) and inspired from the homonymous class of dynami-
cal systems studied in rough analysis, a branch of stochastic
analysis providing a robust solution theory for differential
equations driven by irregular signals (Lyons, 1998; Lyons
et al., 2007; Friz & Hairer, 2020; Friz & Victoir, 2010).

However, contrarily to this widespread interpretation, the
Euler discretization of a Neural CDE with vector fields' f
produces a recursive relation for the hidden state h in the
form of (1), where the increments of the input signal x enter
the recursion in a multiplicative manner rather than via an
additive interaction typically assumed in RNNs:

hit1 = hi + f(he) (@41 — zk)- (D

Furthermore, the addition of the previous hidden state hy
on the right-hand side of (1), commonly referred to as a
skip connection, is characteristic of ResNets and absent
in classical RNNs. We will refer to architectures defined
by (1) as homogeneous controlled ResNets. We will also
consider their inhomogenous counterparts where the map
f = f(k, hy) depends on the iteration k.

Dynamical systems in the form of (1) are often called reser-
voirs in the paradigm of reservoir computing (Tanaka et al.,

"Typically f is taken to be a randomly initialized feedforward
neural network with Gaussian weights and biases.
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2019; LukoSevicius & Jaeger, 2009; Verstraeten et al., 2007).
Contrarily to deep learning, in reservoir computing, only
the final readout linear map is trained, while the function f
is randomly sampled but remains untrained.

It is worth noting that Neural CDEs are deep learning mod-
els that map between infinite dimensional spaces of continu-
ous paths. Therefore, if these continuous models converge,
in the infinite-width limit, to some limiting GPs, the latter
should be equipped with kernel functions indexed on the
same spaces of continuous paths. In the sequel we will
demonstrate that controlled ResNet indeed behave like such
GPs in the large width-depth regime.

1.1. Contributions

Our objective here is to provide a rigorous mathematical
analysis of the behavior of controlled ResNets that are ran-
domly initialised with Gaussian weights and biases in the
large width and depth regimes. More specifically:

* We prove that both in the infinite-width-depth limit
these architectures converge weakly to GPs with lim-
iting kernels satisfying certain (possibly non-linear)
partial differential equations varying according to the
(in)homogeneity of the network and to the choice of
activation function ¢ (see Table 1). Moreover, we show
that under some further conditions on the regularity of
the driving paths the limits commute, i.e. the limiting
GP is unchanged upon reversing the order of the lim-
its. We name this new class of kernel neural signature
kernels.

* In the case where the system is homogeneous and ¢
is the identity, we show that the equation reduces to a
linear PDE and the limiting kernel is proportional to
the signature kernel introduced in (Salvi et al., 2021a).

* We then prove that in the infinite-depth regime, finite-
width controlled ResNets converge in distribution to
Neural CDEs with random vector fields. In the inho-
mogeneous case, these fields behave as a matrix-valued
Brownian motion, while for homogeneous networks
they are time-independent and Gaussian.

1.2. Notation

Since we are mainly interested in studying multivariate time-
series, our data space will be a space of continuous paths on
the interval [0, 1]> and with values in R?, for some d € N.
More specifically, we consider the space

X :={z € C°([0,1];R?) : 2(0) = 0,3z € L*([0,1];R%)}

*The choice of the interval [0, 1] is not at all restrictive and has
been made to ease the notation.

of continuous paths with a square integrable derivative.

We denote by 27 (t) € R the j** coordinate of a path z € X
for j € {1,...,d}. Given n paths X = {x1,...,2,} C X
and functions f : X - R, G : X x X — R we will
write f(X) € R™ for the vector [f(X)], = f(zq) and
G(X,X) € R™*" for the matrix [G(X, X)]? = G (24, 7p)
forany o, 8 € {1,..,n}.

We will consider partitions D = {0 =ty < --- < tpy = 1}

of the interval [0, 1] and write their length as | D|| := M

and their mesh size as |D| := max_[t; — t;—1].
i=1,....|| D]

For an activation function ¢ : R — R and a positive

semidefinite matrix ¥ € R2X2, in the paper we will re-

peatedly make use of the following function

Vo () = Epuno,z)[@(21)p(22)].

The explicit form of V,, changes significantly depending on
the activation function. We list it for a restricted class of
them in Proposition A.7 in the appendix.

Henceforth, we fix a probability space (€2, F, P).

The paper is organized as follows: in Section 2 we discuss
some related work, in Section 3 we study the inhomoge-
neous version and in Section 4 we analyse the homogeneous
version of controlled ResNets. We conclude in Section 5
with numerical results validating our claims. All proofs can
be found in the appendix.

2. Related Work

Results relating infinite-width limits of neural networks
to GPs have been extended from shallow networks (Neal,
2012) to richer architectures of feedforward (Lee et al.,
2018; Matthews et al., 2018), convolutional (Novak et al.,
2018; Garriga-Alonso et al., 2018) and recurrent (Alemo-
hammad et al., 2020) type. This line of work culminated
with the framework of Tensor Programs formulated in Yang
(2019) which offers an algorithmic procedure to systemati-
cally compute the limiting GP kernels for a wide range of
different architectures. One major advantage of this formal-
ism is that it makes it possible to consider weight sharing
between layers, something mostly avoided in previous liter-
ature but central in the types of systems we consider here.

The reverse scenario of infinite-depth limit of finite-width
architectures has mainly been explored for ResNets. In this
regime, appropriately rescaled ResNets have been shown to
behave like stochastic differential equations (SDEs) (Chen
et al., 2018; Cohen et al., 2021; Marion et al., 2022). In
particular, Hayou (2022) considers the simpler setting where
the architecture does not exhibit weight sharing (we refer
to this setting as inhomogeneous) and single out limiting
kernels of exponential type. In what follows, we will show
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that the exponential nature of the limiting kernels is some-
what kept intact even when the ResNets architectures are
controlled by an external stream of information, but that
the limiting kernels have more structure, particularly in the
homogeneous case.

It is natural to investigate the behavior of neural networks
when both the width and the depth are very large. The lit-
erature on the topic has particularly developed around the
infinite-width-then-depth limit, most notably with the deriva-
tion of the Edge of Chaos (Poole et al., 2016; Schoenholz
et al., 2017) which has shown how feedforward networks
suffer from a kind of information dispersal which limits the
propagation of the input signals through their depth. Note-
worthy are also the results in Li et al. (2021), where both
limits are taken together for some fixed depth-to-width ratio
and non-Gaussian behaviour at the limit of a specific kind
of ResNets is discovered, and in Li et al. (2022) where, in
the feedforward setting, stochastic dynamics are given for
the covariance between output layers in the same regime. In
the existing literature, the study most closely aligned with
our work is (Hayou & Yang, 2023) where the commutativity
of the limits is shown for residual Networks corresponding
to the simplest example of controlled ResNets: inhomoge-
neous ones, driven by linear controls. 3

As anticipated in the introduction, ResNets that are con-
trolled by sequential data streams are generalised forms of
RNNSs and correspond to Euler discretizations of Neural
CDE:s and variants (Kidger et al., 2020; Morrill et al., 2021;
Salvi et al., 2022; Fermanian et al., 2021). These models
offer a memory-efficient way to model functions of poten-
tially irregular signals in continuous-time and have achieved
state-of-the art performance on a wide range of time series
tasks (Singh et al., 2022; Bellot & Van Der Schaar, 2021;
Morrill et al., 2021). They stem from the well-understood
mathematics of controlled differential equations, which are
the central objects studied in rough analysis.

Rough path theory introduced by Lyons (1998) is a modern
mathematical framework focused on making precise the in-
teractions between highly oscillatory signals and non-linear
dynamical systems. The theory provides a deterministic
toolbox to recover many classical results in stochastic anal-
ysis without resorting to specific probabilistic arguments.
Notably, it extends It6’s theory of SDEs far beyond the semi-
martingale setting and it has had a significant impact in the
development of the theory of regularity structures by Hairer
(2014), providing a mathematically rigorous description of
many stochastic PDEs arising in physics.

More recently, interest has grown rapidly to develop ma-

3To be precise one has to first expand our framework to include
different initial values, of the form W;,xo, where xo € R? is
the “classical” model input. The corresponding control is then
¢ = xo + tey. Such richer models will be studied in future work.

chine learning algorithms based on rough path theoretical
tools, particularly in the context of time series analysis
(Kidger et al., 2019; Arribas et al., 2020; Lemercier et al.,
2021b). The signature, a centrepiece of the theory, provides
a top-down description of a stream; it captures crucial infor-
mation such as the order of different events occurring across
different channels, and filters out potentially superfluous
information, such as the sampling rate of the signal.

In reservoir computing, the trajectory of a dynamical system
is described through its interaction with a random dynami-
cal system that is capable of storing information. In rough
path theory the random system is replaced by a determin-
istic system given by the signature. Recently (Cuchiero
et al., 2021a;b) have investigated empirically the idea of a
continuous-time reservoir through the randomization of the
signature yielding controlled residual architectures similar
to the ones of interest to us.

A significant effort has been made to scale methods based
on the signature to high dimensional signals. Signature ker-
nels are defined as inner products of signatures and provide
an elegant solution to this challenge thanks to the recent
development of specific kernel tricks (Kiraly & Oberhauser,
2019). Notably, Salvi et al. (2021a) establish that the signa-
ture kernel can be computed efficiently by solving a linear
PDE. Algorithms based on signature kernels have been used
in a wide range of applications including hypothesis testing
(Salvi et al., 2021b), cybersecurity (Cochrane et al., 2021),
and probabilistic forecasting (Toth & Oberhauser, 2020;
Lemercier et al., 2021a) among others.

3. Inhomogeneous controlled ResNets

We begin by considering the case of inhomogeneous con-
trolled ResNets. Contrarily to what one might expect, al-
though in this setting the residual map changes at each
iteration, the limiting kernels will be governed by simpler
differential equations than their homogeneous counterparts,
as it can be observed in Table 1. At an intuitive level, this
fact can be justified by noting that sharing common random
weights and biases throughout all iterations introduces a
more intricate dependence structure on the dynamics of the
system than if the weights and biases were independently
sampled at each iteration.

3.1. The model

Let Dy = {0 = tp < --+ < tpr = 1} be a partition,
N € N be the width, and ¢ : R — R an activation func-
tion. Define a randomly initialized, 1-layer inhomogeneous
controlled ResNet WMV : X — R as follows

\IJZY’N(m) = <¢7$t]\1»417N(x)>RN
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Table 1. PDEs satisfied by the limiting kernels in the infinite-width-depth limit of controlled ResNets. The first row is for the inhomoge-
neous case while the second row for the homogeneous one. The kernel kg is the signature kernel (Salvi et al., 2021a).

Activation function

General case

Identity case
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[12“‘/“’«16%1/(3,:5) K (t, 1) +0f| (i) K (s1) = (02 4+ ZH)RELT Y (s,t) —

where (-, )~ is the Euclidean inner product on RV, 1) €
RY is a random vector with entries [¢/],, N (0, %), and
where the random functions Stl\f NX 5 RY satisfy the

following recursive relation

d
M,N _ ;
tig1 T + Z Js i (S ) + iji)AIgzﬂ
=1
SYN =a and Azl = (2] —2]_)
for i = 0,..., M, with initial condition [a]o " N(0,02),

and Gaussian weights Ay ; € RNV *N and biases br, € RYN
sampled independently according to

2 2
1B id A oy iid T
(o), (0.0

with time step At; = (¢; — t;—1) > 0.

Here 04,04 > 0and o, > 0 are all model hyperparameters.

Remark. The time scaling F in the random weights and
biases is crucial as it is exactly the scaling one needs to get
an It6 diffusion in the distributional infinite-depth limit, as
we will prove in Theorem 3.3 below.

3.2. The infinite-width-depth regime

The first problem we are interested in studying is that of
characterizing the limiting behavior of these neural networks
in the infinite-width-then-depth regime.

Theorem 3.1 states that in this regime, these architectures
converge weakly to GPs indexed on the path space X with
kernels satisfying a one-parameter differential equation.

Theorem 3.1. Let {Dy;} pren be a sequence of partitions
of [0,1] such that |Dys| — 0. Let the activation function
@ : R — R be linearly bounded, absolutely continuous and
with exponentially bounded derivative. Then the following

weak convergence®* holds

lim lim \IIMN
M—o00 N—o00

GP(0,Ky), @)

where the positive semidefinite kernel k, : X x X — R is
defined for any two paths x,y € X as ky(z,y) = k3¥(1),
where k%Y : [0, 1] — R is the unique solution of the follow-
ing differential equation

. I{‘T T Ty o
6“{@4/ — [UAV <<H oy Hf’y>) —|—0’§} <1‘t,yt>Rd 3)
® ®

with initial condition k%Y (0) = o7

Ifmoreover © is Lipschitz with ¢(0) = 0 and x € XN
CL3, where C% denotes the set of C! paths wzth -Holder
derlvatlve, the limits can be exchanged and

TN = lim  lim
M—o00 N—o0

lim lim

\I/M’N
N—00 M—»00 ®

=GP(0, Ky).

Idea of proof. We prove the weak convergence (2) in Ap-
pendix B.1. The first step consists in showing, for a fixed
depth M, the existence of an infinite-width distributional
limit using the techniques established in (Yang, 2019); this
limit will be shown to be Gaussian and with covariance ker-
nels k73Y : Dy — R satisfying a difference equation. The
second step amounts to prove that given any sequence of
partitions Dj; with |Djs| — 0, the sequence {m%gj} A is
uniformly bounded and uniformly equicontinuous so that by
the Ascoli-Arzela theorem the sequence admits a uniformly
convergent subsequence. Finally, we prove that the limit of
this subsequence is a solution of the differential equation
(3) and that this solution is actually unique.

The statement about commutativity of limits is proved in
Appendix B.3, after a characterization of the infinite-depth
limit under these more stringent regularity assumptions, by
proving that the distributional limit in depth is uniform in

“By weak convergence we mean that for any subset of paths
X = {z1,...,2,} C X the random vector U2"" (X’) converges
in distribution to corresponding evaluations of the RHS limit.
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width. This generalizes the results of (Hayou & Yang, 2023)
in our more complex case.

O

In some cases we can explicitly characterize the limiting
kernels by solving analytically the differential equation (3),
as stated in the following corollary °.

Corollary 3.2. With the same notation and assumptions
as in Theorem 3.1, upon taking p = id the limiting kernel
admits the following explicit expression

2, T o [ a3

Kid(T,y) = (Ua + 7) €xXp {UA/ <$t7yt>]Rd dt} - 3
A 0 A

If p = ReLU and x = vy, then the limiting kernel satisfies

20 2
Ko(z,2) = (U —|—— eXp{ A/ H:ctHRddt}—&

Remark. In Lemma B.12 in the appendix we show that in
the kernels governed by the dynamics (3), the parameters
o 4 and oy, satisfy the following path-rescaling symmetry

o
Ky Y (t;oa,0p) = KGAIAY (t; 1, a).

Next we show that infinite-depth, finite-width networks are
solutions of SDEs where the vector fields are controlled by
the input stream. We will then specialise to the case ¢ = id
and identify the limiting kernel with x;4 from Corollary 3.2

3.3. The finite-width, infinite-depth regime

Our next result states that when their width N is fixed, these
networks converge to a well defined distributional limit as
their depth M tends to infinity. In particular, in this limit,
the random weights behave like white noise, and thanks to
the careful choice of time scaling we have made, the limit
is in fact a zero-drift It6 diffusion with diffusion coefficient
depending on the driving path.

Theorem 3.3. Let {Ds}pen be a sequence of partitions
of [0,1] such that |Dps| — 0 as M — oo. Assume the
activation function o is Lipschitz and linearly bounded.
Let pp(t) := sup{s € Dy : s < t}. For any path
z € XNCY 2, where CY 2 denotes the set of C! paths with
%-Hﬁlder derivative, the RN -valued process t Sx}](\i) (x)

converges in distribution, as M — o0, to the solution
N(z) of the following SDE

ds]N (x Z —xﬂdWJg)(SgV (2)) + opildB!  (4)

with SV (z) = a and where W7 € RV*N and B/ € RN
are independent Brownian motions for j € {1, ...,d}.

SWe note that these characterizations expressed by means of an
exponential are consistent with the results of (Hayou, 2022).

Idea of proof. The idea is proving that the finite difference
scheme defining the inhomogeneous architecture gets closer
and closer, as the mesh size of the partition becomes finer, to
a Euler discretization of Equation (4). One then concludes
with standard results which guarantee the convergence of
Euler discretizations to the relative SDE’s solution. O

Remark. Equation (4) can be easily rewritten in more stan-
dard SDE form as follows (see Appendix for more details)

aSY (@) = o, (t, S (2))dZ

where Z, € RN+ jg 4 standard Brownian motion,
independent from a and o, : [0, 1] x RY — RN*dN(N+1)
is an input-dependent matrix valued function.

Passing directly to the infinite-width limit is not as easy as
it could seem, Tensor Program arguments do not apply any
longer since they are built for discrete layers and “collapse”
in the continuous case we have to now work with. In simpler
cases the limit can be found using McKean-Vlasov argu-
ments as in (Hayou, 2022) and we conjecture that similar
results can be found in this more general setting. We leave
such a study to future work.

In any case it is possible to directly prove this in the simplest
case, when ¢ = id. The result is proved in Appendix B.2.2.

4. Homogeneous controlled ResNets

In this section we consider the more complex setting of
networks in which the weights are shared across layers. We
will see that this weight-sharing feature will yield limiting
kernels governed by two-parameter, non-local partial dif-
ferential differential equations. We will follow a similar
structure as in the previous section, commenting on the
crucial differences along the way.

4.1. The Model

Define a randomly initialized, 1-layer homogeneous con-
trolled ResNet ®1"N : X — R as follows

(0,50 @)

where ¢ € RY is the random vector [¢] ~ N(0, & ), and

where the random functions Sg LN X - RN satisfy the
following recursive relation

M,N
YN (z) 1= i,

d
Spt = SIS T (Agp(SEY) + b) Az
k=1

with initial condition Sy, = a with [a]a ~> A(0,02), and
Gaussian weights A, € RY*N and biases b, € RV sam-
pled independently according to

2

[Adle RN ((ﬁ?) [bi)a S N (0,07) .
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As done in the homogeneous case, we now study the limiting
behavior of homogeneous controlled ResNets in the infinite-
width-depth limit; as in the in-homogeneous case of the
previous section, we will show that the limits commute.

4.2. The infinite-width-depth regime

Theorem 4.1 states that in this regime, these architectures
converge weakly to GPs indexed on the path space X with
kernels satisfying a two-parameters differential equation.

Theorem 4.1. Let {Dy} pen be a sequence of partitions
of [0, 1] such that |Dps| — 0as M — oo. Let the activation
function ¢ be linearly bounded, absolutely continuous and
with exponentially bounded derivative. Then the following
weak convergence holds

lim lim @)Y =GgP(0,K,) Q)

M—o00 N—o00

where the positive semidefinite kernel K, : XxX — R is de-
fined for any two paths z,y € X as Ky (v,y) = KZ¥(1,1)
where the function Y : [0, 1] x [0, 1] — R is the unique
solution of the following differential equation

0.0KLY = |04V, (B5(5.1) + oF| (@) (6)

where

Kgrien) Gprie)
s = (i :
® le’y(s,t) /Cg’y(tﬂf)

and with initial conditions for any st € [0, 1]

K5(0,0) = K¥(s,0) = Kg¥(0,8) = 7.

If moreover @ is Lipschitz the limits can be exchanged and

lim  lim @Y = lim lim &N =gP(0,x,).
M —00 N—o00 N—o00 M —00

Remark. It is non-trivial to show not only that the problem
is well-posed but even that equation (6) is well defined
because the “instantaneous rate of change” 0;0,K% (s, )
at times s < t depends on the “past” values ¥ (s, s), on
the “present” values K'Y (s, t) and on the “future” values
ICg;y(t, t). The nonlocal nature of these dynamics is such
that it is a priori not clear that the RHS of (6) even has
meaning since the matrix 3% (s, t) could be not positive
semidefinite and V, is only defined on PSD matrices.

Idea of proof. Similarly to Theorem 3.1, due to the com-
plexity of the arguments, this result is proved in several
steps. In in Appendix C.1. The first step consists of showing
that the infinite width limit is well defined for any choice of
D). This will be a GP defined by a kernel Kp,, xp,, found
as the terminal value of a finite difference scheme having the

same form as that of a Euler discretization, on Dy; X Dy,
of equation (6). The second step consists in proving that
the kernels {Kp,, xp,, } a constitute, in a suitable metric,
a Cauchy sequence as [Dys| — 0, that the limit is indepen-
dent from the chosen sequence of partitions and that it does
indeed uniquely solve equation (6). The final step, proved
in Appendix C.3, concerns the exchange of limits. After a
characterization of the infinite-depth limits, we will prove
that the distributional limit as depth goes to infinity is uni-
form in the width, thus we will be able to use the classical
Moore-Osgood theorem to justify the exchange. O

When the activation function ¢ is the identity, equation (6)
reduces to a linear hyperbolic PDE. Upon inspection, we
unveil a surprising link with the signature kernel, a well-
studied object in rough analysis corresponding to an inner
product between two path-signatures, and that was shown
by Salvi et al. (2021a) to satisfy a similar PDE. This is the
content of the next corollary.

Corollary 4.2. Using the same notation and assumptions
as in Theorem 4.1, choosing ¢ = id the limiting kernel
satisfies the following identity

z,y 2 0-13 OAZT,0AY Ug
ICzd) (s,t) = (Ua + ?)ksig ’ (s,t) — Py
A A
where kg;y is the signature kernel from (Salvi et al., 2021a)
which for any two paths x,y € X and s,t € [0, 1] satisfies
the following linear hyperbolic PDE
050cky = (Ts, ) ks (N

stg — stg

with initial conditions kg; (s,0) = kg;J(0,t) = 1.

In other words we have unveiled a novel family of kernels
indexed on continuous paths which generalizes the signature
kernel in (Salvi et al., 2021a). We name this new class of
kernels neural signature kernels. We note that this gener-
alization is done directly at the level of the driving PDE
unlike the extensions studied in (Cass et al., 2021) which
use a different inner product structure on the space where
signatures live.

Remark. Analogously to the inhomogeneous case, the pa-
rameters o 4 and o3 defining the neural signature kernels
governed by the dynamics in equation (6) satisfy the follow-
ing path-rescaling symmetry

op

KgY(s,t;0a,00) = ’CZM’“ZJ(SJ% 1, a)

as shown in Lemma C.15 in the appendix.

Remark. For non-linear activation functions ¢, the neural
signature kernel non-linear PDE (6) and the id-neural sig-
nature kernel linear PDE (7) might in principle admit the
same solution, which would mean essentially that linear and
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non-linear controlled ResNets behave in the same way in the
infinite-width-depth regime. In in Figure 1 we show empiri-
cally that this is not the case in general, by comparing the
limiting empirical distributions for ¢ = ¢d and ¢ = ReLU.

4.3. The finite-width, infinite-depth regime

Our next result states that when their width NV is fixed,
homogeneous controlled ResNets converge in distribution,
in [0, 1], to a Neural CDE with random vector fields.
Theorem 4.3. Let {Ds}pen be a sequence of partitions
of [0,1] such that |Dps| — 0as M — oco. Assume the
activation function @ is Lipschitz and linearly bounded.
Let x € X and let pp(t) = sup{s € Dy = s <t}
Then, the R -valued process t — Sp (f)( x) converges in
distribution®, as M — oo, to the solution SN (x) of the
following Neural CDE

=

Jj=1

U

dsN (x Ajp(SN () + b;)da] 8)

where A; € RN*N and b; € RYN are sampled according in
the definition of the homogeneous controlled ResNet.

Idea of proof. If we fix a, the Ays and the bys to be the
same for all D,; then we have uniform convergence by
classical results. The rate of convergence can be bounded
with some constants depending on the entries of a, Ay, by
and which, thanks to Gaussianity, have finite expectation. It
is just a matter of applying the classical portmanteau lemma
to conclude. O

Remark. This can be naturally extended in order to take
into consideration the joint distribution for different input
choices.

The solutions to equation (8) have been informally intro-
duced in (Cuchiero et al., 2021b; Akyildirim et al., 2022) as

%As random variables with values in L>° ([0, 1]; RY).

lower dimensional approximations of path-signatures, and
have been dubbed by the authors randomized signatures.

Taking directly the infinite width limit is once again far from
trivial, reasoning a la Tensor Program quickly collapse and
there is no clear possible future path corresponding to the
McKean-Vlasov ideas for the inhomogeneous case. The
problem is that the randomness is in the vector fields them-
selves and not in the driving paths, courtesy of the cross-
layer dependencies in the homogeneous networks. This is
why it’s necessary to sidestep the problem by proving the
existence of uniform convergence bounds.

4.4. The infinite-depth-then-width regime: © = id

As anticipated, contrary to the inhomogeneous case, in the
current homogeneous setting, when ¢ is the identity, we
are able to prove directly that the limits in Equation (5)
commute as well as explicit convergence bounds.

Theorem 4.4. If ¢ = id and for any x,y € X
1 L2 T
N <S§($)7S§(Q)>Rw ot KiY (s, t)

on [0,1]% Moreover the convergence is of order O(+).

5. Numerics

In this section, we first illustrate theoretical results estab-
lished in Section 4 and then outline numerical considerations
to scale the computation of signature kernels.

5.1. Convergence of homogeneous controlled ResNets

We start by illustrating the convergence in distribution of a
homogeneous controlled ResNet to a GP endowed with neu-
ral signature kernel as per Theorem 4.1. To this aim, we con-
sider a homogeneous ResNet &2 with activation function
¢ =ReLU, and (04,04, 05) = (0.5,1.,1.2). For R = 250
realizations of the weights and biases, we run the model on
a 2-dimensional path x : t + (sin(15t), cos(30t) + 3e?)
observed at 100 regularly spaced time points in [0, 1]. We
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Figure 2. Mean squared error of + (S (z), S1¥ (y)>RN, the esti-
mator of KC};¥(1, 1), as a function of the width N on a logarithmic
scale. Standard deviations were obtained by repeating the experi-
ment 5 times.

then verify that, as N increases, @y N(z) converges to
a Gaussian random variable with mean zero and variance
Ky (z,2). This limiting variance is computed by solving
Equation (6) on a fine discretization grid. As it can be ob-
served on Figure 3 the Gaussian fit for this one-dimensional
marginal gets better as IV increases. Further results can be
found in the appendix.

We then provide empirical evidence for the order of conver-
gence provided in Theorem 4.4. Here, we consider a linear
homogeneous ResNet, controlled by x and y, two sample
paths from a zero-mean GP with RBF kernel rrpp(s,t) =
exp (—5(s — t)?) with 50 observation points in [—2,2].
Similarly to the previous setup, we run the model with
M = 250 different random initializations to estimate the
mean squared error E[(+ (ST (z), S (y)) — Kia(z,v))?]
increasing the width N. Our empirical results, as displayed
on Figure 2, align with the theoretical convergence rate.

5.2. Scaling signature kernels

The signature kernel of two paths is typically computed
by approximating the solution of the PDE in (7) on a 2-
dimensional time grid, which scales quadratically with the
discretization step of the solver. Although an efficient nu-
merical scheme leveraging GPU computations to update the
solution at multiple time points on the grid in parallel has
been proposed in Salvi et al. (2021a), the maximum num-
ber of threads in a GPU block imposes a hard limit on the
discretization step of the solver, limiting the applicability of
signature kernel methods to long time series. Theorem 4.4
offers a new way to compute the signature kernel by solving
two CDE:s linearly in time instead of one PDE quadrati-
cally in time; one would first run a wide and infinite-depth
ResNet on the two control paths of interest, and then com-

pute the (rescaled) dot-product between the outputs of the
penultimate layer. This approach allows for more flexibility
regarding the choice of path interpolations and numerical
solvers, as several options are made readily available in
dedicated python packages such as torchcde (Kidger et al.,
2020). Next, we describe possible ways to increase further
the scalability of this approach.

Log-ODE method To further improve scalability of Neu-
ral CDE:s for long time series Morrill et al. (2021) made use
of the so-called log-ODE scheme to forward-solve the differ-
ential equation on much larger time intervals than the ones
that would be expected given the sampling rate or length
of the data. We leave the investigation of this numerical
scheme for computing signature kernels as future work.

Sparse random matrices The forward pass of a ResNet
involves several (M x d where M is the number of time
steps, and d the dimension of the input path) matrix-vector
multiplications where the entries of each N-by-N matrix
are Gaussian distributed. As remarked in (Dong et al., 2020),
in the context of random RNNS, to speed-up these computa-
tions, the dense weight matrices can be replaced by struc-
tured random matrices given by the products of random
(binary) diagonal matrices and Walsh-Hadamard matrices.
The complexity of the matrix-vector product can be reduced
to O(N log N) leveraging the fast Hadamard transform al-
gorithm (without sampling the Walsh-Hadamard matrices).

Random Fourier features Several machine learning use
cases of the signature kernel have provided empirical ev-
idence that embedding the input paths pointwise in time
in a feature space can be beneficial to increase the perfor-
mance of kernel methods on sequential data. In particular,
when the paths evolve in a Euclidean space, the RBF kernel
often turns out to be a good choice. Although this em-
bedding is infinite-dimensional, random Fourier features
(Rahimi & Recht, 2007) make it possible to approximate
it by a finite-dimensional one. One could then investigate
randomly initialized ResNets, controlled by sequences of
such approximate embeddings.

6. Conclusion and future work

In this paper we considered controlled ResNets defined as
Euler-discretizations of Neural CDEs. We showed that in
both the infinite-depth-then-width and in the infinite-width-
then-depth limit, these converge weakly to the same GP
indexed on path space endowed with neural signature ker-
nels satisfying certain (possibly non-linear) PDEs varying
according to the choice of activation function ¢. In the
special case where ¢ is the identity, we showed that the
equation reduces to a linear PDE and the limiting kernel
agrees with the signature kernel. In this setting, we also pro-
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Figure 3. Empirical quantiles against the theoretical quantiles of A"(0, K3 (1)) for N € {10,100, 500} with ¢ = ReLU

vided explicit convergence rates. Finally, we showed that in
the infinite-depth regime, finite-width controlled ResNets
converge in distribution to Neural CDEs with random vector
fields which are either time-independent and Gaussian, if
the system is homogeneous, or behave like a matrix-valued
Brownian motion, if the system is inhomogeneous.

We believe that a rigorous investigation of the functional
analytic properties of the reproducing kernel Hilbert spaces
(RKHSs) associated to the new family of neural signature
kernels is also a compelling future research direction. In
particular, it would allow to build an understanding of the
expressivity and generalization properties of these kernels.

In the homogeneous setting, the vector fields are constant
functions while in the in-homogeneous setting they are de-
scribed by white noise. Investigating the intermediate regu-
larity cases is an interesting avenue for future research; for
example considering matrices and biases sampled from of
Fractional Brownian Motion increments with Hurst expo-
nent H € [0, 1] (the inhomogeneous case corresponds to
the case H = 0.5 while the homogeneous one to H = 1).

Last but not least, establishing expressions and analyzing
the associated Neural Tangent Kernels (NTK) (Jacot et al.,
2018; Yang, 2020) would provide quantitative insights on
the training mechanism of Neural CDEs by gradient descent.

All the experiments presented in this paper are repro-
ducible following the code at https://github.com/
MucaCirone/NeuralSignatureKernels
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A. Preliminaries

In this section we are going to state some preliminary results and considerations which we are going to refer to through the
entirety of the text.

Throughout the paper we fix a probability space (2, F,P).

A.1. Assumptions on path regularity

Since we are mainly interested in studying time-series, our data space will be a space of paths, more specifically we are
going to consider the space

X := {z € C°([0,1];RY) : 2(0) = 0, 3% € L?([0,1]; R}

i.e. X is the space of continous paths which have a square integrable derivative. X is the closed subset of the Sobolev space
(W2([o, 1}))d made of those functions starting at the origin.

Note that every path = € X can be uniquely written as

t
mt:/ Teds
0

thus it naturally corresponds to the space L?([0, 1]; R?) trough the identification z + . This identification gives the space
the natural norm ||z ||y = ||Z|| 2.

This norm is equivalent to the induced norm from (W*2([0, 1])) * since

1 1 s
Mﬁnwm;m=A|m%mwm;=£|4¢mmw+wﬁz
1 1 9 9
< [ [ vaPards+ i = 2]
0 0

for z € X, hence (X, ||-||¢) is a Banach space. Moreover one can easily see that every « € X has bounded variation and

1 1
1ol oo = / nldt < / [ 2dt = |z

Given n paths X = {z1,...,2,} C X and functions f : X = R, G : X x X — R we will write f(X) € R™ for the vector
[f(X)]a = f(z4) and G(X, X) € R™ ™ for the matrix [G(X, X)]? = G(z4,25) forany o, B € {1,..,n}.

A.2. Assumptions on the activation function

Now we are going to state the main assumptions on the activation function ¢ : R — R and prove some important technical
results of which we will frequently make use in the following sections. We will particularly be interested in how regularity
assumptions made on ¢ influence the regularity of the expectations of Equation (6) and (3).

Here are the crucial assumptions we make on the activation:

Assumption A.1. The activation function ¢ : R — R is linearly bounded i.e. such that there exist some M > 0 such that
lp(x)] < M(1 4+ |=]).

Assumption A.2. The activation function ¢ : R — R is absolutely continuous and with exponentially bounded derivative.

Lemma A.3. If the activation function ¢ : R — R is K-Lipschitz then its componentwise extension ¢ : RV — RN
is K-Lipschitz too. If the activation function ¢ : R — R is M-linealy-bounded then its componentwise extension is
V2N M -linealy-bounded.
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Proof. Regarding the first proposition, for x, y € R™ we have

\gp(a:) ]RN = Z |§0 1‘1 yz ‘2 < ZK |zz yz|2 K2|$ - y|]%§N

=1

Concerning the second, notice how

N

N
lp(@)ffn = D le(@i)? < ZM2 (1 + |a])? Z (1 + |if?)

=1 =1
= 2M?*(N + |z|3.) < 2NM?(1 + |z[3~)

thus |o(z)|gy < V2NM(1 + |z|g~) since /1 4+ € < 1+ /e forall e > 0. O

Remark. Note how we have proved also that, under the linear boundedness assumption, using the same final bound

o(x) ey < V2ZM(VN + |z]gn) )

A.3. Positive semidefinite matrices and the map V,,

Definition A.4. Let P.SD- denote the set of 2 X 2 positive semidefinite matrices
PSDy = {2 e R*?: X = X7 ([Z]})* < [B[Z]3;0 < [B)1 A [Z]3)
For a fixed R > 0 we define the space

PSDy(R) := {EGPSDQ:%S D)), 22 < R}

Lemma A.5. Under Assumption A.2 and for any R > 0 the function V, : PSD2(R) — R defined for any ¥ € PSD2(R)
as

Vo(2) =E(z,.2,)~nN(0,5)[0(Zs)p(Zy)]

is kp-Lipschitz for some kg > 0, i.e. _ ~
|Vsa(2) - V¢(2)| < KR|IE - s

Proof. This is the content of Theorem F.4 in (Novak et al., 2018). O]

Proposition A.6. Under Assumption A.1, there exists a positive constant M > 0 such that
Vo<1 (1+ /o) (1+ /o)

Proof. In fact given a PSD matrix ¥ € R?*2 we have

¥ = AAT

where
A ( «,0 )

By, 8y/1—72

with 52
b
a=/[Z},B8=1/[Z]3and y = L
DIHDIE
Then it can be easily observed that
E(z,,z,)~N05)[9(Z2)p(Zy)] = Ezon(,19) [@(Oézl)@ (5 (721 +v1- 7222»}

14
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so that
Vo (2)] = ’EZNN(O,Id) [90(0421)@ ([3 (721 +v1- ’72Z2))} ‘
< Ezn0,14) “‘P(szl” ‘@ (5 (’YZ1 + MZ2>) H
< MPEzn(014) [(1 + [(aZ1)]) (1 + ‘(5 (721 + MZQ)) D}
= M? {1 + aEzn0,10)[| Z1]] + BEzn (0,14 HVZl + MZQH
+ afEzon(0,14) [\Zl| ”YZ1 + MZQH }
< M? {1 + (a4 BV DEzn 1) [|Z1]] + BV 1 = V2 Ezn(0,10)[| Z2]]
+ aBIYIEzon 010 (| Z1]] + aBV/1 — ')/2EZ~N(0,Id)[|leQH}
<M (1+a+ Bl +BVI=72+aBh|+aBV1=7?)
where the first inequality follows from Jensen’s inequality, the second from Assumption A.1, the third from the triangle

inequality, and the fourth from the fact that A/(0, Id) has finite moments with M a constant incorporating A2 and these
bounds.

Using 42 < 1, for some constant M one has

Vo(2) < MA+a+B+aB)=M1+a)(l+7)

O

We end the section showing the explicit characterization of the maps V,, for some selected’ activation functions. We write
V., with the obvious meaning.

Proposition A.7. Defining v(X) := %%[2]2 we have
Via(2) =[]} = [Z];
V (%) L + L (=) arccos(v(%)) | [X]3
) =— |+ t—5F" -
field 27 7(%) (10)
2
Verp(£) = garcsin ( [21:]1 ~ )
4 V(0.5 +[Z]1)(0.5+ [Z]5)

Proof. See (Yang, 2019)[Facts B.2, B.3]. O

B. Proofs for inhomogeneous controlled ResNets

In this section of the appendix we are going to prove all the results stated for the inhomogeneous case. The section
will be subdivided in three main parts: in the first we consider the infinite-width-then-depth limit, in the second the
infinite-depth-then-width one, in the final one we prove the commutativity of the integrals.

We start by recalling the defintion of the model.

Definition B.1 (Inhomogeneous controlled ResNets). Let Dy, = {0 =tg < -+ < tpy = 1} be a partition, N € N be the
width, and ¢ : R — R an activation function. Define a randomly initialised, 1-layer inhomogeneous controlled ResNet

UMN . X — R as follows
M,N L M,N
\Ilgo (‘T) A <1/}7StM (m)>RN
"by the availability in the literature.
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where (-, -)p~ is the L? inner product on RY, ¢ € R¥ is a random vector with entries [1/], N (0, %), and where the

random functions St]t LN X 5 RY satisfy the following recursive relation

d
SN = SN LN (A8 + bja) A

tita
Jj=1

M,N _ J o (] J
S;, =a and Az = (v}, —x_))

for ¢ = 0, ..., M, with initial condition [a], o N(0,02), and Gaussian weights A;; € RV*¥ and biases by, € RY
sampled independently according to

2 2
p iid 0 o1 id gy
A1 8 (0572 ) s sl (082 )

with time step At; = (¢; — ¢;—1) > 0 and parameters o,,04 > 0 and o}, > 0.

B.1. The infinite-width-then-depth regime

The main goal in this subsection is to prove the first part of Theorem 3.1, which we restate here:

Theorem B.2. Let {Dys}ven be a sequence of partitions of [0,1] such that |Dyr| | 0. Let the activation function
¢ : R — R be linearly bounded, absolutely continuous and with exponentially bounded derivative. For any subset of paths
X ={x1,...,xn} C X the following convergence in distribution holds

lim  lim WYY (X) = N(0, (X, X)) (11)

M—o00 N—o0

where the positive semidefinite kernel k., : X x X — R is defined for any two paths x,y € X as ky(x,y) = Hi’y(l), where
kY [0, 1] — R is the unique solution of the following differential equation

T, T

) T,y __ 2 V. HLP <P,y 2 y J 12
tﬁ:gp - UA (%2} /ﬁi’y K:g’y + ab <xt7 yt>Rd ( )

with initial condition k%Y (0) = o2.

Remark. As mentioned in the paper, this convergence is equivalent to say that the sequence of random functions \Iffy’N :
X — R convergence weakly to a GP with zero mean function and with kernel .

We split the lengthy proof in two parts:

1. The infinite width-convergence of the finite dimensional distributions

N—o00

UM () =25 N(0, kip,, (X, X))

for a fixed depth M to those of a Gaussian process GP(0, kp, ) defined by a kernel computed as the final value of a
finite difference scheme on the partition D). This will be done using Tensor Programs (Yang, 2019), and is the content
of subsection B.1.1.

2. The infinite-depth (uniform) convergence of the discrete kernels kp, ~to a limiting kernel s, which solves the
differential equation (12). This will be done in subsection B.1.2.

B.1.1. INFINITE-WIDTH LIMIT WITH FIXED DEPTH

In the next theorem, we show that finite width inhomogeneous ResNets converge in distribution to GPs with discrete kernels
satisfying some difference equations.

Theorem B.3. Let Dy = {0 =to,...,t;,...,tar = 1} be afixed partition of [0, 1). Let the activation function ¢ : R — R

be linearly bounded ®. For any subset X = {x1,...,x,} C X the following convergence in distribution holds
ngnoo ‘Ili/LN(X) = N(O7 KDy (X, X))

8in the sense that 3C' > 0. such that |¢(z)| < C(1 + |z|).
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where for any two paths x,y € X the discrete kernel kp,, (x,y) = /@%’f{ (1) where ’{%}7{4 satisfies the following difference

equation
(Azy,, Ayy,)
Ky, (ti) = Kpy, (tiz1) + (UAV (B30 (tim1)) + U?) ' AL Lo (13)

with k7Y (0) = o2 and where

SBY (1) = (“%f 0 ey ) (14)

fpy (1) Ry, (1)

Proof. We use (Yang, 2019)[Corollary 5.5] applied to the Tensor Program of Algorithm 1 where the input variables are
independently sampled according to
2 2

FAr) Bla v N1, fade ~ NO02), yida ~ N0, 52)

[A;4]5 ~ N(0,

The above sampling scheme follows (Yang, 2019)[Assumption 5.1]. Furthermore, linearly bounded functions are controlled
in the sense of (Yang, 2019)[Definition 5.3] since for all 2 € R one has |¢(z)| < C(1 + |z|) < el#IT9(C) Thus, we are
under the needed assumptions to apply (Yang, 2019)[Corollary 5.5]. This result states that the output vector of the discrete
controlled ResNet in Algorithm 1, on the partition Dy converges in law, as N — oo, to a Gaussian distribution A/(0, K)
where fori,j =1,....n

(K] = Ez Nz {ZSM ZS“} = 2(S83,Su)

with p, 3 computed according to (Yang, 2019)[Definition 5.2] and defined on the set of all G-vars in the program i.e.

wm(g) if g is Input G-var
w(g) = >op arpe(gr) if g is introduced as >, argy via LinComb
0 otherwise
Y (g, g') if both g and ¢’ are Input G-var
Yok akX(9k, ") if g is introduced as ), argy via LinComb
¥(9,9") =< > axS(9, 95) if ¢’ is introduced as ) *, axg;, via LinComb
o Ezons)0(Z2)¢'(Z)] if g=Wh,g = Wh'viaMatMul w/ same W
0 otherwise

where h = ¢((gx)3~) for some function ¢ and ¢(Z) := ¢((Z9 )} ,), similarly for ¢'.

In our setting ;'™ = 0 since all Input Variables are independent, from which p = 0; furthermore X" (g, ¢') = 0 except if

g = ¢’ when it takes values in {02 -, 1} accordingly.

a’tft

Following the rules of ¥, assuming [;,; € {1,..., M}, we obtain

J

d
SSELST) = B(STLLS) +2(Zv",zzm>i‘; S)
k=1

U

= (Slxlp mj )+ % ( Vi JLA Slz]1>
k=1

i (z v,alz.A(xi)zi,zv;,lja<mj>élj>
k=1 =1

= N8P S+ B(SELST) ~ S(SEL, S
d
Y S0k Ak Al

k,m=1

17
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Now
2
; ; o
E(Wk,lia rﬁmlj) = 5k,m5i,j ﬁE[Qp(Zl)@(ZQ)] + E(bk,li ) bm,lj)
_ 5k,m6i,j 2 2
BT [04E[p(Z1)p(Za)] + o3|

where [Z1 Zo] T ~ N(0,%,_, (2, x;)) with

SN (S5, 8) Z(Sfi,Sfj)
Zl(x“xj) = (E(Sfi,slxj) Z(Sfj,Slxj)

In particular we see that if [; # [; then E(Sii,Sfjj) = E(SzIA S;7 ). Thus if we set, for t;, € Dy,

37 T ling

K ) = S5 ST)

we get
K:Dl;w ! (tli) = H’Dllll ! (tli_l)
d Ay, Ala;)i
i2alh Ity
+ Z (UiE(zm,ZU)NN(O,ilH(mi,x]-))[@(zw)@(zyﬂ + ‘713) t —t 1
k=1 o
which is exactly what Equation 13 states. Then note how
B85 857) = oa
Thus finally we can conclude and write the entries of the matrix K as
[K]i = kg, (1)
O
Algorithm 1 Sf\ 1N as Nestor program
Input: Sj : G(N) > initial value
Input: (by,...,bq) : G(N) > biases
Input: (Al,l; RN Ad,l)l:l,--- M- A(N, N) > matrices
Input: v : G(N) > readout layer weights
fori=1,...,ndo
// Compute Sfu’N(m,’) (here Sy is to be read as Sy)
fori=1,...,M do
fork=1,...,ddo
a}:w = SD(SiT—i;) : H(N) > by Nonlin;
ﬁl?,l = Avk’la}%l : G(NV) > by Matmul;
Vi = Bhy + k1 G(N) > by LinComb;
end for
S =8 4 Yy al(@a)y — (@) ] G(N) > by LinComb;
end for
end for

Output: (v'Syi/VN)iz1,

Remark. There are two things to notice, done in the above proof in order to satisfy the required formalism:
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* In the program the output projector v is sampled according to A/ (0, 1) while the original ¢ ~ N (0, %) This does not
pose any problems since the output of the formal programs uses v/ VN ~ N (0, %)

 The input paths x; enter program 1 not as Inputs but as coefficients of LinComb, this means that for any choice of input
paths we must formally consider different algorithms. In any case, for any possible choice, the result has always the
same functional form; hence a posteriori it is legitimate to think about one algorithm.

Actually we have proved the even stronger statement, in the sense that the previous result holds for intermediate times too:

Corollary B.4. Forallt,,,t, € Dys one has the following distributional limit

(VSN )) (VSN X)) NORS (b A1)

RN N—oo M

and the matrices X3,* (t,,) are always in PSD;.

B.1.2. UNIFORM CONVERGENCE OF DISCRETE KERNELS

We now prove the convergence of the kernels H%’IZ\I/] : Dar — R established in the previous section to a unique limiting
kernel %Y : [0,1] — R as |Dy| — 0. We first extend the discrete kernels 73 to maps defined on [0, 1] in two ways.

Definition B.5. We extend the map x73” : Dy — R to the whole interval [0, 1] in two ways: for any ¢ € [t tmi1)

1. (piecewise linear interpolation) using a slight abuse of notation that overwrites the previous one, define the map
wpe o [0,1] — Ras

1 ¥ ! Tt — Tty Yt = Yt
ks, (1) = Kpy, (tm) + (04 Ve (232, (tm)) + o) ( S 5 — (t = tm)
t t?n t t?n ]Rd

We extend in a similar way the matrix ¥7¥ defined in equation (14).

2. (piecewise constant interpolation) define the map R‘%Z :[0,1] = Ras

k%zf (t) = K%Z (tm)-
and similarly for the matrix %3;" .
M

Remark. It is important to consider both these types of extensions. The piecewise linear, being continuous, is used to
prove uniform convergence to a limiting map in the space of continuous functions C°([0, 1]; R). The piecewise constant is
proved to converge to the same object, this time in L>°(]0, 1]; R) since it’s not continuous, and is well suited to prove how
the positive semidefinitess properties of the discrete kernels pass to the limit.

Theorem B.6. Fix a sequence {Dys}nren of partitions of [0, 1] with |Dys| — 0 as M — oo. Then, for any two paths
z,y € X, the sequence of functions {k7;" }nr converges uniformly on C°([0,1];R) to the unique solution %Y : [0,1] — R
of the following differential equation

t
KEV(t) = 02 + / (CAVo(S2Y(8)) + 02) (dar ) g ds (15)

with
KZ*(t), Kk

Sz (t) = ( éw(t%ézgg )

One of the main difficulties when dealing with Equation (15) is making sure that the matrix 3Z:¥ stays in P.SD5 for all times
t € [0,1], in order to have V,,(X%¥(t)) well defined. This is clear if z = y when ¥%*(¢) = £{;*(¢)1, and one can just use
(Friz & Victoir, 2010)[Theorem 3.7] to conclude, but it is not in the general case. One possible way to tackle this problem
would be to consider the triplet (%, k%Y, k%) : [0, 1] — R and find it as the solution of (15) on a submanifold of R?.
We decided to employ a more elementary technique which, unlike this "PDE on manifold” one, extends to the homogeneous

case t0o, and we will find % : [0, 1] — R* as uniform limit of matrices in PSD,.
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The main idea for proving Theorem B.6 will be to show that the sequence { n%’j{l } s is uniformly bounded and uniformly
equicontinuous so that Ascoli-Arzela theorem applies. One then proves that the limit of the resulting subsequence is the
unique solution of Equation (15) and that the whole sequence converges to it. Before proving Theorem B.6 we need several
lemmas.

The first step is to establish a uniform lower bound.

Lemma B.7 (Uniform lower bounds). For any x € X, any partition D

165" loc.j0.1) = sup |xp" ()] > o2
€[0,1]

and similarly for F3;".
Proof. Setting, for any t,,, € D by definition of the kernel x73"

Kpt(tm) =0a+ Y (0AVe (S5°(0) +07)
0<l<m

Recall the definition of the map V,, in Lemma A.5. For any ¢; € D we note that V,,(S57(4;)) = Elp(v/k5" (41))?]
for Z ~ N(0,1) since we have that £35°(t;) = k" (¢;)1 with 1 € R?**? the matrix with all entries equal to 1. Thus
V(2357 (t)) > 0 and we can conclude that #3;” () > o2 since we are summing to o2 only the non-negative terms

Aty

Al‘t 2
2 x,T 2
(05Vo (55" (1)) + o3) ‘Atl::

For any ¢ € [0, 1], by definition, we can write

LTt — Ty,

570 = w5 () + (o3, (357 (0)) +07) |2 )
m Rd
thus is the sum of k3" (t,,) = &5 (t) > o2 and the quantity
- z—z, |
(0124‘/#7 (E%x(tm)> + U?) = (t —tm)
t— tm R4
which is > 0 by the same arguments as above. O

The second step is to establish a uniform upper bound.

Lemma B.8 (Uniform upper bounds). For any x € X and any partition D there exists a constant Cy, > 0 independent of D
such that

~X,T

“Hﬁ ”oo,[O,l] < HH%$”00,[0,1] < Ox

Proof. Note how all the values taken by £7;" are also taken by ~7;" in the corresponding partition points, thus the first
inequality is trivial. Let us find an upper bound C,, for &7 first, intuitively since x7;" cannot be far from #7;" the constant

C, should help find the bound C,..

Let ¢ € [tm, tm+1). Recall the definition of 75"

R (1) = w5 (1)

. Az Az
—ott X AV ) +od) (T T ) At
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We then have

2
<Amtl+1 Aiy, > Aty = ’Awtl“
Aty Aty

Rd

1 /tl+1 || gadt)® Aty 4y
A

1 tiy1
< / |jjt|]12§dthtl+1
t

<(

— Aty

try1
= / |E4[Radt
ty

where the last inequality is by Jensen’s inequality. In addition, by Lemma A.5 there exists a positive constant M such that

Ve (S5 ()] < M(1L+ /3" (1)) < 2M(1+ K5" (1)),
Thus
ti+1
REE(t) < o2 + Z (203 M (1 + &5° (1)) + o2) / |24 |2 adt
<i<m b
t ~
=0+ / (203 M (14 R3" (1)) + o) |d¢|gadt
0
By Gronwall inequality ((Friz & Victoir, 2010), Lemma 3.2) we have
L+RpT () < (1407 +0f [lal)%) exp{205 M ||}
hence the statement of this lemma holds for #7;" with the constant

Co = (1402 +0f||al3)e2aMlzlz 1

To prove a similar inequality for k7;", consider

T, x,T x,T Tt Tt,,
Kp (t) = Kp (tm) + (0124‘/50 (ZD (tm)) + ‘75) P (t—tm)
Then we have
xT,T xT,T 2 17 o 2 Tt — xtm
K5 (0] < I (b + (203N (1 + Co) + 0F) | o2 — 1)
m

<Gy + (203 M (1 + Cy) + o) o
Hence the statement follows by setting
Cp = Co + (205 M (1 + Cy) + 07) |12l
O

Remark. Note how C,, only depends on ||z||y and is increasing in it, thus this bound is uniform on bounded subsets of X.

The following lemma shows that the kernels are in fact elements of PSD(R).

Lemma B.9. There exists a constant R = R, € R such that $5°(t), 25" (t) € PSDa(R) for every D and t € [0,1].
Moreover, as before, this R, only depends on ||x||x and is increasing in it.
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Proof. ¥%°(t) and ©5% (t) are PS Dy since they are of form a1 for some a > 0. The diagonal elements &5” (t), k5" (t)
are bounded above by a common constant C,, and below by o2, We thus can simply choose R, = C, V o, 2. O

We now extend the results of Lemma B.8 and Lemma B.9 to the case x # y.
Lemma B.10. Fix a a > 0. There exist a constant Cy, such that for all x,y € X with ||z||y , ||y|lx < o and all partitions D

it holds
165 llo0,j0,1] < Ca

Moreover for Ry, == Cy V 0,2 we get R
Y35Y(t) € PSDa(R,)

Proof. Remember how the maps i%’y (t) are PS D since their values are found as covariance matrices of Gaussian random
variables with Tensor Program arguments in Theorem B.3 , in particular by positive semidefinitiveness and the previous
bounds

RV (0] < ([R5 (ORE" () < /.G, < G,V G,
For k73Y(t) we proceed similarly to before: when ¢ € [t,,, t,,+1) one has
k5" (0] < |rp” (tm)]

"~ ~ T, ~ x _xrn - m
(AN + /A5 () (1 + m%y<t>>+a£><f tn Yt y> <t—tm>]
Rd

+ t—1tm t—1tm

<C,VvC,

t—1tn t—1tn
Tt — Tty

t—tm
Co v Cy + (203 M(1+ Co v Cy) + o) (2]l + 19llx) < Ca

+ (20530 (1 + C, v Cy) + 02))| < ¢~ Ltm Yt Yim > I(t — t)
Rd

Yo 12t — 1)

tm

IN

CoVCy+ (205M(1+C, v Cy) + o)

2 Yt —
+
|t—

IN

where we have used | (a,b) | < |a||b| < (|a|® + |b|?) for a,b € R? The second part follows from the definition of
PSD»(R.). O

We are now ready to prove Theorem B.6.

Proof of Theorem B.6.

Part I (Convergence supy 1),(o,1) [K 7., (t) — RpY, (t)] — 0as|D| — 0) The set {x,y} is bounded in X, we can thus fix
two constants C,, ,,, ;. , with the properties given in Lemma B.10. We will often, for ease of notation, refer to them as C
and R. We have, for ¢ € [t,,, t;,t1), that

5D, (1) = gy, (1)]

2 37 ~T,T ~y, oy /Tt — Tt,, Yt — Yt
< (AN + /RS <t>><1+¢n%i,<t>>+ab>< R > (t — t)]

~ Tt — Tt,, Yt — Yt
< QOAM(L+ Coy) + (T P 5= Pt~ )

t
< QoM+ Coy) + o) [ 1l + 13 ds

tm

In particular as |D| — 0 we have
sup |Ii%i{ (t) — F@%ij ) —0
[0,1]%[0,1]
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since, by dominated convergence, one has

t 1
/ [da]? + [ [2ds = / T,y ([al? + [3:[2)ds — 0
0

tm

Part II (Ascoli-Arzela) By Lemma B.10 the sequence of functions {Ii%i{ }as is uniformly bounded. Assume s < ¢ then
one has, with the same bounds just used, that

5P (1) — K57 (3)] < 2203 NI(1 + Cyy) + o) / 1&,]2 + gy 2ds

thus the sequence of functions {/@%’i{} M 1is also uniformly equicontinuous, in fact the bound is independent from the
partition. We can apply Ascoli-Arzela to conclude that there exist a subsequence {Dyy, } with /{x’ , uniformly converging to
a limiting x™¥ € C°([0,1];R). Since this must be the uniform limit of 7" too, by the result of Part 1, we obtain that the

corresponding limiting matrices ¥3¥(t) € PSDz (R, ) forallt € [0, 1] since the Ef;y( ) are and PSDs(R, ) is closed °.

Part III (Uniqueness of solutions to equation (15)) Here we prove that if the PDE (15) admits a solution this must be
unique. Assume the existence of different solutions K = (K 4, Ky 4, Ky ) and G = (Gyz, Gayy Gy ) with all the 25
and X in PSD . From Eq (15) it is clear that K o, Ky y, Gu 2y Gy y > Jg and, by continuity, that they are bounded by
some constant; thus all the X and X are in some in PSDs(R). Then by the Lipschitz property of V, one sees that

t
IE%7 () = E¢" Ol < /O oAk |Z%Y () =BG O oo (| (@ ) | 4 (s 90) [+ [ (G0 ) Dar
thus ||X%Y(t) — XY (t)]| . = 0 by Gronwall for all ¢t € [0,1] i.e K = G.

Part IV (Limiting kernel solves equation (15)) We now need to prove that the limit £, of the subsequence {HDM e
solves the PDE, it will then follow that any sub-sequence {/@Dy } admits a further sub-sequence converging to the same map

Y, giving us the convergence of the whole sequence. Thus without loss of generality we can assume in the sequel that the
whole sequence converges.

Let us prove that the limit <3¥ is, in fact, a solution of the PDE. Let ¢ € [t tm+1) for some fixed D, then

t
20—t [ OAVAEIE) + 08 (i d

t
<|wg¥(t) — sy, ()] + Ui/o Ve (357(5)) = Voo (X35, ()] (s, ) ga |ds

b Azy Ay,
o, ds — I+1 7 41\ A4
~/tl <xS y8>]Rd s < Atl+1 Atl+1 I+1

t
. Tt — Tt,, Yt — Yt
Tg, ds — . N (t—t
[ s = (S Mt )

m

+ ) [(0AV, (357 (1) + 07)|

0<l<m

+[(04Ve (B3, (tm) +03)]|

t
<|rg?(t) = £, (0)] +031/0 Ve (B57(5)) = Vo (557, (5D (@55, 9 I ds

tiga Az, Ay
. ds — = o)A
/tl (s, Ys)pa < Aty1” Atigg o

+ (203]\2(1 +Cy) + ag) { 3y

0<i<m

t
.. Tt — Tt Yt — Yt
[ Gnidaads = (B M )

m

+

but

This is important to have a candidate solution to Equation (15) which otherwise would not be well defined.
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b
. . Th — Taq .
Lsy Y. - ) I dS
/a < s y9>]Rd < b_a y9>Rd
b —
<5.Us e ) ya> ds
b—a Rd

/ e — &

b
. . Ty —Ta Yp — Ya
[ i ds = (B 0 )

IIye\dS

hence

t
KEV(E) — 0 + / (CAV (S5 (5)) + 02) (dar ) g s

< D) = KB 01+ 03[ IValD56)) ~ Vol S5 O (i s

Itm A tieq
+ (20AM(1+C T,y +Ub {/ [t'nu |xé_ t |+O<ZZ<: Htl7t1+1)|ms_ﬁ>| S|d3}

Now, considering the sequence Dj;, by convergence

[KgY(t) = Ky, ()] = o(1)

and
t _ t B
/0 Vo (279(5)) = Vi (X5, ()] (55 Us)a [ds < /O kr|EGY(s) — X5y (8)|ool (25, Us)ga |ds = o(1)

Moreover, setting mp; to be such that ¢ € [ty,,,, tmy,+1) in Das, we have that by Lebesgue differentiation theorem

Lt — T, Dy AxtDM
. mar . I+1 M— o0
(H[tDM t)( )|$‘S — W + Z H[tZDM,tZJ\{I)(S)kUs AtDM |) 0

m
M mu 0<I<myr I+1

almost surely as a function of s, thus using Dominated convergence we conclude that

t Ty — T,y A:z:tlzaM
Lo (s =~ 4 S Tous o) (5)lits — —bti])[dlds = o(1)
/0 ( [ty 1) y t— tDu ngzmM [t M) s Atﬂjvll s

thus

t
K (t) — og +/0 (AVe(25Y(5)) + 03) (s, Ys)a ds| = 0

i.e

t
KEV(H) = 02 + 02 + / (Ao (S2Y()) + 02) (i) g ds

B.1.3. PROOF OF THEOREM 3.1: PART 1

It is finally time to prove the first part Theorem 3.1 in the main body of the paper, which we restated in the appendix as
Theorem B.2.
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Proof of Theorem B.2. The proof is now just a matter of combining Theorem B.3 and Theorem B.6. Under our hypotheses

Theorem B.3 tells us that, for any subset X = {z1,...,z,} C X, we have in distribution
Nh_r)nm \Ili/LN(X) = N(07 KDy (X, X))
where £p,, (2o, ) = ki, " (1) forall a, 5 = 1,...,n. Thus to conclude we just have to prove that, still in distribution,
it holds
A}ILHOON(Oa KDy, (Xa X)) = N(Oa H@('X’ X))
or equivalently that o _
i s (1) = K2 (1)
This last needed limit follows from Theorem B.6 with the sequence {Dj; } aren- O
We can now study some particular cases.
Corollary B.11. If p = id, then
sy _ (o2 1 Ob 28..d0'§ 6
Kig (t) = (Ua + JT) €Xp 104 (), ) dn ¢ — 52 (16)
A n=0 A
If p = ReLu and x = vy, then
. 202 o4 [° . 9 207
Fiera(t) = (00 + 3*) exp {;/ e dn} - (17)
0A n=0 0A

Proof. This is just a matter of computation. For the case ¢ = id one has

Ezno5)[(Z1)0(Z22)] = Ezono,:)[Z122] = [S]
hence .
rid (8) = 05 + / (AR5 (5) + 02 s, ds
0

Notice then that substituting (16) for K¢(z,y) in the integral leads to

2 ‘ 2 2 013 2 7. . Ug 2| /s
Oq +/ [JA{(% + —5)exp {UA/ (Tns Un)ga dn} - T} + Ub} (s, Ys)ga ds
0 0A n=0 0A

t 2 S
o . . . .
:0(21 —|—/ 0'124 (oﬁ + 073) exp {0124/ Ty, Un)ga dn} (&5, Us)ga ds
0 n=0

A
T

t 0—2 . .
=2 +/ (02 + —3)8T<exp {oi/ (T, Un)ga dn}) |7—sds
0 04

02 s . .
=02 + (02 + O_—g) [exp {0?4/ (&0, Un)ga dn} — 1]
A —0

01% o 7. . ‘713
—) exp {C’A/ (T, U)o dn} - 2
UA —0 UA

=(o7 +
which means, by uniqueness of solutions, that the thesis holds.
For what concerns the case ¢ = ReLU notice that for one dimensional Gaussian variables centered in the origin one has
2 1 2 L o
Ezon0,0n) [ReLU(Z)"] = 5Ezon0,00)[27] = 50

hence since
Ezon(ors7, (1) [ReLU(Z1)ReLU (Z2)] = Bz n(0.0%7, , () [RELU (Z)?]

R
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one has b
g . .
i) = 02+ [ [FA0) + 03] s
which equals &) (¢; 0, "7’%, ap). O

‘We conclude this section by proving Remark 4.2 about the path scaling symmetry mentioned in the main paper.

Lemma B.12. For all choices (04,04, 0p) and for all ¢ as in Theorem 3.1 we have, with abuse of notation and the obvious
meaning, that
—1
kY (t; 00,04, 00) = KA (t 00, 1,000 4)

Proof. We have
kg (t 00,04, 0p)

<i'777 yn>le dT}

SN
—

= 0-2 + / [U%]EZNN(O,Ei’y(n;UQ,o’A,ob)[@(Zl)so(ZQ)] +o
n=0

S o

g

:| <x.?77 yn>Rd dn

= 0-2 + / 0 0.24 []EZNN(O,EZ;’y(’r/;UQ,O'A,ob)[@(Zl)so(ZQ)] + o
n

bV

¥ of . .
=0l + / . {EZNN(O,Ef;’y(n;oa,aA,Ub)[QD(ZI)QO(ZQ)] + 0—3} (AT, 0AYn)ga AN
n= A

and

KTt 0, 1, obagl)

° of . .
=02+ / I:]EZNN(O7EZATD,0A?/(77;0_Q, oy [p(Z1)p(Z2)] + —12’} (TAZy, OCAYY)ga AN
n=0 oA 07

Thus the respective triplets solve the same equation and we can conclude by uniqueness. [

B.2. The infinite-depth-then-width regime

As mentioned in the paper, it is natural to ask what happens if the order of the width-depth limits in is reversed.

B.2.1. PROOF OF THEOREM 3.3

We begin by proving Theorem 3.3 which we restate for the reader’s convenience. We will follow arguments used in (Hayou,
2022), extending the results obtained therein.

Theorem B.13. Ler {Dy;} aren be a sequence of partitions of [0, 1] such that |Dys| | 0 as M — co. Assume the activation
function ¢ is Lipschitz and linearly bounded. Let pps(t) := sup{s € Dys : s < t}. For any path x € XN CL2, where
CL% denotes the set of C paths with %-Hﬁlder derivative, the RY -valued process t — Sxf(\;) (x) converges in distribution,
as M — oo, to the solution SN () of the following SDE

d
A .4 i N . q i
dS) (z) =Y —~=ildW}o(S) (z)) + ovi]dB] (18)
= VN

with S (x) = a and where W7 € RN*N and B7 € RY are independent Brownian motions for j € {1, ...,d}.
Proof. We will transform Equation (18) in a usual SDE form to then use the classical result (Kloeden & Platen, 1992)[Theo-

rem 10.2.2] to prove the convergence of Euler Discretizations to the unique solution. We first show that Equation (18) can
be re-written as follows

t
SN (z) = o2 +/ o.(s,8N (x))dZ,
0
for a Brownian Motion Z; € R4~ with T'y v := dN(N + 1).
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Take in fact
Zs = [(WHT (W (WINT (BT, (WD, (BHTTT

or equivalently

2 — [(Wk™ ifm=1,...,N
St Bk ifrn=N+1

fori = N(N+1)(k—1)+N(m—1)+1,...,N(N+1)(k—1)+ Nm . In addition, define o, : [0, 1] x RY — RN¥*Ta~
as

o4 .k . .
(o) = LA @lnldnoy ifm =1, N
optFIdn« N ifm=N+1

fori=1,...,Nandj = NN+ 1)(k—1)+ N(m—-1)+1,...,N(N 4+ 1)(k — 1) + Nm. It is then just a matter of
checking the required conditions to apply (Kloeden & Platen, 1992)[Theorem 10.2.2]:

1. Thereisa K > 0 such that V¢ € [0,1].¥y,y’ € RY one has
lo(t,y) = oty )llp < Klly =y lpn
2. Thereis a K’ > 0 such that V¢ € [0,1].Vy € RY one has
lot e < K'(1+[[yllg~)
3. There is a K” > 0 such that V¢, s € [0,1].Vy € RY one has
lo(t.y) = o (s,9) | < K" (1+ |yl )t — |7

As a first step note how

d 2
o2 2 (W)l
lo(t,y) HF*NZ i) Ub*Z —2( ):N||$t||Rd(0§+UiTR)
k=1

thus using sublinearity of ¢ for some M > 0 one has

2
2 .12 g
lo(t )l < N llelfza (03 + 52 M1+ lyllan)?)
from which we easily get condition (ii).

For condition (i) note that

2 o) — o) lax

lo(t,9) = o(t,y") I = N llelza 0%

N
thus one just uses Lipschitz property of ¢ with Lemma A.3.
Finally for (iii) one computes just as before
2 le@)llg
lo(t,y) = o(s, )3 = N lliin — dlfu (0F + 03 o0EY )

N

and using Holder property of z and linear bound on ¢ one has, for some M > 0
5 .
lo(t,y) = (s, )l < N(og + fM(l + Yl )*) M|t — s
hence the concluding inequality
1
lo(t,y) = o(s,)llp < (NM(o} + fM))(l F [yl )t — 5|2
"meaning that [Z;]; is considered as the element of R™ corresponding to these indices.
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Because in general

k
AmtD o
l j]‘kp
At;DM t 2y
the recursive equation
d AQJCDM

/ o
SEN (@) = SN @+ D (A AP o(SMN (1)) + o\ /ALY By, )
l 1—1 k:1 1—

APV N 2y

1
is not the Euler discretization of the above SDE. However, after classical though tedious calculations it is easy to show that

lim sup EHStMN(I) —SN’N(HC)\Z] =0
M—=004e(0,1]

where SM N (z) is defined as S () but substituting the difference quotients with the actual derivatives.

Remark. By considering the concatenated system

SN @) = [aloren + / (00, (5, SN (@))or e dZs
0

we straightforwardly extend the previous result to the case with multiple inputs considered at the same time.

B.2.2. INFINITE-DEPTH-THEN-WIDTH LIMIT: ¢ = id

Here we directly prove that, in the case ¢ = d, the covariances of the infinite-depth networks converge to «;4 as the width
increases without bounds.

Proposition B.14. Ler ¢ = id. For any subset X = {x1,...,x,} C X. Then for all integers N > 1 and for all
k,m =1,...,d that the following convergence holds

lim E @MY (08N (2)| = kia(X, X)

M — o0

Proof. To start notice that
B[N @)Wl ™ ()] = B [(S1Y @), 8 @)

Thanks to the extension of Theorem B.13 to the multi-input case we have

Jim %E [(S1Y (), 1Y () )] = B [(SY (00, 87 ()]

M—o0



Neural signature kernels as infinite-width-depth-limits of controlled ResNets

and forz,y € X

d 1
oA .
=—E + / —ZatdwiSN (z) + dB;,S
N <a ; . \/vat t (z) + optydBy, Sy ( )>1
1 ) i, v !
=SE [||a||RN] + > oiE K/O xtdB;,/O dBJH
J=1

+]1Vzd_:jé ZN: ]E[/Olj:i[StN(x)]ad[Wt’]ﬁ /Oyt[Siv(y)]ad[WE]f}

1
/0 HISN (@)]agllSY <y>1adt}

—

_ 2 2
—O’a-l-O'b/
0

where the penultimate equality follows from Itd’s isometry. Hence

1
i) dt+ 0% | E | (SN (@), SN () | (s i)
0 N

1 2

VRS @05 )] =2+ [ (SRBUSY @ S )] + 02 ) (i) (s d

Defining K}Y (z, zn) := LE[(S} (21), S/ (21)) and noticing that we can repeat the previous arguments for all ¢ € [0, 1],
not only for t = 1, by considering for example piecewise constant extensions of the SMN e see that

KN (2, 2m) = 02 + / (CAKN (@h ) + 02) {()er () g s
0

meaning that K (z, x,,) solves Equation (15).
Since we showed in the proof of Theorem B.6 that the unique solution to the equation is ;™ (1) we conclude.

O

Directly proving the convergence in distribution of the infinite-width networks to centered Gaussians with covariance
function k4 is difficult since the networks are not Gaussian processes. However we believe that it is possible to employ
McKean-Vlasov arguments to prove that they are at the limit, to then obtain a commmutativity of the limits; we leave the
exploration of this direction to future work.

B.3. Commutativity of Limits

In this section we are going to prove the commutativity of limits in the inhomogeneous case. To do this we are going to
proceed similarly to (Hayou & Yang, 2023) which proves the same result in a much restricted case.

Note that if ¢ is K-Lip i.e. |p(z) — gp(y)\ < K|z —y| and ¢(0) = 0 then
lo(@)II* = Y le(@)? < Y KPlaif® < K l2]®
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hence
lp(@)]] < K |||

Assumption B.15. In this subsection ¢ is considered Lipschitz and with ¢(0) = 0.

Recall Theorem B.13 and let Stjv LN (x) be the Euler discretization of (18). Then one has (see the proof of (Kloeden & Platen,
1992)[10.2.2])

1
sup —E
N>1

sup
te(0,1]

~ 2
§M (@) = 8 (@) 1 < C|Dy| (19)

We can say the same for SV () instead of S} (z) i.e when the derivatives are replaced by difference quotients on the
successive interval.

Proposition B.16. The following inequality holds

1 2 -
sup + sup E U]syw@) sV @) ] < /Dy
N>1 N iejo]

Proof. The bounding constant in equation (19) depends on the path x only trough Hjc||oo_[O - In particular the bound is
uniform on bounded sets, with respect to this norm.
In particular we can interpolate {(,,, %+, ) }m=o,....|D,,| in such a way to have the resulting map = with

B Afﬂt
tm—i—l - tm A1‘;171-1-1

L1 — Lty m41

Tt,, =
such that definitely in M & is %—Holder continuous and

B .2
17 = &l 10,17 S 1Pl

One can for example interpolate the points with a polynomial close enough to &, being the polynomial defined on the
compact [0, 1] it is Lipschitz on [0, 1] hence %-Holder continuous. The existence of such a polynomial follows from

tm+t1 )
/ \:'vs—:ttm|ds § gc%—Ho\/AtWH-l
t

m

Az
| — iy, | <
Atm—&-l

1
Atm—H

Then SN (z) will be exactly the Euler discretisation of S™(z) on D, hence

SN )~ s @)

1
sup —E
N>1

sup
t€0,1]

< C|Du]|

To conclude we just need to prove
1 _ 2 =
Sup - Sup E {HStN(x) - StN(x)H } < C|Du|
N>1 te[0,1]

since

sup E [HStMN(I) —StN(x)H1 <
te[0,1]

IA

51w - 5P @) ] + s B [l8 @) - ¥ )]

t€[0,1]

2| sup E U
t€(0,1]

2<E

S (@) - sV @)

sup
t€0,1]

+ sup E[Hsgv(f)sgV(x)HQD <

t€(0,1]

2(C'+ C)[Du|
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Then note how

d t
N _ coN k k N -k k
SN(z) =8 (x)+§/0 Wi EaWEo(SN (x)) + opitd B

d N t
=)+ 3 [t (e @AWy + ot

thus
N oot
SE@ =S =22 /0 (& - ) (;% (1SN ()], AW + od B! )
d N |
+ZZ/O xkﬁ (e([SN (@)];) — e([SN (2)],)) dW*]2

which leads to

t 2

< NKZ/ (z% — %2 (OJ'G‘E[HSS{V@)HZ‘} +a§> ds

k=170

d t 02 )
+NKkZ_1/O (4 ZAE[|52 () — 87 (2)| s

= 2 a ‘ ‘7,24 N2 2
<V il oY | (NE[HSS @|| ]+ab> ds

k=1

.12 d t‘7124 N~ N 2

VK il g0 Y [ RIS @) - SY @) s
k=1

Using the fact that, again (Kloeden & Platen, 1992)[10.2.2],
LR} @) < R
with Kz only depending on ||Z| ~ We obtain, via Gronwall, a bound of type
E[|IsY @) - SY @] < 16— 2 g0 K (20)
where K only depends on ||Z|| _ + [|#]| ... By our choice of Z we conclude. O

We can finally state the main result:

Theorem B.17. If the activation function is Lipschitz and ©(0) = O then there is a constant C' depending only on H9'5||00,[o, 1
in an increasing fashion such that:

sup sup Wi(py" (), 1 () < O/ D]

N>1te[0,1]

where ;"N is the distribution of any coordinate of S} () and N (x) that of any coordinate of SN (x) (they are
identically distributed).
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Proof. Let G : R — R be 1-Lipschitz, we have
EIG(S"N @) - GISY @) < B (1157 @)h - [SF @] <

( [ @ — 5 @) =

hence

Wi (2), 1y’ (z)) < v/CDu]

Note that the entries have the same distribution as the normal projections since for t € R
Efexp{it (v, SMNV}] = E [Elexp{it (vV, SMN ) }|SMN]]
/ t2
=E [Elexp{i (", 18" ") }|s*)] = E [eXp{—QN s Ilﬂ
and
Elexp{it[S™V];}] = E [E[exp{it (vV, MV )} SMN]]

= E [Elexp{i <UN>tSM’N>}|SM’NH =FE {exp{—;N HSM’NH2}}

thus giving us
Theorem B.18. If the activation function is Lipschitz and ¢(0) = O then there is a constant C depending only on H55||<>0,[0,1]
in an increasing fashion such that:

sup sup Wi(u" (2), () < C/[Dut]

N>1te[0,1]
where "N is the distribution 0f<vN, StM’N(x)> and piY () that of (v™, SN (x)) for some independent vector with iid
entries [vN]o ~ N(0, %)
Remark. With the same proof we have also the convergence of the laws of the rescaled processes ﬁé‘g LN (z).
Remark. Note that the exact arguments, being of L2 type, can be repeated for the stacked” vector
(SNM(z1),...,8NM(zy)) extending (qualitatively) the bounds to the multi-input case.

B.3.1. PROOF OF THEOREM 3.1: PART 2

Corollary B.19 (Thm. 3.1). If the activation function is Lipschitz and ©(0) = O then the limits in Thm. B.2 commute.

Proof. By the classical Moore-Osgood theorem we need to prove that one of the two limits is uniform in the other, for
example that the limit in distribution as M — oo is uniform in NV in some metric which describes convergence in distribution.
But this is just the content of the previous results, extended to the multi-input case. O

32



Neural signature kernels as infinite-width-depth-limits of controlled ResNets

C. Proofs for homogeneous controlled ResNets

In this section we prove all the results for the homogeneous case. Recall that a randomly initialised, 1-layer homogeneous
controlled ResNet ®}""N : X — R is defined as follows

BN (z) 1= <¢7 St]\z/»[fN(x)>RN

. iid .
where ¢ € RV is the random vector [¢], ~ N(0, %), and where the random functions StA, LN

following recursive relation

: X — RY satisfy the

i

d
Spt = SIS T (Arp(Sp) + b) Az

i1 i1
k=1

with initial condition S;, = a with [a],, NN (0,02), and Gaussian weights Ay € RV*¥ and biases b, € RY sampled
independently according to
%

A2 (0.5

) C bele B (0,07)

This section too will be subdivided in three main parts: in the first we consider the infinite-width-then-depth limit, in the
second we reverse the order and consider the infinite-depth-then-width limit and in the third one we prove that the limits can
be exchanged.

C.1. The infinite-width-then-depth regime

The main goal is that of proving the first part of Theorem 4.1, which we restate here:

Theorem C.1. Let {Ds} pmen be a sequence of partitions of [0, 1] such that |Dys| — 0 as M — oo. Let the activation
function ¢ be linearly bounded, absolutely continuous and with exponentially bounded derivative. For any subset X =
{z1,...,z,} C X of paths the following convergence in distribution holds

lim  lim @2V (X) = N(0,K,(X, X)) 1)

M—o00 N—oo

where the positive semidefinite kernel K, : X x X — R is defined for any two paths x,y € X as K,(x,y) = IC'Z;W(L 1),
where K3V [0,1]2 — R is the unique solution of the following differential equation

KLY = [0V, (E27) + 0| (i, i) @)

where )
KE%(s,s), KEY(s,t)
E””’%s,t):( R I,
® ICw’y(s, t), ICQ’;J(t, t)

and with initial conditions for any s,t € [0, 1]

z, _ T, _ x, 2
K¥(0,0) = K2¥(s,0) = KZY(0,t) = o
Once again, it is clearer to subdivide the proof of this result in two parts:

1. The infinite width-convergence of the finite dimensional distributions

N—oc0
_—

)N (x) N(0,Kp, xDy (X, X))

to those of a Gaussian process GP(0, Kp,, xp,,) defined by a Kernel computed as the final value of a difference
equation on the partition D; x Dy of [0,1] x [0, 1]. This will be done using Tensor Programs (Yang, 2019) in C.1.1.

2. The infinite-depth convergence of the discrete kernels Kp,, xp,, to a limiting Kernel /C,, which solves the differential
equation 22. This will be done in C.1.2.
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C.1.1. INFINITE-WIDTH LIMIT WITH FIXED-DEPTH

We prove convergence in the finite-depth, infinite-width limit to a GP endowed with discrete kernels. using the formalism of
Tensor Programs.

Theorem C.2. Let ¢ : R — R be linearly bounded . For any subset X = {x1,...,x,} C X the following convergence

in distribution holds

Jim @Y (X) = N(0,Kpy (X, X))

where the map Kpxp : X x X — R is, given any two partitions D, D’ of [0, 1], defined for any two paths z,y € X as
Kpxp(z,y) = K5Y 5 (1,1) where K35Y 15, : D x D' — R solves the following difference equation

ICDXD’ (3m7 tn) = ]CDXD’(Sm—la tn) + ICDX’D’ (Sm7 tn—l) - IC’DX’D’ (Sm—lv tn—l)
+ (04Ve (S (51, tn-1)) + 0F ) (A, Ay, ) 23)
with initial conditions
K5%0:(0,0) = K5%5(0, ) = K5% 1 (8m, 0) = o

and where o .
nr.y /(S t) — <’C1D’§<D(s,s) KPny’(&ﬂ)
pxp K:D7><D’(Sat) Kﬁ’xD’<S>S)

Proof. We use (Yang, 2019)[Corollary 5.5] applied to the Tensor Program of Algorithm 2 where the input variables are
independently sampled according to

2
94
N

Note how the sampling scheme follows (Yang, 2019)[Assumption 5.1] and how linearly bounded functions are controlled
in the sense of (Yang, 2019)[Definition 5.3] since for all 2 € R one has |¢(x)| < C(1 + |z|) < el#l+109(C) Thus we are
under the needed assumptions to apply (Yang, 2019)[Corollary 5.5].

[Ak]a ~ N0, =3), [t]a ~ N(0,1), [Sola ~ N(0,07) and [b]a ~ N(0,07)

There are two things to notice, done in order to satisfy the required formalism:

* In the program the output projector v is sampled according to A/ (0, 1) while the original ¢ ~ N (0, %) This does not
pose any problems since the output of the formal programs uses v/v/N ~ N(0, %)

* The input paths x; enter program 2 not as Inputs but as coefficients of LinComb, this means that for any choice of input
paths we must formally consider different algorithms. In any case, for any possible choice, the result has always the
same functional form; hence a posteriori it is legitimate to think about one algorithm.

Note that S, stands for the formal variable in program 2, not for S%}VIIV (x) even thogh this is the value which it "stores” for

a fixed hidden dimension N.

The result in (Yang, 2019)[Corollary 5.5] tells us that the output vector converges in law, as N — o0, to a Gaussian
distribution N/(0, K*) where

Sy3

B . S¥i Sz.f -~
(KM =Ezonus) [Z 12wl Z |DM||:| = %(ST arl)

D
with 1, 2 computed according to (Yang, 2019)[Definition 5.2] and defined on the set of all G-vars in the program i.e.

wn(g) if g is Input G-var
w(g) = § Yop arp(gr) if g is introduced as Y, ajgy, via LinComb
0 otherwise

"in the sense that 3C' > 0. such that |p(z)| < C(1 + |z|).
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Y (g,9") if both ¢ and ¢’ are Input G-var

> ok akX(9k, ") if g is introduced as ) , ajgy via LinComb
¥(g9,9") = > anZ(g, g}) if g’ is introduced as ) _, axg;, via LinComb

0% Bz nus)0(2)¢/(2)] if g =Wh, g = Wh' via MatMul w/ same W

0 otherwise

where h = ¢((gx)}",) for some function ¢ and ¢(Z) := ¢((Z9*)}",), similarly for ¢'.

In our setting 1*™ = 0 since all Input variables are independent, from which p = 0; furthermore ¥ (g, g’) = 0 except if
g = ¢’ when it takes values in {02, 02, 0% } accordingly.

Following the rules of X, assuming m;,m; € {1,..., || Dl }, we obtain

d
E(Sm Sniy) ﬂ%;p%m+2<§}%wAmmw$%>

k=1

— (Slz 71,Sm + (Z ’ym kA xl) Sﬁfjl>

k=1
+X (Z’yml L A( xl vaw >
k=1
= X(Sm,—1,5m,) + 2(S5, SI] 1) — 2S5 —1 Sff{;_l)
d
+ D Bk Vo, AT, A,
k=1

Now
S (Vi s Vims 1) = 10 AE[D(Z1)9(Z2)] + B(bre, br) = Sp [04E[p(Z1)p(Z2)] + 7]

where [Z1, Z] " ~ N(0, X, —1,m;—1(x:, 7)) with

S oy 2S5, Sm)  B(Sy, Sp)
Homamt (70,2) = ( S(5%,8,%)  S(Syh,S00)

thus if we set, for ¢y, , tm, € Do, K5 hp (b s tm,) := S(S%E, Sni;) then we get

]CgJZiDM (tmmtm]) ]nglji’DM (t,,,11717 ) + ]C%]Z;DM((tm“tmjil)
— Kpirpy, (it tm, 1)
J

d
+ Z (U?AVW (imi—lymj—l(xi7xj)) + Jg)A(Zl)fmlA(xJ)fm
k=1

which is exactly what Equation (23) states. Then note how

Z(Srwnblvsgj) = E(Sf;{}pséﬁj) == 2(551’3?) =0

Thus finally we can conclude and write the entries of the matrix K™ as

(KM = Kpyep,, (11)
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Algorithm 2 S {w N as Nestor program

Input: Sj : G(N) > initial value
Input: by,...,bq: G(N) > biases
Input: A;,...,As: A(N,N) > matrices
Input: v : G(N) > readout layer weights
fori=1,...,ndo
// Compute SIDM’N(xi) (here Sy is to be read as Sp)
form=1,...,||Dyl do
fork=1,...,ddo
ol = @(Shiy) t H(N) > by Nonlin;
Bfnk = Akain,k : G(N) > by Matmul;
Vi 7= Bl +0x 2 G(N) > by LinComb;
end for
Soi = Sy 1+ Yooy Vpl@)f, — (@), ] G(N) > by LinComb;
end for
end for

Output: (’UTSﬁC;')M”/\/N)i:L...,n

Actually we have proved the even stronger statement that
Corollary C.3. Forallt,s € Dys one has the following distributional limit

(6™, SN (2)) (9N, SN (X)) —— N0, K, (1 5))

where [N ], ~ N(0, +) are independently sampled.

Moreover with the same proof but considering different partitions, D and D’, for different paths x,y € X in the algorithm
we see that:
Proposition C.4. For allt € D, for all s € D', with a clear abouse of notation, one has the following distributional limit
(67, 8PN (@) {6V, SN () —— N (0, K5l (,9))
—00

where [N ], ~ N(0, %) are independently sampled and the matrices S5 1, (t, s) are always in PSD.

Remark. The fact that the matrices ©3;% 1, (¢, s) are always in PS D will be crucial in the following.

C.1.2. UNIFORM CONVERGENCE TO NEURAL SIGNATURE KERNELS

We now prove that the sequence of discrete kernels convergence uniformly to our neural signature kernels. First we need
definitions for extending the discrete kernels to [0, 1]? similarly to the previous section.
Definition C.5. Fix two partitions D := {0 = sg < --- < spy = 1} and D' := {0 =ty < --- < tpy» = 1}. For any
z,y € X define

K5Yp :DxD — R

as the map satisfying the following recursion

K%ZD’(va tﬂ)
=KD%p (8m—1tn) + K5%p: (Smstn-1) = K5%p (8ms tn—1)
d
+ Z (04Ve (25%pr (Sm—1,tn-1)) + 07 ) Ak Ayf
k=1

d
20'2 + Z Z (0124VW (Egz’D/(Sk‘l’t’@)) + 0’5) Ax]:k1+1Ayfk2+1

ki <m k=1

<
§k2<n

0
0
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where
’C%zp/ (0,tn) = Kpxpr(8m,0) = Ug

and

K5Y o (Smy tn)s K52 5 (tns tn)

Definition C.6. We extend the map K%, : D x D’ — R to the whole square [0, 1] x [0,1] in two ways: for any
(8,t) € [Sm—1,8m) X [tn—1,tn)

Z%Z'D’(‘g’ﬂhtn) - ( ICI’D7.>L<D’(8m7Sm),lcgip,(sm’tn) )

1. (integral interpolation) using a slight abuse of notation that overwrites the previous one, define the map K3¥ 1, :
[0,1] x [0,1] — Ras

K52 p(5,t) = K52 p (Sm—1,tn) + K525 (Smy tna1) — KB/ (Smy tn—1)

s t
+ / / (04Ve (S%ps ($m—1,tn-1)) + 03) (& r)ga dnd
N=8m-1JT=tn_1

We extend in a similar way the matrix X357 /.

2. (piecewise constant interpolation) define the map I@%’ZD, :[0,1] x [0,1] —» Ras

[vasm-‘rl) X [tnatn+1)
1} X [tn, tns1)
) E( [5m75m+1) X {1}

m\_/
~ M

K%ZD’ (sa t) =

and similarly for the matrix f)%’zx’p,.

Next we prove that the discrete kernels converge in distribution to a limiting kernel that satisfies a two-parameters differential
equation.

Theorem C.7. Let {Dys}aren be a sequence of partitions [0, 1] with |Dyr| — 0. Then we have the following convergence
in (C°([0, 1] x [0, 1[; R), ||"[|) ,
T,? z,
K5 s (s, t) — Ks Y(s,t)

where K%Y (s, 1) satisfies the following differential equation

DK = |04V, (S27) + oF | (i) 4
where (5.5) (s.1)
K2%(s,s), KEY(s,t
zﬂw(s,t):< o (s, 8), Kg¥ (s, )
¢ Kg¥(s,t), KLY(t,1)

and with initial conditions for any s,t € [0, 1]

x, _ tx, T, 2
IC¢y(0,0) = /C@y(&O) = ley(O,t) =0

The limit is independent of the chosen sequence and the convergence is, in x,y, uniform on bounded sets of X.

The proof will rely on classic arguments used to prove convergence of Euler schemes to CDE solutions (see (Friz & Victoir,
2010) and (Huang & Tsai, 2004)). However, our setting is more complex than the ones we found in the literature; this is
due to the presence of two “independent” driving signals and on the unique nature of the driving fields, which not only
depend on the ”present” but also on “’past” and “future”. This complex dependency structure of the driving fields makes
them completely non-local and requires more involved arguments for the solution to be made sense of. Note that due to their
definition as limiting kernels the i%]yw «p,, are always PSD. However we are going to need a more quantitative result, in the
form of a uniform membership in some P.SD(R), in order to later leverage Lemma A.5. We first prove such a result for the
case x = y and D = D', the general case will follow easily. The first “ingredient” is a uniform, in z € X, bound from below
of the kernels for ¢t = s.
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Lemma C8. Vz € X.Vt € D. K5°,(t,t) > 02 for any choice of D.

a

Proof. We have

d
’C%iD(t 13 ) = 0-2 + Z Z (O—zAVSD (E%;D(tklﬂtkz)) + 0'2) A$§k1+lA£L’fk2+1

0<ki <m k=1
0< <m
and by Tensor Programs we know that
d D,N D,N N
z,2 : (St (@) = 8§, 84, (x) — S§°)
Z Z (aiVSD (S5 sp by try)) + ag) A:UkaHAxszﬂ = ngnooE N >0
0< ki <m k=1
0< ke <m

The second step is another bound, this time from above, which will be uniform on bounded subsets of X.

Lemma C.9. There is a constant C, > 0 independent of D such that

H’C%iDHoo,[o,l]x[o,l} = Sup |ICD><D(87t)| <Cy
(s,t)€[0,1]2

Moreover C,, only depends on |||, _, ., and is increasing in it, thus there is a uniform bound on bounded subsets of X.
Proof. Let us prove this result for K= first. Wlog (8,t) € [Sm, Sm+1) X [tn, tnt+1). Remember how
Kpip(s:) = Kpip(sm,tn)
Sm tn
= o2 —|—/ / o4V, E%’:D(nﬁ)) —i—a?) (T, L7 )ga dndT
T=

thus

Sm tn B Sm tn
Kol < o2+ / / 102 Vp (S| G g | + / / (02| (s e g [l
n 7=0 T

n=0 =0

Sm tn _
= 24 Tl 1210 + / VSl g e

t’Vl -
< ot ool egony + 74 [ [ W VD) (1 V) ) b
T=
tn
= Ja + O—benl—var,[O,l] + UAM(/n:() (1 + \/ ) |:1:T,|dn) (/T 0 1+ ) |17r|d7>
In particular
’Cs,s = |’€s,s < op+ O-I%Hx”?—var,[o,l] + UiM < \ ’6 > |xn‘d77

< Og +0’be||1 var,[0, 1]+UAM||'T||1 var, Otm]< ( nn) |in|d77>

< Oq +O—be”1 var, [0, 1]+20—AM||:EH1 var,[Ol/ 0 1+IC7777 |xn|d77
n=

< 024 el e o + 205 ol vangony | (1 Kol
n=

0
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and we can use Gronwall Inequality ((Friz & Victoir, 2010), Lemma 3.2) to obtain
1 +’€Sas < (1 +0-2 +Ug”xH?—var,[O,l])exp{2aiM”xH%—var,[O,1]}

hence the thesis with

2 17 2
C: = (1 + 0’2 + Ul?”xnifvar,[o,l])GQUAM”zulivar’[o’l] -1
In order to extend the bound to IC** notice that
S t B
Koot = 1o+ [ [ (o3V, (S5in(nm) +0F) (g ir)g dudr]
n=0J7=

S t
<o+ (20’%M(1 +C)+ ag) / / | (Ey, &7 )pa [dndT
n=0 J1=0

<02+ (20301 (1 + Co) + 03 ) 211}y po.y) = C

Thus finally we can conclude, as promised, that

Lemma C.10. There is an R = R, € R such that i%ip € PSDy(R) for every D. Moreover, as before, this R, only

depends on ||z ||, _,,, and is increasing in it.

Proof. The diagonal elements IC%";D(S, s) are bounded above by a common constant C,, and below by o2 We thus can

simply choose R, = C, V o, 2.

We are ready to extend the result to the general case.

O

Proposition C.11. Fix a o > 0. There exist a constant Cy, such that for all x,y € X with ||z||,_, .., IVl _per < @ and

partitions D, D’ it holds

sup |K5% 5/ (s,t)] < Cq
0<t,s<1

Moreover for Ry, := Cy V 0,2 we get

Epup(s,t) € PSD(Ra)

Proof. Remember how the maps i%y p are PS D, since they arise as such from Tensor limiting arguments, in particular

X
by positive semidefinitiveness and the previous bounds

K52 (5. )] < /K2 (5, )R (8,1) <1/ CuCy < Ca v

For K, ,(t) we proceed similarly to before:

s t

Kt =lo2+ [ [ (030 (852 1)) + 0 ) ) ]
n=0J7=0

<o’ + (20—211\2(1 +C. VG, + ag) /

t
/ | <:-E777yT>Rd |d77dT
0J7=0

SO’g + (2U?4M(1 + éI v éy) + Ug) H‘T”lfvar,[o,l] ||y||17var,[0,1] < CO‘

The second part follows from the definition of PSD(R,,).
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Proof of Theorem C.7.

The central idea will be proving that, given any sequence D, x D;, with [D,,| V |Dy,| | 0, the maps {K5?

a Cauchy sequence in the Banach space (C°([0,1] x [0,1];R), || - || ). By completeness of this space the sequence will
admit a limit C*¥, which we will prove to be independent from the chosen sequence. Finally we will prove that this limit is

the sought after kernel.

Note that trivially the set {z,y} is bounded in X, we can thus fix two constants C; ,, R, ,, with the properties given in

Proposition C.11. We will often, for ease of notation, refer to them as C' and R.

Part I: how close are Kpyp and Kpypr ?

‘We have

with

Note that

thus

hence

K5 (s,t) — K5%p(s,1)]

s / [ A (07 + 08) it e
tn 2
] AV (1.7)) 4 0B) (i
n=0 Jr=

/Q (Vo (5% 1 (1,7)) + 02) (s ) e iy

Q¢ :=1[0,5] x [0,¢]\ [0, 8] % [0, ]
Q.0 C ([Sm,Sm+1] X [0,1]) U ([0,1] X [tn, tnt1])

L2(Qs) < D]+ D] < 2(D| v D))

KB (5.1) = Kplp (5. £)] < /Q |05 Ve (E5%p (11.7)) + 07| (s v D |l
s,t

S"?“/Q M (14 /K5 o) (14 /K57 o )| (o, U ) [T

40t [ i) ldndr
~ 2
<A (14 /T) [ i e 63 [ | i)l

S(QUiM(lJrCz,y)JrUg)/[ - ]Hns,t(n»T)|<$n,z)r>Rd |dndr
0,1]%[0,1

<(203M(1+C,,) + 0} ﬁ\// | (&9, Ur)ga |*dndT
[0,1]x[0,1]

<203 M (14 Cyy) + 02)y/L2( / @y 2|y, |2dndT
(204 M( w) T o)\ L2 () [O’I]X[O’”Inll |

<203 M (1 + Cay) + 02\ L2\ 12l Iyl
<2203 M (1 + Cyy) + o) VDIV DT/ 1213 Iyl
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In particular as (|D| V |D’|) — 0 we have

sup |ICID€<D’(Sat) - K%’ZD/(svt)‘ <
(0,1]x[0,1]

Y 2 2
2205 M (1 + Cay) + 0i)V/IDIV D'/ [l2llx Iyl — O

Notice that, since we can repeat the argument for K77 1, and %7, 1/, we have

sup |Z%Z>J<D’< t) — Z%ZD'(SJNOOS
[0,1]x[0,1]

2205 M (1 + Coy) + op)V/ DIV D[([l2]15 V [lyll%) =: Tayv/IDIV D]
Part II : Cauchy Bounds

Consider now another partition D x D', we have

o} / 0 / (VoS5 0:7)) = Vol S (0. 7)] G )

IN
NN

g

/ / V(S5 5 (1.7) = Vi (S (1.7 G ) s

<o} / / RIS (1.7) = S5 (0. Gy )
<o¥kn / 0 / S0 (107) = D7) e G b
n=0Jr=
S t
4 ohkg / / S pe (1,7) — S (1,7 oo | (s ) |y
=0 J71=0
S t N
+o%kn / / Sower (1,7) — Soxor (1.7 oc| s Gr) g |dndr
7=0
<UAFIy\/|D|\/|D// / (T, Ur ) ga |dndT
+ohkn / 0 / E00 (1) = S (7)ol (s
s t
+ 03T, DIV D] / 0 / gt
n=0Jr=

= = 2 2
<3200\ IDIV 1DV DIV D22 oy V 1912 o)

+o3kp / / STV (1, 7) = S5Y (1,7 oo (s ) gt [T
0J7T=0

Assume to be in the case z = y, D = D', D = D’ and define the following quantity:

Epi= sup [BET . (0,7) = X55p(0, ) = sup IICD 5 7) = K55p (0, 7))

0<n,7<t 0<n,7<

One has, from the previous inequality, that

Et < 0—12421—‘1’,1 |,[)‘ 4 |D|||‘r|ﬁfvar,[0,l]

s t
w0hkn [ [ 1200(07) = Do (7)ol G i
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and since

/

I
s n s t

= [ i lndr+ [ [ = ) e
n=0 J1=0 n=0J1=n

/

t o
lolli—vasgomslioldn+ [ [ Zeliyllirlanr
0 7=0 Jn=0
t
loll—vas onslnldn + | ol joEelirldr
=0

7=0

Il
T 5

S
S2||x||17var,[0,1]/ En|in|d77
n

we get

Z < odaaleli_va oy DIV D]

S
+2J§}kR||xH17var,[O,l] / En|$n|d’l’]
=0

¢ < 205w allz 3 yar oy (/1D V D] - €272 R —var 0.0

Coming back to the general case and setting

thus, by Gronwall,

2 2
AL?J = ||$||1—var7[0,1] v ||yH1—var,[O,1]

we can now say that

Etxvy = sup |2ﬁxb’(n’7) - ZDXD/(U7T)|OO
0<n,7<t

< 203 0/ 1DV [PV DIV (D[ (1 + 20RkAm)

s t
to%kn / 0 / %0100 (1:7) = S (7)ol Gy s
n=0Jr=

and since

s t
/ / Sy (1.7) — S (7)o (s Vgt |

/ / ’I]VT !Enayﬁw ‘d’l’}dT
=0
t
= [ m i [ =
7=0 0Jr=n
< / N —— A / / =

s t
:/ ||y||lfvar,[O,n]E'rzl’y|jj77|dn+/ Hxnl var, |0, ‘r]_‘ |y7"d7-
-0 -

(& Yr)ga [dndr

@[ |dndT

S
<(2l1—var. 1) V 11911, fo.1) / Z |+ L
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we get

=P < 2030, Auy 1DV [D] VD]V [D/|(1 4+ e2Aknte)
+203kR(IIx\\1—var,[0,11 v ||y|\1—var,[o,11>/ 05§’y(|93n| + 19 |)dn

thus, by Gronwall,

21 < 20400y Auy /1D V D] VD]V [D/|(1 4+ e2Aknte)

.620-%]612(”%”lfvar,[O,l]va“lfvar,[O,l])(Hxl‘lfvar,[l),t]+Hy‘|17var,[0,t])

hence

IK5Y 5 (5:1) = K5%pr (858,012 <

203 011V [P VD]V [D] - (1 2ok . 2okt

Part III : Existence and Uniqueness of limit Given any sequence of partitions {D,, x D}, } with |D,,| V |D,,| — 0, due
to the bounds we have just proven we have

{K35" . p }is a Cauchy sequence in (C°([0,1] x [0,1];R), || - [|oo)

and the limit XZ>¥ does not depend on the sequence (i.e. the limit exists and is unique).

The limit is indeed unique: assume K*¥ and G**¥ are limits along two different sequences of partitions {D,, x D/, } and
{Gn x G, }; then the sequence {P,, x P} } such that Py, x Py, := Dy, x D;, and Poyy1 X Py, 1 := Gn x G, is still such
that |P,,| V |P;,| — 0 hence the associated kernels have a limit which must be equal to both K*¥ and G*"¥.

Since PSD matrices form a closed set we moreover have that the matrices 3% (s, ) obtained as limits using the previous
result are all PSD. We can actually say more: they belong to PSD(R).

Part IV : Limit Kernel solves Equation (22) We can finally conclude by proving that ;¥ is, in fact, a solution of the
PDE:

s t
\/cz’y<s,t>—a2+ [ S0 ) + ) (i
n=0 J7=

<|KGY(s,t) = KpYp (5,1)]

+ 0,24/ / . Vi (E5% 1 (1, 7)) = Vi (S5Y (10, 7)| (2, G ) g | dpdr
)+ GAkR/ / . 1558 5 (n, ) — S2Y(0,7) ool (s Gr)pa dndT
—|—GA/€R/ / . 155Y 5 (0, T) = S5 5 (107 oo| (s U ) ga [ddT

+ohkn / / 250 (0 7) = 57007 el )
7=0
—o(1) + o{1) + o{1) = o{1)

thus

S S

K9 (s, 1) — o + / 0 / (A (S (01,7)) + ) (i ) | = 0
n T

i.e

IC””’“ s t —03-1-/ / 0 E”(??, ))"‘Ul?) <m.nvyT>Rd dndrt

- Part V : Uniformity in x,y on bounded sets
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Note that, once again, the bounds we have just proven only depend on the norms |-, _,. 9,1} and |||l of the paths,and

they do so in an increasing manner. Since [|-||;_, .. 01 = |||l this means that we have uniform convergence rates on
bounded sets on X. O

Remark. We could have stated this result for z € W1([0, 1]; R¢) thus requiring the derivative to only be in L', this is
done in an analogous way to the proof of Theorem (3.1) using Ascoli-Arzela. The cost to pay for the decreased regularity of
the driving path is the loss of uniform convergence bounds.

Remark. Being careful one could maintain uniform bounds, at the cost of slower convergence, and state the result for
x € Whte([0,1]; R?) for any € > 0. More specifically the bound would be proportional to |D| T+ .

Proposition C.12 (Uniqueness). Under the previous assumptions on the activation function, fix x,y € X. Then any two
triples

K(S7 t) = (KI’I (57 t)? Km’y(s’ t)? Ky’y (57 t))

G(s,t) :== (G®%(s,t), G*Y(s,t), GYY(s,1))
defined on [0, 1] x [0, 1],satisfying Equation (22) and such that

K%%(s,s), K¥Y(t,t), G*"(s,s), G¥YY(t,t) > 0

forallt € [0, 1] must be equal.
Proof. We will write |K|o := |[K®%|V |[K®Y| VvV |KYY|. To satisfy equation (22) the associated covariance matrices

Yk (n,7), X (n, 7) must be always PSDs. Using the assumed bound from below the one from above given by continuity
we can assume that they uniformly in time are contained in some P.SDy(R). This true for all choices (z, z), (z,v), (y,y).

|K®Y(s,t) — G"Y(s,1)]

_‘/ /7_ 0 E$7y(777 )) - V¢<28y(n’7))) <jj7]7y7'>]Rd dnd7'|

< / 0 / VSR 0.7) = VoS5 00 )| (el
n=0Jr=

IN

s t
/ 0 / Oazwzf;y(w)fzg%wnm\<svn,y'r>w|dndf
'I’] T=

<o%kp / sup K (t1, 51) — Glt1, 51)]oo)| (g, i) |dndr
n=0 J1=0 0<t1,s1<nVT

Moreover this holds substituting (z, y) with (z, z) and (y, y).

Let =4 1= suPg<y, 5, <pt [ K (1, 81) — G(t1, 51)|o0) then

S t
K (s,1) — Cls,8)|oo < o%kp / / Z e g, ) g [dmdr
n=0 J7=0

s t
< / / EnVT‘fan?)rWﬂdT
n=0 J7=0

s t
[ =il dnds

thus

H <

/" :

S
<ol vartoss | Ealialdn s ol oy [ Erlivlar
n=0 0

T=

\z\

=i lirlandr + / / =, iyl dndr

S
<2l —var oy V 191 —sar o)) / _ Eullin] + linl)dn
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By Gronwall we finally conclude that =; = 0 for all ¢, which concludes the proof.z O

C.1.3. PROOF OF THEOREM 4.1: PART 1

It is finally time to prove the first part of the main result of the paper, which we restate below for the reader’s convenience.

Fix partitions { Dy} aren of [0, 1] with [Day| | 0. Write $2M-N (1) = <uN , gD N (-)> for the ResNet initialized with the
time-homogeneous scheme.

Theorem C.13. Let the activation function ¢ : R — R be a linearly bounded, absolutely continuous map with exponentially
bounded derivative. For any subset X = {x1,...,x,} C X the following convergence in distribution holds

lim  lim @YV (X) = N(0,K,(X, X))

M —o00 N—oo

where the map K, : X x X — R is given by the unique final values ICZ;y(L 1) of the following integro-differential equation
s t
Kg(s,t) = o5 + / / |AE w0550 [2(20)0(Z2)] + 02 | (i ) s AT (25)
n=0J7=0

with

Proof. The proof is now just a matter of combining Theorem C.2 and Theorem C.7.

Under our hypotheses Theorem C.2 tells us that, for any subset X = {x1,...,2,} C X, we have in distribution

lim ¢3M7N(X) = N(O, IC'DIW XD s (X7 X))

N—o00

thus to conclude we just have to prove that, still in distribution, it holds

lim N(0,Kp,, xp, (X, X)) = N(0, K, (X, X))

M— o0

or, equivalently, that in R™*™ it holds lim;— o0 Ky, xpyy (X, X) = Ku (X, X).

This last needed limit follows from Theorem C.7 with the sequence {Dp; X Dys}aren. The uniqueness follows from
Proposition C.12. O

Like in the inhomogeneous case we can explicitly write the Kernel for the simplest case:

Corollary C.14. If o = id, then

o2 o2
Kid (s:t) = (o0 + 5 )k 7 (s,0) = — (26)
04" T4
Proof. We readily see that
s t
Kid'(s,t) = 05 + / / (AR (1,7) + 0F| Gy i) @7)
n=0 J1=0
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By substituting (26) for K7;¥ (n, 7) in the integral and using (Salvi et al., 2021a)[Theorem 2.5] we have

)
yCICE
L

O'A a + )k;‘;t 74 (n, o) (i, Ur)ga dndT
A

2
0— . .
)kgz?yz ¥ (n, o) — U%} + Uﬂ (@, Yr ) pa dndT

U+/
—02-&-/

o2
=02 + o2+ % / / k?f;l 749, 0) (0 aty, 0 AYr)ga dndT
2
=02+ (02 + Zh) (k"7 (s, ) = 1)
A
2 2
(02 + 2RI (s 0) — O
A A
which means, by uniqueness of solutions (Proposition C.12), that the thesis holds. O

Remark. A proof similar to that given in the inhomogeneous case for ¢ = Re LU does not work now since the covariance
matrix is not, in general, degenerate for x = y as in that case.

Lemma C.15. For all choices (04,0 4, 0p) and for all  as in Theorem 3.1 we have, with abuse of notation and the obvious
meaning, that
-1
Ki’y(s, t;04,04,0p) = IC;AI’”Ay(S, t;04,1,000,")

Proof. Follow the exact same steps and arguments of B.12. O

C.2. The infinite-depth-then-width regime
C.2.1. THE INFINITE-DEPTH LIMIT WITH FINITE-WIDTH

Proposition C.16. Let {Dy;}rren be a sequence of partitions of [0, 1] such that |Dyr| — 0 as M — oco. Assume the
activation function @ is Lipschitz and linearly bounded. Let x € X and let pp;(t) := sup{s € Dys : s < t}. Then, the the

R¥ -valued process t 52%) (x) converges in distribution, as M — oo, to the solution SN () of the following Neural
CDE

—a+/ (4j0(55" (2)) + bj) da] (28)
where A; € RN*N gnd b; € RN are sampled according in the definition of the homogeneous controlled ResNet.

Proof. Assume the Ay and by to be fixed for all choices of Djy;. The system has unique solution by (Friz & Victoir,
2010)[Theorems 3.7, 3.8] with
Vi(z) = Aip(z) + bi

noting that these are Lipschitz since composition of Lipschitz and linearly bounded.

By reasoning as in the proof of Theorem 4.1 one gets that

d
| SMN () — 5N($)||OO7[071] < V/|Dur|exp {Klzllx(”a”RN +) Al p + ||bk||p)}

k=1
for some constant K, depending in an increasing fashion on the norm of the input path.

Taking the expectation over Ay,,by, and the initial condition leads to
E[HS]VI,N(J;) - SN(x)Hoo,[O,l]] < RHxHX\/ |D]w|

for some other constant K |lz|l, since the matrices and vectors are all distributed as Gaussians. One then concludes by
portmanteau lemma considering Lipschitz functions on C°([0, 1]; RY).

O

46



Neural signature kernels as infinite-width-depth-limits of controlled ResNets

Remark. Since the bounds K |lz|l, depend increasingly on the norm of the input path they are uniform on bounded sets of X
and this result can be extended to arbitrary finite sets of paths X C X with exactly the same portmanteau arguments.

Definition C.17 (Randomized Signatures). We call Randomized Signatures the solutions to
d t
SY@) =a+ Y [ (Aol @)+ be)dat
k=170

These are the same objects defined in (Cuchiero et al., 2021b).

C.2.2. INFINITE-DEPTH-THEN-WIDTH LIMIT: ¢ = id

Theorem C.18. In the case p = id

1 N N L? XX
N <S§ (X)vst (X)>]RN mlcid (57t>
moreover the convergence is of order O(%)
Proof. This is proved in Appendix C.4. O

C.3. Commutativity of Limits

In this section we are going to prove the commutativity of limits in the homogeneous case. The core arguments are the same
as those employed for the inhomogeneous counterpart, this time however we won’t be able to take advantage of ready-made
results from stochastic analysis, thus we are going to carefully obtain bounds in more direct ways.

Let {Dus } men be a sequence of partitions of [0, 1] such that |Djy;| — 0 as M — oo. Fix N and the matrices So, A, b
for all partitions. For any z € X let SM¥ () : Dy — R be the homogeneous cResNet corresponding to the above
quantities.

Definition C.19. Given z € X and a partition D, define
pu(t) :=sup{s € Dps: s <t}
Then define the piecewise constant extension Z*N () : [0,1] — RY

20N () == SO0 (@) (29)

pu(t

and the integral extension SN (z) : [0,1] — RV
d t
SN (@) = 5+ 3 [ (Ap(ZIV @) + i) o (30)
k=10

Note how the two extensions coincide on D,;.

Proposition C.20. Assume the activation function ¢ is Lipschitz and linearly bounded. There is a constant K, > (
independent of N, M and increasing in ||x||,_,,,. such that

2 Ja o

| < v,
0,[0,1]

where the expectation is taken over the joint distribution of Sy, { Ak, bi tr=1,....d
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Proof. Lett € [ty,, tmy1) then
N,M N,M
1Z " (@) = 18,7 (2)] <

|+Z|/ P2 (@) + bV o} <
SN+ [ AT A2 )+t <
i=1"0

d t '
53143 [ (AN, oz )+ Y last <

i=1
d t

N1+ [ (AY], VECWR + 5@ ) + ot <

i=1

d
S5+ Q_VRNC Y], + 15D 21— ar oy

d d t ]
+VAC( 14F],,) 3 [ 122 @) asi

thus by Lemma 3.2 of (Friz & Victoir, 2010) we obtain

128N @) < {19+ ( Zv NC | AN, + X 1) 211 o, 0,1y | exp {2C( ZI!ANllop ol —var, o1 }

=1

d
S0 | + (V2NC + Z 6] |x||1—va7",[0,1]‘| exp { O [IAN]],,) (1 + V2C 2], _yarjo.0) }
i=1 i=1

d d
|S(]JV| + ( V2NC + Z |biv‘) ||x||1—var,[071]‘| Hexp {(1 + \@C ”:L'Hl—var,[o,l]) HAiVHOp }
i=1 i=1

Hence using independence
E[ sup 2" (2)]%) <
t€[0,1]

ISP + <2N02+Z|b“ i

=1

d
TTE [exe {21+ V2C ol o) 47,
i=1

Note that HAﬁVHOP = /p((AN)T AN) is the square root of the biggest eigenvalue IV of (AN)T AN, The distribution
of eigenvalues = (AN)T AN is well understood as converging to the Marchenko—Pastur distribution (a classical distri-
TA

bution supported on the interval [0, 4]), and N converges almost surely to 40124 (Geman, 1980; Johnstone, 2001) with
fluctuations around this limit having exponential tails (Majumdar & Vergassola, 2009; Johansson, 2000). It follows that
Elexp{A || A} ||Op}] is uniformly bounded in N, with the bound depending on o 4 and .

Moreover by Holder
N

E(IS5'[°] = EDY_ IS3']il*] = o2 N

i=1
and similarly E[|b} |*] < o7 N.
Hence

E[ sup 2" (x)]?] <
te[0,1]

d d
2N (0’2 + (202 + Zo—li) ”x”?—var,[O,l]) E |:6Xp {2(1 + \/iC ”x”l—var,[(),l]) ||A]1VHop }:|

i=1
=:NK,
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Proposition C.21. Assume the activation function @ is Lipschitz and linearly bounded.

B[54 - 28 )|

0,[0,1]

where K, is a universal constant depending only on |||y in an increasing manner.

Proof. Lett € [ty,, tm+1) then, using the bound in Remark A.2,
d t 4
57 ) - 2] =13 / (AN (VM () + b)Y | <
Z/ 1A, oS )|+ Y )] <
Z/ 4N, VECO/N + 1M @) + Y ] <
[Z AN, VZON + 128 (@) ) + 1] 2]y —yar e, <

ZHANH V2C(VN + 2 M (@)]) + b)) llly /1D

t 1
ol var o = / rldr </ / [t — sldr < ||zllg VE—3
S

sup |5, (x) — 2" () ?
t€(0,1]

where we have used

thus

E

IN

i=1

d
2E [ sup [ 3 [| N[5, 2070V + 120 ()) + Y ] el |DM|]
m M

7% 2
< N ||zllx [Pl

Proposition C.22. Assume the activation function @ is Lipschitz and linearly bounded.

d|

where K is a universal constant depending only on |||y in an increasing manner.

/ 2 -
55w - s @] | < NRL1Dul v D)
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Proof. Lett € [ty,, tmy1) then
S (@) = 8 (@) < |i / ay (P(2M (@) — (2N (2)))||dart| <
Z / 14X, (25 (@) — (2 ()] <
Z/ AN, K12 (@) = 25 (@) da| =

K AN, [ 120 - 2 s
i=1

Using triangle inequality we obtain

1SNM () — SNM ()] <

KZHANH 12w — 55 s+
KZHANHOP/ 1S () = 1M (o)l +

KZ 421, [ 1859 @) = 2 )l

Note how
d t
K3 AN, [ 1227 @) - 55 @)t <
i=1
d t d 4
K400, [ 121421, VECO/N +125 @) + ] el Dalldet] <
i=1 k=1
d d
KEQ_ AN, D14V, V2OWN +T0) + 1] N2l - yar lll v/1Dar] = Au/[Dd]
=1 i=k
with

d d
|S(I)V| + ( v 2NC + Z |bivl) ||x||1var,[0,1}] Hexp {(1 + \/50 Hlef'ua'r,[O,l]) HAiVHop }
i=1 i=1
Hence it follows that
|S§V’M<x> — M ()] <

D + DAL +KZ||ANH /|S§V’M(x)—SgV’M/(x)|\dxi|

i=1

and with Gronwall
d
|5 (@) = SV (@)|| < 2v/IDa TV Darr e exp{E (Y |4V, ) Il o,
i=1

Taking expectations of the squares and proceeding as before we have the thesis.
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We can finally prove the main bound which will allow the exchange of limits:

Theorem C.23. Let {Dyy}aren be a sequence of partitions of [0, 1] such that |Das| — 0as M — oo. Assume the activation
function o is Lipschitz and linearly bounded. Fix the matrices Sy, Ay, by, for all partitions. Let SN (z) be the solution of the
following Neural CDE

SN () = S +Z/ (Arp(SN () + by) dack (31)
Then there exist a constant K, independent of N, M and increasing function of |||y such that
2
E[ sup [[$MY (@) = SN (@)|| ] < NIDulK., (32)
te[0,1] RN

Proof. Note first that SV (z) is well defined since the system has unique solution by (Friz & Victoir, 2010)[Theorems 3.7,
3.8] with
Vi(z) = Arp(z) + by,
noting that these are Lipschitz since composition of Lipschitz and linearly bounded.
Moreover the proof tells us that 5{"** (z) is a cauchy sequence in C°([0, 1]; RY) hence for any M > 0, eventually in M’ it

holds

sup
t€(0,1]

SN (@)~ 58 (@), <2 sup
RN te[0,1]

5N (@) = 5 V@)

Proposition (C.22) then gives the sought after bound.
O

Theorem C.24. Assume the activation function @ is Lipschitz and linearly bounded. There is a constant C depending only
on ||z||x in an increasing fashion such that:

sup sup Wi (s (), pf' (2)) < Ko/[D|
N>11te[0,1]

where ;" is the distribution 0f<vN, S,fWN(:c)> and p (z) that of (v, S} (z)) for some independent vector with iid
entries [VN ], ~ N(0, %)

Proof. Let G : R — R be 1-Lipschitz, we have
EIG((v™, 5"V (@) = GV, SF @D < E (I, 8N (@) = (", ¥ (@) |

which leads to

E[I (o™, 5" (@) - (o, 5V @) || = E \<vN,s£”< )-S5 (@ >>|}

IN
ﬁ
/\
O)

TR
2
0)
2
\‘“/
[SE |_|
[

hence
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Remark. Note that the exact arguments, being of L? type, can be repeated for the stacked” vector
(SNM(2q),...,8NM(zy)) extending (qualitatively) the bounds to the multi-input case.

Corollary C.25 (Thm. 4.1). The limits in Thm. C.7 commute.

Proof. By the classical Moore-Osgood theorem we need to prove that one of the two limits is uniform in the other, for
example that the limit in distribution as M — oo is uniform in N in some metric which describes convergence in distribution.
But this is just the content of the previous result, extended to the multi-input case. O
C.4. An alternative proof for the case ¢ = id

In this last section we prove Theorem C.18. between Randomized Signature Kernels and the original Signature Kernel.
We are going to consider words I = (i1, - ,ij) € Ak in the alphabet A4 := {1,. d} the space of all words will be
denoted by W, the length of a word by |I| = & and the sum of its elements by || I|| = Zm 1 U

Recall we consider randomized Signatures

SO+Z/ (AkSY () + bi) et

where ¢ € X and

(A2 ~ N0, 72)  [Sola ~ N(0,0%)  [bi)a ~ N(0,07)

Our goal is that of proving the following result:
Theorem C.26. In the assumptions stated above

0.2

. 1 OAZ,0A 2
lim E| (5% (@), X (n)an | = (03, + 25KV (s.8) - &
A 04

N— 00 si9

and the variance around the limit is of order O(7;).

We know, see (Baudoin & Zhang, 2012)[Remark 2.10], that it is possible to write a closed form for S} (z) which decouples
the effects of the vector fields and those of the driving control using the Signature:

SV (@)= > Vi(SY) Sigh ,(x) (33)
I1eW,

where W, is the set of words in the alphabet {1, ...,d} and if I = (i1,. .., i) then [V (2)]a :=Viy -+ Vi, (€, ) (2) With
Vi(2) == Az + by and V f(2) == df.[V;(2)] for f € C°>°(RY;R). Notice that V;(S{') € RN and Sigf (=) € R.

In fact the "Taylor expansion” with respect of the signature of f(S{¥ (x)) for f € C°(RY;R) is

f(SN Z Vif( So ) 51903( )

IeW,y
where, with I as above, Vi f(z) :== V;, (Vi, - - (Vi f) -+ ) (x) with

Vif(x) := dfa[V;(2)]

From Equation 33 we also get

<Siv( ); SN DRy = Z Z (Vi f( So VJf(So ))RN 51905( )Sig(')],t(y)

IEW, JEW,
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where y is another control. If we could exchange expectation with the series we would thus get

E[(SN (@), SN ())en] = > D ELVIF(SY), Vaf(SY))zn] Sigh o(x)Sigd ()
IeWy JeWy

Thus we have to study the expectations E[(V7 f(S{), Vi (S ))rn]-
Note that if I = (), the empty word, then V; f(S}) = SY.

C.4.1. PRODUCTS OF GAUSSIAN MATRICES

The most important result which will make our plan succeed is the following classical theorem:

Theorem C.27 (Isserlis). Let (X1,...,Xn) be a zero mean multivariate normal vector, then

EX:--Xnl= Y ] EX:X]]

pEPZ {i,5}€p

where the sum is over all distinct ways of partitioning {1, ..., N} into pairs {i,j}, and the product is over the pairs
contained in p.

Proposition C.28. Assume I, J € Wy such that |I| + |J| > 0. In the hypotheses stated above
9%

VA, Var (53] = (08, + )01 a7 + O( )]

Proof. Let us first consider the case o = 0.

Taking f(2) = (v, z)g~ for some v € RY and V;(z) := A;z we get
Vif(@) == d((v, )gn ) [Ajz] =0T Ajz = (Aij, Z)RN

hence by induction

Vif(z) = <A77; ~~~A3;v,x>]RN = (v, A, -+ Aiy T)pN
and in our notation
V[(l‘) = A[CL’ = Azk -~-AZ'1.%‘
We are thus interested in the quantities E[(S3)T AT A ;S{].
Leta, 3 € {1,..., N} and given a matrix M € RNY*N write [M]? for its component in row « and column 3. Remember

how

M=

[MyMo]5 =) [My]][M,]5

I
—

~

Thus we have

E(S5)TAT AsS] = )3 E|[50]n[50 ImlAT 15

_ f: f: E| 1501158 1m | E[1AT 4,1
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Moreover, for I = (i1, ..., i), we obtain

N
[Af]g = Z [A(i27~~,ik)]il [A“}?l

where AaNg = {(80,...,6,) € {1,...,N}**1: 5, = aand §p = 3}. With this notation we can write

thus
N 1l 171 s
E[4fa)l] =Y ¥ Y E| (A5, )5 45, ) (34)
v=1 SGAQ{’O‘LII éeAf,’[L” n=1m=1

The time is ripe for the application of Isserlis’ Theorem.

First of all notice how the sum in Isserlis runs over the possible pairings of the index set which in our case is the set of
elements of the concatenation

I*J:(i*jl’--'vi*j\IIHJ\):(il""7i\1\7j17--~7j|J|)

of I and J. Then
E ([T 4,)2]

N
=> > > T B[l G A0t

=1z — 2
T=1senl ) €€AN,’M PEPT 4 {ab}ep

v,B
(=€), (6%€);
S I E[Awn.) g (Aot
N.|
B

I
(]
M=
(]

where
((5*6) = ((51,...,(5|[‘,61,...76‘J‘)

and
((5 * 6)/ = ((5(), N 7(5|[|,1,607 . .,E‘J‘,l)
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In particular this sum is 0 by default if I * J has an odd number of elements. This means that
B[[AT4,05] =0

whenever || + | J| is odd.

Moreover, even if |I| 4 |J| is even, the pairings must be in such a way that no factor of the product vanishes; since we are
working with matrices with independent normal entries this is equivalent to requiring for each {a, b} € p € P|2I| ny that

(t%7)a=(i%J)p (0%€)q=(d%€)p, and (6 x€)), = (d *€)}.

Evidently then I * J must be at least "pairable” with pairs of identical indices! In this case we will say that I x .J is twinable

and we will get a factor 03 N1 out of every E {[A(i*j)a]gigé [A(i*j)b}g:zgﬂ thus

2  H+1J]

(%)2 =(1,J,N,a, B)

E[[AT 4,12

where
E’(I, J’ N7 a? /6)

= _ 5xe€)! Sxe€)}
= 1{(p.76,6) : V{a,b} € p. B[ [Agins). Jon) [AginJiouc)t | # 0}

2

Define, given p € P\IH-IJ\’

w(palaJ7N7aaﬁ)
= Sxe)! Sx¢€);
= (7,8, : ¥{a,b} € p. E|[Aginy, J5r0) [ J oo ] # 0}

so that
E(I,J,N,a,8)= > w(p,I,J,N,a,p)

2
PEPT L1

First of all notice how
L1+1J]

w(p’I’J7N’a’5)SN 2

in fact considering only the constraints given by o and 3 we have N!!| ways to choose § € {1,...,N }” I+1 and N1/I
ways to choose € € {1,..., N}I”I+1 but since they must come in pairs as dictated by p we actually have N e possible

choices i.e. N per pair.

Notice however how we have equality if and only if I = J, o = § and the pairings are such that p > {a,b} = {a, |I| + a}
fora € {1,...,|I|} ie. every element in I is paired to the corresponding one in J = I.

The if part is easy to see: the full constraints are just §| = €/7) = 7, 64 = €, forevery 1 < a < |I|and a = 6y = ¢g =
thus there are
L71+11

N x NHI=1 w1 = NI =N
choices to make.

The only if is more complicated and follows from the constraint d;; = € 7. Fix v and assume i ;| is not paired with

J|7|> then the choices for (6 * €)q = (& * €); for 2 out of the L2|J| pairs are constrained to be «, all in all we have N
. LT1+17] . [EES I .

choices for v and at most N2 2 for the other entries, thus at most N2 ! in total. But then we must require

i|7; and j) 5| to be paired. The same argument can now be repeated with 77—, and jj;|_; since we have established that
{‘1‘7 ‘I‘ + |J|} € p, thus not only (Sm = (6*6)\” = (6*6)|I|+‘J‘ = €] but also 6\I|71 = ((5*6)11‘ = (6*€)TI|+\J\ = €J|-1-
This goes on until, without loss of generality, we run out of elements in I. If the same happens for J (i.e. |I| = |J|) we
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are done since we have proved that Va € 1,...,|I| we have i, = j, and o = (d x €)] = (J * 6)\1\+1 B. Otherwise
|J| > 2+ [I]| and (jjs)—|1),---,J1) are paired between themselves. But since {1, |I| + (|J| — |I| + 1)} € p we have
a=(0xe)) = (0 €)|1|+(|J| 141) = = (6 * €)|1+(1J|=|1|+1)—1 = (0 * €)|1)+(|7|=11]) = €|J|—|1]- Which means that there
is no free choice one of the remaining couples (i.e. the one containing |I| + (|.J| — |I|) corresponding to j|;_|;|) thus,
reasoning just as before, we cut the number of choices of at least a factor V.

We have just shown that, given a pairing p,

o2\ Lt o2\ T G111
< (=& == A
(%) 7wl aNa8 < (%) : .~
except when I = J, a = 3 and the pairings are such that p 5 {a,b} = {a, |I| + a} fora € {1,...,|I|}, in which case
L1]+1J] PINSTIESE]

(UWA) © wp 1IN, B) = (%‘) NI i)

This means that
1]+

E[ATA sl = (%) T = _ MHIIsess o L
[ I J]a:| - (W) '—‘(IvjaNaavﬁ) _JA [5045] +N¢(IaJ7N7aaB)]

where 0 < (I, J,N,a, 8) < (|I| + |J)!ie. (I, J, N) is a positive constant bounded above by the maximal number of
pairings (which occur only when I and J are made up of the same one index). Notice how this bound depends only on ||
and |.J| and not on V!

Finally, if S{¥ is normally distributed then
N N
E[(S0) AT A4Sy = 3 3 B[ 1S5 1ulS I | E[[AT A2 ]
n=1m=1

N
Z E([A7 A,z] = Nog o1 s + %w(l, J,N)] = NoZ, o+l [6‘]4—0(%)]

with 0 < (I, J,N) := & SN (1, J, N,n,n) < (|I] + T

Let us now look at the case with o}, > 0.
Let Vj(z) := Az + b; Take f(z) = (v, 2)g~ for some v € RY. Then
Vi f(z) = d((v, )g~)e[Ajz + bj] = vT(ij +b;) = <A;‘-Fv7x>RN + (v, bj)grn

hence by induction
Vlf(x) = <U7 Alk e Aiz (Ailx + bi1)>RN

now we have to study, with I := (i, ..., i||), the terms
E[(A[Sév 4 A ASY + A jbj1>RN}
= ]E[<A156V,AJ55V>RN} +E[<Aibi1aAjbj1>RN}
E[(Afbil,AJSO >]RN} +1E[<A150 A b31>RN}
- ]E[(SéV)TA}”AJsO } —i—E[bTATA b; }
+E (6] AT A,5)] + E|(S5)T AT A b,
- E[(SéV)TA?AJSO } +E[bTATA b }
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where in the last equality we have used the independence of the terms and their 0 mean.

We already know that the first term is

1
E[(S))7 AT AsS| = Nog, oo + 0(3)]

Concerning the second term: using independence we readily see how we must have ¢; = j;, then

N
E[bf AT Ajby, | = o2l - S E|[AT A1)
n=1
R P a1 1
= 056511 . Z UL{‘—HJ' (5}] + Nw(l’ J,N,n,n)) = NU?UL{HM [5}] + O(ﬁ)]
n=1

Hence

o2 1
E[<A,s§ + Ay, AsSY + Ajbﬁm} = N(o%, + U—g)a‘;‘“” [67 +0(5)]
A

C.4.2. CONVERGENCE TO THE SIGNATURE KERNEL

Assume now that the exchange of series with limits and expectation are justified, which we will prove later, then we would
like to study the variance of the expected signature kernels around their limits.

Proposition C.29. The coefficients in the expansion of the variance

E[( (S (), S (y))ry

2
N — 0%, (Sig(oaz)o,s, Sig(UAy)o,t>T((Rd))) }

are all O(%;) when o, = 0.

Proof. We have

(S¥ (@), SN (y))m
N

1 : .
= > [ AT Ay — of,0 k" 16]] Sigh (x)Sigds(v)
1,JeWy

— 0%, (Sig(oax)o.s, Sig(oay)o.) T(re)

thus

(<S§V (z), S (¥))r~
N

1 I|+]J
> [N(SéV)TA?AJSéV—fT%UU‘Al 5]
1,0,K,LeW,

1 . . . .
[ (ST ARALSY — 03,05 5] Sigh (2)Sigd () Sigss (@) Sigs(y)

2
~ 0%, (Siglaan)o.s, Siglay)od)r(aey ) =
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Let us study

[[ (ST AT A, 8N — o2, o167 [i(sév)TA ALSY — 52 aL,L'“K'zs]L(H
= B[S0 AT A S (5)T A% ALY
S°N316;’E[<So ) AR ALSY ] - S°N§‘L|6KE[<SO )P AT AsSY ] + (08,0l )26 ok
- NiE (5 AT 4,50 (5)7 A A
L'i‘mégzv 02,0 ST 5L 1 O(=)] - ﬁa?z\r o2, 67 + O(=)] + (o3, 01171126761
N 0 N N 0 N o7 A oK

1 1
_ ﬁE[(SéV )T AT A, 8N (SNYT AT A, SN ] — (03,0 25/ 6% + O()

from our previous results.

‘We have
(S )T AT Ay (ST AR ALSy =

N
> ISV lAT A S (S)) T AR ALSY o =

N:l
Z Ja[AT AS§Y (S0 " AR ALI[S0 )5 =
; =
D [501alAT ANSLSY (SO TIFAR ALY (S8 ]s =
a,B,7v,0=1
N
Z Ja[AT As1a150 16150 1y [ A% ALL 1S5 ]s =
a,f3,v,0=1
N
S [5IalSHIalSN S0 161AT A3 1AT ALY
a,B,y,0=1

hence by independence
E[(S0)7 AT A (S5)T AR ALSY| =
N

>° E|[S1a[51s058 ], (5315 | E[[AT AslG A% AL}
a,B,7,0=1

If S§¥ is sampled from a Normal distribution as before then

E[[55']a[53" 151531, (585
is equal to 0§ if [{a, 8,7, 0} = 2,10 30¢ if [{, 8,7,8}| = 1 and to 0 otherwise.

Remember how
[1] | J]

[ATA =30 > > TIII [AnlsAs)e

=15 AN I AN |J] i=1 j=1
T=L6EAT EEA] =1J
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thus
[AT AJ)SIAR AL, =

] 1J] K] |L|

DD DI SIED SIS DI 111 0101 (TR PR

ed=17e AN CeaN 7 ren K1 Real JH i=1i=1h=11=1

Letusthendefine T = I« Jx K+ L,0 = (tx(*xk*\) and @' = (¢x(xrx )’ just like before, setting P := P|21\+|J|+|K|+\LI
we get

E[[ATA/)01A% ALl =

iz S Y Y I Eun s

lzeAé\’a\I\ CGAN S| KEAN‘K‘ )\EAN L] a,bEp

2 I+ |+ K|+ L
=% Y w. I J K, La,B7.0)

pEP

and once again we need to analyze these ws which, just as before, must satisfy the constraint

I+ | T+ K|+[L]
2

w(p7I7J7K7L7Oé7/B7rY’6) S

Since we are interested in the behavior for N — oo and |P| is independent from N we just need to discover when the previous
inequality is an equality. This happens, as we have previously discovered, when we the pairing does not add to the possible
choices of 7, ¢, k, A any more constraints than the unavoidable ones i.e. 0|7 = 011415, 01147+ |K| = O\11+ 17|+ K|+|L]>

/ / . ! —
01 = .05 = 5. 04000 =7 a0d O =0

Reasoning exactly as before this can happen if and only if I = J,a = 8, K = L,y = 6, 0, = 0|74 fora =1,...,|I|
and 92u|+a = 92|I|+|K|+a fora=1,...,|K]|.

This means that
1
E[[AT A/ZIARALL | = ()R (5750575 + O(57)] <
1
(o)L 57 5865 F 69 + ~o LK, L)]
where o (I, J, K, L) is a positive constant corresponding to the maximal number of non zero pairings.

Since

E|(S5)TAT 4,53 (9)T A% ALSY |

N
= Z E[[sém[sé%[séwsm (A7 AsJ81A% ALLY]

N N
2304501E[ATAJ] [ARALs] + Y ob E[14T Ala14% 4L
a=1 ao,/;zﬁl
N N
+ > ok E[lATAiA% AL + Y o4, E[1AT A)314F AL ]3]
a,f=1 a,f=1
a#B a#f
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we end up with
E|(S3)T AT AsSy (S0) T AKALSS | =

1
05 () IHHIERIELNS (676 + O(5))+

HIV? = N)(6{3 4+ 0()) + (N = N)O(5) + (N = N)O()}

1 1
_ J4SO(UA)|1|+\J\+\K\+|L\N2 [5}15%( + O(N)] _ (Ugoolf‘Hll)zNZ [5}15%( + O(N)]

In the end

1 ' 1
E[ [ (S0 AT A8 — o, ok Vo7 [ (S5 AR ALSY — o, ot o] | =

1 1
B[ (ST AT A Y (SE)T AR ALSY | — (03, o265k + O(5) =
1 1 1
(03,041 [675% + O(5)] — (03,0567 5 + O(57) = O(57)

Proposition C.30. The coefficients in the expansion of the variance

(SN (), SV (y))rw LN e . o2 \2
]E[( Nt — (0?90 + é)(Szg(an)ms, Szg(aAy)o,QT((W)) + é) }

are all O(%;) with oy, > 0.

Proof. Now
(S (), 87 (y))ry =

> LSO TATALSY + (br,)"ATASSY + (ST AT Ajby, + (br,)" AT Ajby, |-
I1,JeWy

-Sigs o(x)Sigy ,(y)

Thus to study

. . o.g 2
)(Sig(oaz)o,s, Sig(oay)o)r(ray) + g) }

N(z), SN N o}
]E[(<SS( )a]f;t (¥)r *(U§O+é

we need to study the terms

1 o2
WIE“(SQ’ YEATA;SY + (b, )TATASSY + (SY)TAT Ajby, + (b1,)T AT A by, — N (0%, + é)aglﬂ‘”d}]].

2
g
(S TALALSY + (bre)TALALSY + ()T AL A b, + (b )TAL A b, — N (0%, + é)a[f”'%f{]}

To ease the notation let us write 4, j, k and [ instead of, respectively, I, Ji, K1 and L;.
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We have

E{[(S5")" AT 4,557
[(SIVTARALSY + (br)T AL ALSY + (ST AL Ao+ (b)TALA by — N (03, + (j;j)ag“wag]}
= E[(0)TAT A8 (S3) T AR AL 5]
+E[(S5)T AT 4,57 (b)T AL ALSY |
+E|(SY)T AT A SY (SY)T AR Apb|
E[(S0)TAT Ay S5 (0n)T A Apb]

2
g
~N(o2, + é)a'f'““éf(ﬁ[(S{)V)TA?AJSﬂ

which by previous results is equal to

1
(0%, ol T2 N2 576k + O(3)]

+E[(S§V )T AT A, SN (bk)TATRALSg)V}
TE[(S))7 AT AsS3 (S5)T A% Apb]
+E|(SY)T AT A S (bx)T AT A b
2
1
,(Ugg + %)JLK\HL\(S%(JgOO_KHU\NZ [5}1 JrO(ﬁ)]
A

Note then how

E[(S))7 AT Ay (b4)" A% AL S|

> B[Sl sl 3[4 A AT AL

s E| (5011531615215 | E | [be) | E[[AT A01214% 415 ] = 0

given that E {[bkh} = 0. Analogously we have

E[(S))7 AT 4,8 (SY)T A% Agh] =0

61



Neural signature kernels as infinite-width-depth-limits of controlled ResNets

Finally

E[(SON )T AT 4,8 <bk>TA£ALbZ}

«a,B,v,0=1
N
= Y E[1S01a1591s B[ buy s | E[[AT 4015145 413
a,B,y,0=1
1
= 02, o2o| [ IHIRIFIL Z 0200407610505 + O(57))
04675 1
<m0 ; 1
= 02, oboly TR Z 6203 (846755 + O(57))
(yﬁ’y& 1
<) 1
— 0% ol T IFIKITIL Z 52858765 + O(57)
a,B,7,6=1

N
|+ | 1 R+ | £ 1
= o3, ofa TR N7 (575% + O(57) = o, oo TITEIHEN2 57 6% 4+ O(<

a,y=1 N):I

where once again we use the fact that all the O(5;) are uniformly bounded above by some O(%;).

Putting everything together

E{[(s5")" AT 4,57
2
ag
(S TALALSY + (bk)TALALSY + (SY)T AL A by + (be)TAL A b — N (0%, + Ufg)af‘““ag]}
A

1
— (U,%OO-A‘AL|+‘I|)2N2|:5QI]5£(+O(N)j| +O+O+USO ‘IH"JH’IK“HL‘NQ [5J5L +O( )]

2
~(o%, + D)ol ko, oI5 4+ 0(3)] = NO(3p)
A

With analogous arguments we obtain

E[[(b)7 AT 4,5

2
g
(S TALALSY + (b)) T AL ALSY + (SY)T AL A by + (be)TAL A b — N (o2, + é)a[f‘*'%f{]}

2
= 0+E|(6)TATAsSY (b) AL ALSY | +E[(0)T AT A, S5 (S5)T AR Aghi] +0 = N (0%, + Z5)oli sk 0
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and since
E [(bi)TA?AJSéV (be)T AL ALSY ]

- f) E 5015150 15| B | [idalbil, | B [A] AS12 AT ALl

:ggoggaf'“J'HKH‘L' Z 535755 ( 5{5;5§5§+0( )
a,B,7,6=1

N
14 R 1
= 02 odaly TIHIRIHIEY Z OR0L8ES10R0%85 + DT 83020F0(55)]

a,B,v,0=1 a,B,7,6=1

N
— o2 gl IIHIRIHIE Z(sk(SJ(SL S sto(h

171K
a=1 a,B=1

i ; e 1
0% ofol{TIIHIRIFIE [N gks 5L 1 N26FO(—

|
)] = N0(3)

and similarly
1
E[(bi)TA}CAJséV(séV)TA};Aibl] = N?0()
we finally obtain
E{[(b:)" A7 4,53
2
[(SIVTARALSY + (0r)TALALSY + (ST AR Ao+ (b)TAL A by — N (03 + %)UL‘K‘”%IQ]}

= N?0(+)

Using the same arguments developed up to here all other terms in the product end up as being N 2O(%) thus dividing finally
by N? we have the thesis. O

We will just do the case (0g,,04,05) = (1,1,0). The arguments for the general case are the same.

Proposition C.31.
. 1 . .
Jim ST ST CEI(SY)TAT A,5Y)Sigh () Sigd o (v)
IEW JEW,
Z Z ]\llgnoo *E [(So )TATAISO ]51905( )Sigo{t(y)
IeWy JeWy

Proof. First of all, to be thoroughly rigorous, we need to define a probability space over which we take all the expectations,
everything is numerable thus there is no issues with this.

To justify the exchange of sum and limit we want to use Lebesgue dominated convergence, we thus need to bound the

1 : .
| EL(S0) T AT A, 871 Sigo,, (+) Sig o (v)]

from above.

We know, from previous considerations, that

=2

L R[(9N)T AT A, D] = 1E[ATAJ }

n=1
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and that
EIESE]

E[lA7 A0 = (%)

thus, since w(p, I, J, N,a, ) < N S , we obtain

> w(p,I,J,N,n,n)

2
PEPT 41

E[[AT AsJ3] < 1PR ] < 11+ 1)1

We have also seen that E [[A}FAJ]Z] = 0if |I| + |J| is odd, thus we can consider |I| 4+ |J| to be even; then, writing ¢, j

instead of |I|, | J| for ease of reading, we get

(111 + 17 = 2.

Putting everything together we have found

1 iti 1+ 7]
I EIS)T AT 4,5 < 25 (52

and
1
2fitj = FEUST) AT A,8]=0

Finally remember how, by factorial decay,
[

.1
|SZgO,s(x)| S ‘I"

We have now to prove, by (Tao, 2016)[8.2.1 and 8.2.2], that

i |I] + || B
o> 2 (=5 )" T N

I1eW, JeWy
it =" Iyl
:szszQ 2 (T)' ]12|i+j T
€N jEN . g

Once again by (Tao, 2016)[8.2.1 and 8.2.2] we have to find a bijection ¢ : N — N x N such that, if

it Il ly ]’
S0 g) = d' a2 (52) Dajiy =50
then
> f6(k)) < oo
keN

As a first step assume 2|i + j and, writing ¢ A j := min{4,j} and i V j := max{i, j}, note how

f(Z7-]) :f(Z/\.]aZ\/])

< Wl @yl 2= () @llel) @ lyl2= (5 A+ (@) ]yl
(i AV G)! (i Vj)! (V) (BL+1)- (A5

A ||| lylP 27" _ a1+ 2D+ [lyD] 27
- (ﬂ)l - (“;J)l
2 /" 2/
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Consider then ¢ as the inverse of the map (4, j) — %(z +7)(i+j+1)+jie ¢isthe map enumerating pairs (i, j) starting
from (0, 0) and proceeding with diagonal motions of the form

(m,0) - (m—-1,1) = --- = (0,m)

and then (0,m) — (m + 1,0). Notice that such diagonal strides have length m + 1 and comprise all couples (i, j) such that
t+j=m

Since there are exactly 2k + 1 choices of (3, j) such that H'] = k, corresponding to the couples (¢, 2k — i) fori =0, ..., 2k,
using the above ¢ it suffices to prove

1 1 2d2 1 2(1 21"
Z(%H)[ (1+ el (1 + Jlyl)]” —Z ot 1+ =2 + yI)?]
k k!
keN kEN
Since .
2d2(1 + ||=])%(1 + 2
5ok 1y P P Iy
keN :
< 22k+1 2d2 1+ ||17H) (1 + ||y||) } — 9% [2d(1+”x||)(1+||y\|)}2 <o
k!
keN
we are done.

Proposition C.32. The exchange of sums and expectations has always been justified.

Proof. For the case with just two indices I, J we need to use Fubini-Tonelli and prove that

1 | .
> > ~ 1 (50T AT A S Sigo, o (x) Sigy o ()]

IeWy JEWd

=> > E *| Sp )T AT Ay 8o (]| Sigs, () Sigy o (y)] < oo
I1eW,; JeW,y

‘We have

BT AT AN < | SIS AT A5

Remember how )
E[(S5")T AT AsSy' (Sg)) T AT AsSg]

N?
3 A
= 3" SE[ATARAT A + Y SSE[IAT Asl (AT A
a=1 aogéﬂl
N
o3 LE[uraaran]« S LE[lraiara)
a,f=1 a,f=1
a#pB a#pB

and how
E[[AT /AR AL | =
1

= WZW(PJ,J’K»L,@;»B»%@
N 2 peEP
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where
EIESEIEST JEdEA

w(p’I’J7K7L7a’/B7’Y76) SN

thus
B[ (AT AR AL < 1PS i simiin] < (11 + 11+ K] + 2]

In our case K = I and J = L, hence

(] + 1]+ 1K+ LD = (2] + 2|7 < 2P (1] 417

Putting all together

1 1
(ST AT A5 ) <\ BT AT 4,557

< \f6 2] 7)< V-2 1) 1

where we have used
(14 [TDE = (] + TP+ [T = D < [(] + [T

Finally

1 _ ,
> > EISE)TATASSY N Sigs o (x)Sigs . ()]

IEW, JeEW,
NG 1]+ J] ,,||90Hm ||3JH|JI
<D > VB2 DM T
TEW, JeW, ' '

which is proved to be < oo exactly as in the previous proof, this time taking care to consider also the case |I| 4 |J| not even.

The case with 4 words, i.e. the variance case, goes similarly. [

Putting all of this together we have finally proved the theorem:
Theorem C.33. Consider randomized Signatures of the type

d t
SN(z) = SO+Z/ (ApSY (2) + by ) da®
k=170
where © € X and )
g
[AR)2 ~ N(O, NA) [Yola ~ N(0,05,)  [brla ~ N(0,0%)
Then 2 2
. 1 o~ N ) Oh \joaz,00y 9y
Jim B[ (5Y @)Y W | = (08, + 2N ) - 2

and the variance around the limit is of order O(%).

C.4.3. CONVERGENCE TO A GAUSSIAN PROCESS

Fix X := {z1,...,2m} C X. Let moreover ¢ € RY be sampled from A/(0, +). Define the vectors

oY = [(¢, 87 (7)) pwli=t,.com

Proposition C.34. ®Y converge in distribution to a N'(0, K3Y).
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Proof. By Lévy’s continuity theorem it suffices to study the limiting behavior of the characteristic functions

on(u) ;= Elexp {Z’ZLT(I)%H

=Elexp {i > u;[®N];}] =Elexp {i > u; (6,57 (x;)) }]
j=1 j=1
=El[exp {i <Z Uijv(mj),¢> 1]
Elexp {i <Zu351 xj), >}|A1,bl, -y Ad, ba, So]

But if we know Sy and the Ay, by the randomized signatures are deterministic objects, and ¢ is normally distributed; thus

on(u) = E[E[exp {i <Zu SN (x5), >}A1,b1,...,Ad,bd,So}]

_Eexp{—<zujsl Ij ZUJSI 37]> }

_Eexp{—*zuu]NQg (1), Sl T >}

— Bl { <Ju ;G%u> Y

[GN] <S1 (74), Sl ($J)>

where

Now, since we have proven that

we have

Thus, since L2 convergence implies convergence in distribution, by the classical Portmanteau theorem we must have

Eh( Y] ——— EIA(%)] = A(%)

N —o0

for every continuous and bounded A : R™*™ — R

Fix © € R™ and consider
1
fu :R™™ 5 Rt A exp{—§ (u, Au) }

We would like to take h = f,,, unfortunately if u # O then f, is not bounded: taking A = —I,,,«,, we have
ko o2
f(kA) = exp{g fullz} ——— +oo
k—o00
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Fortunately we are only interested in evaluating f,, on the G¥ which are all positive semidefinite matrices:
Gr = (W)W

where W € RV*™ is defined by
(WX = [S™ ()l

thus for any v € R™ it holds that

1
W;J(Vu)T— iyu =

VN

1 1
UTNGQU = uTN(W;J(V)TWf(Vu

(L
-5

Since the G¥ are semidefinite we have
0 < fulGX) <1

for any u, hence we always have

fulGR) = o fu(GY)

where ¢ : R — R is defined by ¢(z) := min{x, 2}.

To end notice how 9 o f,, : R™*"™ — R is continuous, being composition of continuous functions, and bounded, since
0<o fu(d) <2
Then we have, for every u € R™, that
1
E[f.(GY)] =E[(y o fu)(NGg)] o We fu)(E) = fu®)
where we have used the semidefinitiveness of 3. With this we finally conclude that
1
() —— exp{—3 (1, %)}

N —o0

We have just proved
Proposition C.35. Let ¢ = id. For any subset X = {x1,...,z,} C X the following convergence in distribution holds

Jim  lim oM (x) = Jim i o (x)
—00 M —00 —00 N—00
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