N

N

Learning time-dependent data with the signature
transform

Adeline Fermanian

» To cite this version:

Adeline Fermanian. Learning time-dependent data with the signature transform. Statistics [math.ST].
Sorbonne Université, 2021. English. NNT: 2021SORUS224 . tel-03507274

HAL Id: tel-03507274
https://theses.hal.science/tel-03507274

Submitted on 3 Jan 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03507274
https://hal.archives-ouvertes.fr

UNIVERSITE LPSM

CREATEURS DE FUTURS
DEPUIS 1257

g SORBONNE A

LABORATOIRE DE PROBABILITES
STATISTIQUE & MODELISATION

SORBONNE UNIVERSITE
LPSM

Ecole doctorale Ecole Doctorale Sciences Mathématiques de Paris Centre
Unité de recherche Laboratoire de Probabilités, Statistique et Modélisation
Thése présentée par Adeline FERMANIAN
Soutenue le 15 octobre 2021

En vue de 'obtention du grade de docteur de Sorbonne Université

Discipline Mathématiques appliquées

Spécialité Statistique

Learning time-dependent data with
the signature transform

Theése dirigée par Gérard Biau directeur
Benoit CADRE  co-directeur

Composition du jury

Rapporteurs Stéphane CHRETIEN  professeur & 1’Université Lyons 2
Josef TEICHMANN professeur & 'ETH Ziirich

Ezaminateurs Claire BOYER MCF & Sorbonne Université
Marianne CLAUSEL professeure a 1'Université de Lorraine présidente du jury
Terry Lyons professeur & I’University of Oxford

Lorenzo ZAMBOTTI professeur & Sorbonne Université

Directeurs de thése Gérard Biau professeur & Sorbonne Université
Benoit CADRE professeur & I’Université Rennes 2






o

| N

¥ fleceFrance

This work was supported by the Paris Ile-de-France Region via the DIM Math Innov program.






A Papy Jacques,






We have to build the Republic of Heaven
where we are.

Philip Pullman

Un lieu qui n’est pas empreint de
féminité n’est pas fiable.

Ibn ’Arabi






Résumé ix

LEARNING TIME-DEPENDENT DATA WITH THE SIGNATURE TRANSFORM

Résumé

Les applications modernes de I'intelligence artificielle aménent & travailler avec des données temporelles
multivariées de grande dimension qui posent de nombreux défis. Par une approche géométrique des flux
de données, la notion de signature, représentation d’un processus en un vecteur infini de ses intégrales
itérées, est un outil prometteur. Ses propriétés développées dans le cadre de la théorie des chemins
rugueux en font en effet un bon candidat pour jouer le role de features, ensuite injectées dans des
algorithmes d’apprentissage. Si la définition de la signature remonte aux travaux de Chen (1960), son
utilisation en apprentissage est récente et de nombreuses questions théoriques et méthodologiques restent
& explorer. Nous nous intéressons donc a 'utilisation de la signature pour développer des algorithmes
génériques et performants pour les données temporelles de grande dimension, ainsi que de leur fournir
des garanties théoriques. Ce but se déploie principalement dans deux directions : d’'une part, développer
de nouveaux algorithmes prenant en entrée la signature des données, d’autre part utiliser la signature
comme un outil théorique pour étudier les algorithmes existants d’apprentissage profond, via la notion
récente de neural ordinary differential equation qui fait le lien entre apprentissage profond et équations
différentielles.

Mots clés : signatures, données temporelles, apprentissage séquentiel, réseaux de neurones récurrents

Abstract

Modern applications of artificial intelligence lead to high-dimensional multivariate temporal data that
pose many challenges. Through a geometric approach to data flows, the notion of signature, a repre-
sentation of a process as an infinite vector of its iterated integrals, is a promising tool. Its properties,
developed in the context of rough path theory, make it a good candidate to play the role of features,
then injected in learning algorithms. If the definition of the signature goes back to the work of Chen
(1960), its use in machine learning is recent. Many theoretical and methodological questions remain to
be explored. We are therefore interested in using the signature to develop generic and efficient algorithms
for high-dimensional temporal data, with theoretical guarantees. This goal is mainly deployed in two
directions: on the one hand, to develop new algorithms taking the signature of the data as input, and,
on the other hand, to use the signature as a theoretical tool to study existing deep learning algorithms,
via the recent notion of neural ordinary differential equation which makes the link between deep learning
and differential equations.

Keywords: signatures, temporal data, sequential learning, recurrent neural networks

Laboratoire de Probabilités, Statistique et Modélisation
Sorbonne Université — Campus Pierre et Marie Curie — 4 place Jussieu — 75005 Paris — France



Résumé




Table des matiéres

Résumé
Table des matiéres

1 Introduction
1.1 Preliminaries . . . . . . . . . . . e
1.1.1 Paths of bounded variation . . . . . .. ... ... oL
1.1.2 Tensor SPACES . . « v v v v v i e e e e e e e e e e e e e e e
1.1.3 The signatureof apath . . . . . ... ... . o L.
1.2 Properties of the signature . . . . . . ... ... L o oo
1.2.1 Invariances and uniqueness . . . . . . . . . ot o e e e e
1.2.2 Analytic properties . . . . . . . . . ...
1.2.3 The logsignature . . . . . . . . ... L e
1.3 Contributions . . . . . . . . L e
Signatures as a feature set . . . . . ... oL oL L L
Linear regression with signatures . . . . . . .. .. ... L0
Signature kernel and RNN . . . . . ... 0o oo Lo
Signature inversion . . . . . . . .. ... Lo
Outline of the manuscript . . . . . . . . . . . ... ..
Résumeé détaillé . . . . . . . . . L

2 Embedding and learning with signatures

2.1 Imtroduction . . . . . . . . ..
2.2 A first glimpse of the signature method . . ... ... ... ... ........
2.2.1 Definition and main properties . . . . . . . . . . ... ...
2.2.2 Signature and machine learning . . . . . .. ... oL 0oL L
2.3 Datasets . . . . . . L e
2.4 The embedding . . . . . . . . . . e e
2.4.1 Definition and review of potential embeddings . . . . . . . ... ... ..
2.4.2 Results . . . . . . e
2.4.3 Running times . . . . . . . . . L. Lo
2.5 Simulation study of autoregressive processes . . . . . . . . . ... ... ...
2.6 Signature domain and performance . . . . . . ... ...
2.6.1 Comparison of local and global signature features . . . . ... ... ...
2.6.2 Performance of the signature . . . . . . ... ... .. Lo
2.7 Conclusion . . . . . . . ..

xi

ix

© © O W W

12
14
16
16
18
18
19
19
21

25
26
28
28
33
37
39
40
42
46
46
49
50
o1
53



xii Table des matiéres

3 A Generalised Signature Method for Multivariate Time Series Feature Ex-
traction
3.1 Imtroduction . . . . . . . . ..
3.2 Context . . . oo
3.2.1 Background theory . . . . ... .. ...
3.22 Related work . . . . . . . oL
3.3 The generalized signature method . . . . ... ... .. ... ... ... ...
3.3.1 Augmentations . . ...
3.3.2 Windows . . . . oLl e
3.3.3 The signature and logsignature transforms . . . . . ... .. ... ....
3.34 Rescaling . . . . . . .. e
3.3.5 Putting the pieces together . . . . . . .. ... o oL
3.4 Empirical study . . . . . . L e
3.4.1 Methodology . . . . . . . . . . e
3.4.2 Results . . . . . oL e
3.4.3 Furtherresults . . . . . . .. . Lo
3.5 The canonical signature pipeline . . . . ... .. ... ... ...
3.5.1 Definition . . . . . ..o e
3.5.2 Performance . . . . . ... L
3.6 Conclusion . . . . . . . . . . e e e e

4 Linear functional regression with truncated signatures
4.1 Introduction . . . . . . . .. L
4.2 Mathematical framework . . . . . . . . . ... L
4.2.1 Functional linear regression . . . . . . . . .. . ... oL
4.2.2 Thesignatureof apath . . . . . .. .. ... ... ... ... .......
4.3 The signature linear model . . . . . .. ... Lo Lo
4.3.1 Presentation of the model . . . . . . .. ... 0oL
4.3.2 Estimating the truncationorder . . . . . .. . ... oL
4.4 Performance bounds . . . . . . ...
4.5 Computational aspects . . . . . . . ... Lo
4.5.1 The signature linear model algorithm . . . . . .. .. ... .. ... ...
4.5.2 Atoyexample . . . . ..o
4.6 Experiments. . . . . . .. Lo
4.6.1 Smooth paths . . . . . . . ..
4.6.2 Gaussian ProCeSSES . v v v v v v e e e e e e e e e e e e e e e e
4.7 Real-world applications . . . . . .. ... o
4.7.1 The Canadian Weather dataset . . . . . ... . ... ... ... .....
4.7.2 Electricity consumption prediction. . . . . . . ... ..o L.
4.8 Conclusion and perspectives . . . . . . . . ... oo

5 Framing RNN as a kernel method: A neural ODE approach
5.1 Introduction . . . . . . . . . L L e
5.2 Framing RNN as a kernel method . . . . . .. .. ... ... ... ...
5.2.1 From discrete to continuous time . . . .. .. ... Lo
5.2.2 Thesignature . . . . .. ... . L e
5.2.3 From the CDE to the signature kernel . . . . .. ... ... ... ....
5.3 Generalization and regularization . . . . . . .. ... Lo
5.3.1 Generalization bounds . . . . . ... ... ...

59
60
61
61
63
63
64
65
66
66
66
66
67
68
69
69
70
70
71

75
76
7
7
78
82
82
83
84
86
86
88
90
90
92
92
92
93
94

101
104
104
105
106
108
108



Table des matiéres xiii
5.3.2 Regularization and stability . . . . ... ... ... 000000 110

5.4  Numerical illustrations . . . . . . .. ... o 111
5.5 Conclusion . . . . . .. e 112

6 The insertion algorithm for signature inversion 117
6.1 Introduction. . . . . . . . . . L L 117
6.2 Preliminaries . . . . . . ... e 118
6.2.1 Path of bounded variation . . . . ... ... ... .0 118

6.2.2 Tensor SPace . . . . . .o i e e e e e e e e e 119

6.2.3 The signature of apath . . . . . . .. ... . L o L 121

6.3 The insertion algorithm . . . . . . ... .. Lo oo oL 123
6.3.1 Theoretical guarantees . . . . . . . . . . ... 123

6.3.2 Algorithm . . . . . . . . 127

6.4 Experimental results . . . . . .. .. Lo L 130
Conclusion 133
A Supplementary material of Chapter 1 135
A.1 Proof of Proposition 1.2 . . . . . . . . . ... 135
A2 Proof of Theorem 1.3. . . . . . . . .. 136
A.3 Proof of Proposition 1.4 . . . . . . . . . .. 136
A.4 Proof of Theorem 1.6 . . . . . . . . . . . . . . e 137
A5 Proof of Lemma 1.7 . . . . . . .. L 137
A6 Proof of Lemma 1.8 . . . . . . . . . . . 138
A.7 Proof of Proposition 1.10 . . . . . . . . ... 138
A.8 Proof of Theorem 1.12 . . . . . . . ... o 139
A.9 Proof of Theorem 1.13 . . . . . . . . . . e 139

B Supplementary material of Chapter 3 141
B.1 Augmentations . . . . . .. L 141
B.2 Rescaling . . . . . . . . e 144
B.3 Implementation details . . . . . . .. ... L Lo 144
B.3.1 General notes . . . . . . . . . ... e 144

B.3.2 Analysis of variations of the signature method . . . . .. ... ... ... 145

B.3.3 The canonical signature pipeline . . . . . .. ... ... 0oL 146

B.4 Additional results . . . . . . . .. e 147
B.4.1 Analysis of variations of the signature method . . . . . . . ... ... .. 147

B.4.2 Complete results . . . . . . . ... 149

B.4.3 Canonical signature method . . . . ... ... ... ... 0. 149

C Supplementary material of Chapter 4 155
C.1 Proof of Theorem 4.4 . . . . . . . . .. . 155
C.2 Proof of Corollary 4.5 . . . . . . . . o 165

D Supplementary material of Chapter 5 169
D.1 Mathematical details . . . . . . . . . ... 169
D.1.1 Writing the GRU and LSTM in the neural ODE framework . . ... .. 170

D.1.2 Picard-Lindel6f theorem . . . . . . . .. .. .. L oo 170

D.1.3 Operator norm . . . . . . . . ... 172

D.1.4 Tensor Hilbert space . . . . . . .. ... . .. ... 172



xiv Table des matiéres

D.1.5 Bounding the derivatives of the logistic and hyperbolic tangent activations 174

D.1.6 Chen’s formula . . . . . . . ... . . . ... 175

D.2 Proofs . . . . . 176
D.2.1 Proof of Proposition 5.1 . . . . ... .. ... L 0 176
D.2.2 Proof of Proposition 5.2 . . . . . .. .. o 177
D.2.3 Proof of Proposition 5.3 . . . . . . . .. ... . 178
D.2.4 Proof of Proposition 5.4 . . . . . . ... ... 178
D.2.5 Proof of Proposition 5.5 . . . . . . ... o 180
D.2.6 Proof of Theorem 5.6 . . . . . . . . . .. ... 184
D.2.7 Proof of Theorem 5.7 . . . . . . . . . . 185
D.2.8 Proof of Theorem 5.8 . . . . . . . .. .. . 186

D.3 Differentiation with higher-order tensors . . . . . ... ... .. ... .. .... 188
D.3.1 Definition . . . . . . . . . e e e e 188
D.3.2 Computation rules . . . . . .. .. L Lo 189

D.4 Experimental details . . . . .. . .. L o 191
E Supplementary material of Chapter 6 195
E.1 Proof of Theorem 6.7 . . . . . . . . . .. .. 195

E.2 Proof of Theorem 6.8 . . . . . . . . . . . e 201



Chapter 1

Introduction

Contents

1.1 Preliminaries 3
1.1.1 Paths of bounded variation . . . . .. ... .. ... ... ...... 3
1.1.2 Tensor spaces . . . . .« o v vt i e e 4
1.1.3 The signature of apath . . . . . .. .. ... ... . ... 6

1.2 Properties of the signature 9
1.2.1 Invariances and uniqueness . . . . . . . .. ... .o 9
1.2.2 Analytic properties . . . . . . . . ... 12
1.2.3 The logsignature . . . . . . . . . . . . . 14

1.3 Contributions 16
Signatures as a feature set . . . . ... ... L. 16
Linear regression with signatures . . . .. ... .. ... ... ... .. 18
Signature kernel and RNN . . . . . .. ... o oL 18
Signature inversion . . . . . . .. L. L L e 19
Outline of the manuscript . . . . . . . ... ... ... L. 19

Résumé détaillé 21

The goal of this thesis is to study the application of signatures to statistics and machine
learning. We are interested in data which have an intrinsic sequential or temporal nature, that
is, a natural ordering. In some cases, such data may be considered as continuous (random)
functions X from an interval [a,b] C R into R, where d > 1. For example, X can be a time
series representing the price of a stock observed over some time. If several stocks are observed,
then X is a multivariate time series and takes its values in R¢ with d > 1. Functional data also
fall within this setting, with typical datasets being spectrometric curves or temperature profiles.
In machine learning, the fields of speech recognition, character recognition, and natural language
processing also fit in this setting, where the interval [a, b] may again correspond to time but also
to position in a sentence. From now on, we refer to such data as paths X : [a,b] — R¢ and
following the notation from stochastic analysis, we write X; for X ().

Given these paths X, we want to learn a certain output Y, function of X. For example, the
output Y can be a forecast of the future value of the series, another related scalar quantity, or a
label in the classification case. Learning Y from X brings up the question of the representation
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of X. Indeed, most learning algorithms such as least-squares regression, decision trees, or neural
networks, take as input a vector. A natural choice for this vector is to sample the values of
X but there are other options such as using a Fourier representation of X, or, more generally,
expanding X on basis functions. We will see that signatures are yet another option.
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0.025 7 Y y
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(a) Sample 1 (b) Sample 2

Figure 1.1 — Two samples from the Character Trajectories dataset corresponding to the same
label “a”

Let us consider as an illustrative example the two samples from the Character Trajectories
dataset (Dua and Graff, 2017) shown in Figure 1.1. We are given the x and y coordinates of
a pen trajectory drawing the letter “a”. In Figure 1.2 we compare two possible representations
of these samples: in Figure 1.2a the x-coordinates of the two samples and in Figure 1.2b the
truncated signature (after a proper normalization). In a learning context, it would be desirable
that representations of two samples of the same class be close, which seems to be the case for
the signature, whereas they are further apart when looking at the x-coordinates. In terms of
Euclidean distances, the distance between the signatures (truncated at order 4) is 0.096 whereas
it is 1.0 for the sampled paths. In a nutshell, the signature captures the shape of the paths and
seems therefore to be a relevant data representation.

—— Sample 1 —— Sample 1

0.15 0.15

Sample 2 Sample 2

0.10
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Figure 1.2 — Two different representations of the samples from Figure 1.1

The signature was first defined for smooth paths by Chen in the 60s (Chen, 1957; 1958; 1977)
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and was rediscovered in the 90s in the context of rough path theory (Lyons, 1998; Lyons et al.,
2007; Friz and Victoir, 2010; Friz and Hairer, 2020), which is an important area of stochastic
analysis. From a differential equation point of view, the signature summarises the effect of a
path X on an output path Y when Y is “controlled” by X. More precisely, let F' : R® — Re*¢
be a vector field, and Y be the solution of the controlled differential equation (CDE)

dY, = F(Y})dX;, Yy=yo,

where F(Y;)dX; should be understood as a matrix multiplication. Then, Y is entirely defined
by the function F' and the signature of X. In other words, Y depends on X only through its
signature. From a learning perspective, Y can be seen as a quantity to predict, for example the
translation of a speech, and F' is now an unknown function that links the input X and the target
Y. The theory of (controlled) differential equation then tells us that ¥ will depend only on the
signature of X, making it a relevant representation or feature set for any algorithm that tries to
learn F.

During the last few years, the signature has been combined to machine learning algorithms,
achieving state-of-the-art performance in several domains such as character recognition (Yang
et al., 2016a), finance (Perez Arribas, 2018), medicine (Morrill et al., 2019), or human action
recognition (Yang et al., 2017). Several methodological works have accompanied these applied
achievements, bridging the gap between stochastic analysis and machine learning (Levin et al.,
2013; Kiraly and Oberhauser, 2019; Liao et al., 2019; Kidger et al., 2019). However, many
questions remain open; we will contribute to answer some of them in this manuscript.

We first present the definition of signatures in Section 1.1, then move on to its main properties
in Section 1.2, and finally give an overview of our contributions in Section 1.3.

1.1 Preliminaries

To define signatures, we need two mathematical ingredients: integration along paths and
tensor spaces, which we both present now. In all the following, F is a Banach space of dimension
d equipped with a norm || - ||. Typically, it should be thought of as R<.

1.1.1 Paths of bounded variation

Let X : [0,1] — E be a continuous path. When E = R¢, we denote by (X},..., X?)T € R?
the different coordinates of X.

Definition 1.1 (Path of bounded variation). Let X : [0,1] — E be a continuous path. For any
p>1, [s,t] C[0,1], the p-variation of X is defined by

k
Xl = (s D21, =X, 7))
(to,tk)EDs,t 51
where Dy, denotes the set of all finite partitions of [s,t], that is,
Dyy={(to,...,te) |k >0, 5=ty <t < <tp_y <ty =t}
The path X is said to be of finite p-variation on [s,t] if its p-variation is finite.

In this manuscript, we restrict to the case p = 1 but it is worth keeping in mind that the
extension to less regular paths (i.e., p > 1) is an active area of research. When [s,t] = [0, 1],
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we often write || X||1_var instead of || X||1-var;o,1]- If [[X[[1-var < 00 We say that X is of bounded
variation and denote by BV (FE) the set of paths of bounded variation. If X is continuously
differentiable and X’ : [0,1] — R? denotes its derivative, then

1
1 1o = / 17 dt.
0

From a geometric point of view, || X||1.var is the length of the path X. Note also that || - ||1-var
is a semi-norm (the 1-variation of a constant path being null) and that we can define a norm on
BV (E) by letting
1XNIBv (=) = [ X [l1-var + sup [|X¢].
te[0,1]

This norm equips BV (E) with a Banach structure. Given a path of bounded variation, it is
possible to integrate along this path, which defines the Riemann-Stieljes integral.

Definition 1.2 (Riemann-Stieljes integral). Let X and Y be two paths from [0,1] to R and
[s,t] C [0,1]. For any n > 0, let (t(()n)7 ce %n)) € Dg, be a partition of [s,t] of length n, such
that its mesh size converges to zero when n grows:

sup |t§n)—t§f)1| — 0.

1<i<n n—oo

Let (sﬁ"), ce s%n)) be a sequence such that, for anyi € {1,...,n}, sz(»n) € [tz(-ﬁ)l, tg”)]. Then, if the
sum

n

D Yo (Xym = X,m)

i=1
converges to a limit I independent of the choice of partitions, we say that the Riemann-Stieljes
integral of Y against X exists, is equal to I, and denoted by I := f; Y, dX,.

This definition generalizes to the case when X and Y are vector-valued by letting, if XY :

[0,1] = RY,
t
/ YudX, =

It can be shown that if Y is continuous and X of bounded variation, then the Riemann-Stieljes
integral ff Y. dX, exists (see, e.g., Friz and Victoir, 2010, Proposition 2.2). This result has been
extended to the case when X has finite p-variation and Y finite g-variation with 1/p + /¢ > 1,
I is then called the Young integral (Young, 1936). From now on, all integrals will be taken as
Riemann-Stieljes integrals. Note that if X is continuously differentiable, then

t t
/ Y,dX, = / Y, X! du,

where the last integral is the usual Riemann integral (extended to R%).

J vldxX)

Jiviax

1.1.2 Tensor spaces

We now introduce some definition and notation on tensor spaces. We refer the reader to
Purbhoo (2012) for supplementary details on tensor products and to Appendix A for proofs.
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Definition 1.3 (Tensor product of vector spaces). Let E and F' be two vector spaces. A tensor
product of E and F, denoted by E® F, is a vector space with a bilinear map ¢ : EXF — E®QF
such that for any basis e = (e;)icr of E and f = (fj)jes, then

plex f)={ole;, fj)|e;€e fj € [}

is a basis of EQ F. For anyx € E and y € F, ¢(x,y) is denoted x ® y and called the tensor
product of x and y.

It is known that such a product exists and is unique up to isomorphism. The nth tensor
power of a vector space F is defined as the order n tensor product of E with itself:

n

—_——~
E" = F®.---QF.

By convention, E®? = R. It may be useful to identify E®" with the space of homogeneous
non-commuting polynomials of degree n. Indeed, let (ey,...,eq) be a basis of E (assumed to be
finite-dimensional). Then, any element of E®™ can be written as a sum

§ 1
a ei1®...®ein7
T=(itseomyin) C{Lyoerd}

which can be thought of as >_ a’ X;, ... X, where X1, ..., X,, are non commuting indeterminates.
Note that, by construction, dim(E ® F)= dim(E) x dim(F). Thus, if E = R?, E®" is of

dimension d”. Then, we can also identify E®" with R?" (for example, E®? can be identified
with the space of d x d matrices).

Definition 1.4. We denote by T'(E) the space of formal series of tensors of E, i.e.,
T(E) ={(ao,...,an,...)|¥n >0, a, € E®"},

and
TN(E) = {(ao,...,an) |¥n € {0,...,N}, a, € E®"},

the truncated tensor space up to order N.

We sometimes write elements of T'(F) as formal sums: any a € T(E) may be written as
a=7,+00n Weendow T(E) with the following operations: for any a,b € T(E), A € R,

a+b:(ao+bo,a1+b1,...,an+bn,...)
)\-a:(A.ao’)\.a17...’>\.an7.”)

n
a®b=(co,C1,-.-,Cn,...), Where cn:E ar @ bp_r.
k=0

Then, the following proposition is clear from the definition.

Proposition 1.1. (T'(E),+,-,®) is a real non-commutative algebra with neutral element 1 :=
(1,0,...,0,...).

Definition 1.5. The canonical projection wn of an element of T(E) on the truncated tensor
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space TN (E) is defined by

N (ag, ... ,an,...) — (ag,...,an).
An element of T'(E) is invertible if and only if ag # 0. Thus, the space
T(B) = {a € T(B) | °(a) = 1}
is a group.

Proposition 1.2. (T(E),®) is a Lie group, and for any a € T(E),

al= Z(l —a)®*,

k>0

The tensor powers of E may be endowed with an Euclidean scalar product and its associated
norm, defined as follows.

Definition 1.6. Let a,b € E®™ and (eq,...,eq) a basis of E. Then, if
a = Z alei1®~-~®ein, b= Z b16i1®"'®6ik,
I=(i1senyin)C{1L,.cnd}™ T=(irrerrsin)C{1,....d} "

the scalar product and norm on E®™ are defined by

(@ b)pon = > d'b, a|fe.= > (ah)*

Ic{1,...,d}» Ic{1,....d}»

We can then endow T'(E) with the following scalar product: for any a,b € T(E),

(a,b)T(E) = Z<ak,bk>E®k. (1.1)

k>0

The square-summable elements in T'(F) form a Hilbert space for this scalar product.

1.1.3 The signature of a path

Definition 1.7. Let X € BV(R?). For any [s,t] C [0,1], the signature of X on [s,t] is defined
by
Ss(X) = (1L, X 1, XF s> XPogs---) € T(RY),

where, for each integer n,
5.0 = // dXy, ® - ®dX,, € (R,
s<uy < <unp <t
Before going any further, we introduce a series of notation.

e For any N > 1, the signature truncated at order N is

SM(X) = (1, X1, X2, ..., XN) = 7n (S(X)).
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e The simplex in [s,¢]™ is denoted by

Apifst) = {(ur, . yun) € [s,8]" [ s <up < <up <t

e For any multi-index (i1,...,4,) C {1,...,d}™, the signature coefficient along (i1, ...,y,) is

denoted by

( 100y n) % in
St / / dXi1 . dXin.
(U1seeun) EAp,[5,4]
If (e1,...,eq) is the canonical basis of RY, then
X&t] = Z Sﬁzjt]""z")(X)eil R--Qe,.
(i150e0sin) C{1,...,d}m

e When [s,t] = [0, 1] we omit the domain of integration and write for example S(X) instead

of S[S7t] (X)

Remark 1.1. If X is of bounded p-variation with 1 < p < 2, then the signature is still well-
defined using the Young integral. If p > 2, the iterated integrals are no longer uniquely defined.
This is where rough path theory comes into play to show their existence for various stochastic
processes (see, e.g., Le Jan and Qian, 2013, for the case of Brownian motion).

Sl (X)— 51 (X)/
563 (X) 7

Xt Xt

(a) Order 1 and 2 coefficients correspond to in- (b) The Levy area corresponds to the signed
crements and areas. orange area.

Figure 1.3 — Geometric interpretation of signature coefficients

In short, the signature is an infinite vector in T(R?) corresponding to the iterated integrals
of X against itself, on a simplex. It has a natural interpretation in terms of areas under the
path, as shown in Figure 1.3. The first order terms are just the increments of the path: for any
1<i<d,

SO(X) = Xi— X},

The second order terms correspond to areas under the curve delimited by each pair of coordinates
(Figure 1.3a). Moreover, the Levy area, which is the signed area between a curve and the chord
connecting its two endpoints (Figure 1.3b), can be recovered from these coefficients of order 2.
If o7 ; is the Levy area of the curve (X}, X7), then

hj = S0 (X) = $99(X).

This quantity corresponds exactly to the coefficient of order 2 of the logsignature, which will be
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defined later.

Example 1.1 (Path in 2d). Ifd =2, X, = (X}, X?), then (R?)®! can be identified with R* and
(R2)®2 with the space of 2 x 2 matrices:

1 1 1 1 u 1 ru 1 1 1 ru 1 2
Xl _ / de — <f01 d‘<u> , X2 _ / / dXU ® qu — (fol fo dl(q;d‘(u fO fo d;(vd4<u> )
0 0 JO

u 1 ru
fo dXx? fo fo dX2dX} fo fo dX2dX?
The coefficient of order 3, X3, can be seen as a 2 x 2 x 2 tensor, and so on.

Example 1.2 (Parametrized curve). Let X € BV (R?) be a parametrized curve: for anyt € [0,1],
X = (¢, f(t)), where f : R — R is a smooth function. Then,

:/Oldx,;:/olduzl
SP(X) = /O Lax: - /0 faydu= 71 - 50),

where [’ denotes the derivative of f. Similarly, the signature coefficient along (1,2) is

soo = [ [Caxtaxz= [ ([ a) = [Cusea= - [ s

and so on.

Example 1.3 (Linear path). If X : [0,1] — R? is a linear path, i.e., Xy = Xo + (X1 — Xo)t,
then for any I = (i1,...,i,) € {1,...,d}",

Xy ...dXin —/ (X1 — Xo)™ ... (X1 — Xo)'"duy ... du,
JAVY

— H(Xl - X())ZJ /An du1 .. dun = g 1_‘[()(1 _ Xo)l].

With tensor notation, we have X" = (X7 — X)®"

Example 1.4 (Path in one dimension). In one dimension, the signature is directly related to
the moments of X. Indeed, let X : [0,1] — R be a one-dimensional path. Then, for any k > 0,
Xk € R, and, for any t € [0,1],

1
X0, = dXy, ...dX,, = = (X — Xo)™
[0,4] n!
n;[0,t

Therefore, if X is a time-continuous stochastic process of bounded variation, then

1

E[Xjy,y] = LE[(X: - X0)"].

The link between signatures and moments is also relevant in the general case. Indeed, signa-
tures can be thought of as moment-generating functions for stochastic processes. Recall that if
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Z is a real random variable, then its moment-generating function, defined by

A= E[e?M] = F1E[Z’€],
k=0

characterizes the law of Z. Now take a stochastic process X of bounded variation, then Chevyrev
and Lyons (2016) construct a characteristic function for X as M +— E[M (S(X))], where, without
going into the details of its definition, M plays the role of A. A corollary is that, provided E[S(X)]
is well-defined, then the law of X (and of S(X)) is entirely determined by E[S(X)]. In other
words, the signature is the equivalent of an exponential for vector-valued processes, and signature
coefficients of order k are the equivalent of moments.

1.2 Properties of the signature

Signatures have a number of good analytic and algebraic properties, which guarantee their
relevance in machine learning. We briefly present them here and refer to Appendix A for the
proofs.

1.2.1 Invariances and uniqueness

First, we present several algebraic properties that translate properties on paths into properties
on signatures. We proceed with a description of the loss of information resulting from taking the
signature and with a uniqueness result.

The first property, known as Chen’s identity, provides a formula to compute the signature
of a concatenation of paths, which is crucial for practical implementation. Let X : [s,¢] — RY
and Y : [t,u] — R? be two paths. The concatenation of X and Y (see Figure 1.4) is the path
X %Y : [s,u] — R? defined, for any v € [s,u], by

X, if v € ls,t]

(X xY), = )
Xe+Y, -V, ifveltu]

Figure 1.4 — Concatenation of paths

Theorem 1.3 (Chen’s identity). Let X : [s,t] — R and Y : [t,u] — R? be two continuous paths
of bounded variation. Then

S[S’u] (X * Y) = S[s,t] (X) ® S[t,u] (Y)
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A crucial consequence of Chen’s identity is that the signature of a piecewise linear path can
be easily computed.

Example 1.5. Let X : [0,1] — R? be a piecewise linear path and let 0 = tg < t; < --- <ty =1
be a partition such that X is linear on each [tj_1,t;]. On each [tj_1,t;], X is a linear path so
Sit;_1,,1(X) can be obtained from Example 1.3. Then, by Chen’s identity,

S(X) = Spte,t1)(X) @ -+ @ e,y 10 (X).

00 0.2 0.4 06 0.8 0 000 025 050 075 100 125 130 175 200
t Time ¢

(a) X (b) b (e) X % X is a tree-like path

Figure 1.5 — Time-reversal of a path

The next property shows that the inverse of the signature of a path is the signature of its
time-reversal (see Figures 1.5a and 1.5b).

Proposition 1.4 (Time-reversal). Let X € BV (R?) and let X be its time-reversal, defined, for
any t € [0,1], by ?t = X1 4. Then,

S(xX)®8(%) =1.

Given that the first element of the signature is 1, signatures are invertible elements in T'(R%).
Proposition 1.4 then tells us that S(X)~! = S(X). We can rephrase Chen’s identity by saying
that the signature is a homomorphism from (BV (R?), ) to the group (f(Rd), ®). In other words,
the signature maps properties of paths in BV (R?) to algebraic properties in the group T (RY).

By definition it is clear that signatures are invariant by translation (take 2 € R and X; =
x4 X;, then dX; = dX; and X' = X™). The next lemma gives their second invariance, namely
to reparametrizations.

Lemma 1.5 (Invariance under time reparametrisation). Let X € BV (R?), v : [0,1] — [0,1] be
a reparametrisation (continuously differentiable non-decreasing surjection). Let X € BV (R?) be
the reparametrization of X, that is, X; = Xy for any t € [0,1]. Then, for any [s,t] C [0,1],

Sta)(X) = Spayapen (X)-

This lemma is a direct consequence of the change of variable formula for Riemann-Stieljes
integral. From a learning perspective, this property is important since it amounts to saying
that the signature does not contain any information on the time parametrization. Depending on
the context, invariance under translation and reparametrization can be either an advantage or
a disadvantage. If these invariances are not needed, the notion of embedding or augmentation
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provides a useful way to reincorporate information into the signature features. The idea is to
modify the path X before computing the signature, for example by adding new coordinates
and augmenting the dimension d. In particular, the signature of the time-augmented path
t Xy = (X, ,#)T € R™! is not invariant under reparametrization of X.

We now investigate what it means for two paths to have the same signature. It is clear that
for two paths X and Y, S(X) = S(Y) does not imply that X = Y. Indeed, we have seen
that the signature is invariant by translation and reparametrization. Moreover, according to
Theorem 1.3 and Proposition 1.4, S(X x ?) = 1 so the path X x y has the same signature as
a constant path. This path is actually an example of a tree-like path (Hambly and L%OH& 2010,

Definition 1.2)—see Figure 1.5¢. Let X, Y, and Z be three paths, then X x Y x

XY % ? * 7 % ? * ? are other examples of tree-like paths: informally, they can be reduced to a
null path by cancelling the parts that retrace themselves. With translation and parametrization,
the notion of tree-like path encapsulates exactly the information lost when taking the signature.
In other words, signatures do not see the initial position of the path, its parametrization, and
its subpaths that are tree-like. Apart from these, the path can be entirely recovered from its
signature.

*? and

Definition 1.8 (Tree-like path). A path X : [0,1] — R? is tree-like if there exists a continuous
function h : [0,1] = [0,400) such that h(0) = h(1) =0 and such that for any s,t € [0,1], s < t,
| Xs — X¢l| < h(s)+h(t)—2 ir[lf ]h(u).

ue|s,t

The function h is called a height function of X, and we say that X is a Lipschitz tree-like path
if h can be chosen of bounded variation.

Definition 1.9. Let X,Y € BV(R?), we say that X and Y are tree-like equivalent if X * ? 18
a tree-like path, and denote this relation by X ~ Y.

Example 1.6. A sufficient condition for a path not to be tree-like is to have one monotone coor-
dinate. Indeed, let X = (X',..., X4 T € BV(R?) be such that X' is a non-constant increasing
function. By contradiction, assume that X is tree-like and let h be a height function. Then, for
any t € [0,1],

X7 = Xo| < 11Xe — Xoll < A(2).

Thus, h is an increasing function. But h(1) = h(0) = 0, and therefore, for anyt € [0,1], h(t) =0
and Xy = Xg. X is therefore a constant path, which is a contradiction.

We can now state the uniqueness theorem of Hambly and Lyons (2010, Theorem 4).

Theorem 1.6. For any X,Y € BV (RY), then S(X) = 1 if and only if X is tree-like. Moreover,
S(X)=85Y) ifand only if X ~ Y.

Note that, by Chen’s identity (Theorem 1.3), the second part of the theorem is a direct
consequence of the first. Extending this uniqueness result to less regular paths is an active area
of research (see, e.g., Le Jan and Qian, 2013; Boedihardjo and Geng, 2015; Boedihardjo et al.,
2016). We conclude by a lemma that gives a sufficient condition to have a unique signature.

Lemma 1.7. Let X € BV(RY) be a path with at least one strictly monotone coordinate. Then
S(X) determines X uniquely, up to reparametrizations and translations.

In a learning context, we can use an embedding with a monotone coordinate to ensure unique-
ness of signature features. For example, the time-augmented path X mentioned above has a
unique signature.
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1.2.2 Analytic properties

We now turn to the analytic properties of the signature. First, the next lemma shows that
the signature is a solution of an “exponential” differential equation.

Lemma 1.8. Let X € BV(R?Y) and Y : [0,1] — TN (R?). The controlled differential equation
d)/t:ﬂ-N(}/;f(ngt)v }/0:(1,07"'?0)7

has a unique solution. This solution is the signature of X truncated at order N, that is, the path
from [0,1] to TN (R?) defined by t — S[Igt] (X).

An immediate consequence is that the truncated signatures seen as maps from BV (R?) to
TN (R9) are continuous.

Corollary 1.9. The truncated signature map w 0.S : BV (R?) — TN (R?) is continuous for any
N >0.

This corollary is crucial if one wants to quantify the distance between two paths by the
distance between their signatures: if two paths are close (in the bounded variation norm), then
their signatures are close (for the tensor norm). Moreover, we have an upper bound on the norm
of signature coefficients, which ensures that high-order coefficients are small.

Proposition 1.10. Let X € BV(R?). Then, for anyn >0,
n 1 n
Xl ayer < X 1var < 00

and
[1S(X) I ey < exp(| X [[1-var) < 0.

This proposition is the main argument for truncating signatures when learning: from an
approximation point of view, if N is large, then SV (X)) is close to S(X). Moreover, it guarantees
that the scalar product in T(R?), defined by (1.1), is well-defined for signatures. This allows to
define the signature kernel:

K : BV(RY) x BV(RY) - R
(X,Y) = (S(X),S(Y))rra)- (1.2)

This opens a wide range of applications: any kernel-based algorithm can be extended to sequential
data using the signature kernel (Kiraly and Oberhauser, 2019).

Furthermore, the signature naturally appears in the context of controlled differential equa-
tions, that is, differential equations of the form

dY, = F(Y,)dX,, Yo =10, (1.3)

where F : R¢ — R°*4 is a vector field, X € BV (R?), Y € BV (R®), and y, € R®. For illustrative
purposes, assume that F is a linear vector field. For any y € R¢, « GBd, F(y)x is linear both

in y and x and can therefore be rewritten as F(y)z = F(z)y, where F : R? — R®*¢ is linear.



1.2. Properties of the signature 13

Then, Picard iterations yield

t t
Y, =yo+ / F(Y,)dX, = yo + / F(dXa)Ya
0 0
t u
(@) (w+ [ Flax,)v,)
0 0

+7(f X+ / t / "X F(x,)Y,

*yO+F ()t] y0+/ / dX dXv) v

= Yo+

We see that the signature of order 1 naturally appears. Further iteration brings up terms of

higher order. Let . (R4)®" — R€ be defined by F@m(el @ ®ey)=F(e1) -+ Fley), then
= =
=Yoo+ F(X[lo,t])yo +F° (X[o 1)¥o0 + - Z F( 10,)Y0 (1.4)

(convergence of the infinite sum is ensured by Proposition 1.10). We summarize this result in
the following proposition.

Proposition 1.11. Let F : R® — R**? be q linear vector field, X € BV (RY), yo € R® and Y be
the solution of the CDE (1.3). Then, Y; is a linear function of Sjg 4(X).

The proposition can be extended to smooth non-linear vector fields, but in this case conditions
on the norms of differentials of F' must be added to ensure convergence of the approximation
(1.4). In addition to motivating the definition of the signature, we will see that this proposition
is very useful in a learning situation. Indeed, assume that Y is a target and X a predictor, if
the learning model can be approximated by (1.3), then Proposition 1.11 reduces the problem to
a linear model on the signature.

We proceed with the definition of the shuffle product, which endows the space of linear forms
on the signature with a structure of algebra. Then, by applying the Stone-Weierstrass theorem,
we obtain that this linear space is dense in the space of continuous functions of paths, which
provides a more general approximation theorem.

Definition 1.10 (Shuffle product). A permutation o of {1,...,n+m} is called a (n,m)-shuffle
ifo (1)< - <o t(n)and o t(n+1) < - <o Y (n+m).

Let I = (i1,...,1n) and J = (J1,...,jm) be two multi-indices with i1,...,5n, 41, Jm €
{1,...,d}. Then, the shuffle product of I and J, denoted by I U J, is a finite set of multi-indices
of length n +m, defined by

IuJ= {(rg(l), o Tomem)) | 0 € Shuffles(n, m)},
with (rlw~'»TnaTn+17"'7rn+m) = (ilv"'vinajlw"ajm)'

This amounts to shuffling the words I and J without changing the order of their letters.
Note that there are (m+n)!/nim! elements in I U J and that the shuffle product is commutative
and associative.
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Theorem 1.12 (Shuffle product identity). Let X € BV (R?) and two multi-indices I = (i1, ... ,4,) C
{1,...,d}" and J = (§1,..-,Jm) C{1,...,d}™. Then,

SIxX)SI(x)= Y K (X).

KeluJ

Example 1.7. Let I = (1) and J = (2), then Theorem 1.12 yields that
SW(x)sP(x) = s (X) + SEV(X).
Similarly, if I = (1) and J = (2,3), then we obtain
SW(X)5E3)(X) = §023)(X) + §E3D(X) 4+ §E13)(x).

Theorem 1.13 (Linear approximations). Let D be a compact subset of BV (R?) of paths that
are not tree-like equivalent. Let f : D — R be a continuous function. Then, for any € > 0, there
exists a € T(R?) such that, for any X € D,

|F(X) — {a,S(X))| <e.

This theorem is the core approximation result on signatures: any continuous regression func-
tion that maps an input path X to an output Y € R can be approximated by a linear function
on signatures. While in Proposition 1.11, the coefficients of the linear approximation of Y are
explicit, Theorem 1.13 is only an existence result.

1.2.3 The logsignature

We conclude this section by presenting a related object, the logsignature, which also gives a
finer understanding of the subspace of T(R?) containing signatures. This subspace is actually
characterized by the shuffle product property, in the sense that any element of 7'(R?) that satisfies
this property is the signature of a path with bounded variation. Moreover, it can be shown that
it is satisfied if and only if the logarithm of the element is a Lie formal series, which brings up
the notion of logsignature.

Definition 1.11. Leta € T(Rd). The element a is said to be group-like if for any multi-indices
Ic{l,....d}y", JcCA{l,...,d}™, then

ot = Z o
KeluJg
where a = Y, ZI:@ _____ i) {1, d}n ale;, @ - @e;,. We denote by G¥)(R?) the space of
group-like elements of T(R?).

Theorem 1.12 states that signature are group-like elements of T(Rd). In fact, all group-like
elements of T'(RY) are signatures of some paths of bounded variation (Hambly and Lyons, 2010).

Proposition 1.14. Let N > 0 and GN)(RY) = 7 (GH)(R?Y)). Every element of GN)(RY) is
the truncated signature of a path of bounded variation. In other words, G(N)(Rd) is the range of

the function
mx 08 : BV(RY) — TN (R?).
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Definition 1.12. The exponential in the tensor algebra is the function exp : T(R?) — T(Rd)

defined, for any a € T(R?), by
a®n

exp(a) = Z T
n>0
The logarithm is the function log : f(Rd) — T(RY) defined, for any a € T(Rd), by
_1)" .
log(a) = ) % (1—a)®".

n>1

Let To(R?) = {a € T(R?)|m(a) = 0} be the subset of elements in T'(R?) whose first term
is 0. Then exp : Ty(R%) — T(R?) and log : T(R?) — Ty(R%) are inverses of cach other. The
logsignature is then defined as the logarithm of the signature in the tensor algebra and denoted
by log(S(X)). For example, its terms of order 2 are equal to

log(S(X0) ) = 569 (X) — 899 (x),
which corresponds exactly to the Levy area of Figure 1.3Db.

Example 1.8. We can rewrite Ezample 1.3 in a more compact form. If X is a linear path (i.e.,
Xt = Xo + (X1 — Xo)t) then

S(X) =exp(X; — Xo), and log(S(X))=X; — Xo.

Definition 1.13 (Lie formal series). We endow the tensor algebra with a Lie bracket : for any
a,b € T(R?), we let
[a,b] =a®b—b®a.

Then, if Fy and Fy are linear subspaces of T(R?) we denote by [Fy, Fy] the linear span of all
elements [a,b] such that a € Fy and b € Fy. Then, we define recursively Ly = 0, L; = R%,
Ly = [R4, Ly] = R, RY, Ly = [RY, Ly] = [RY, [RY, RY]] and for anyn > 0 L1 = [RY Ly,). L,
is a linear subspace of (RY)®" and is called the space of homogeneous Lie polynomials of degree
n. The space of Lie formal series over R is defined by

LRY ={l= (lo,l1,....lp,...)|¥n >0, 4, € L,},
and its truncated counterpart by
LNRY = {0 = (o, 1,...,4N5)|¥n €{0,...,N}, £, € L, }.

The following theorem states that an element is group-like if and only if it is the exponential
of an element of Z(R?).

Theorem 1.15. For any a € T(RY), a € G®(R?) < log(a) € Z(RY).

Therefore, for any path X € BV (R?), log(S(X)) € Z(R?). Note that several basis of .Z(R)
exist, the usual one being the Lyndon basis (Reizenstein, 2017). The dimension of .Z~ (R%) is

equal to . N
p(N) = 5 ()
qlN

where the sum is over all possible divisors ¢ of NV and p is the Mdbius function—see Reutenauer
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(2003). Some values of p(NN) are given in Table 1.1, compared to the dimension of the tensor
space TV (R9).

Table 1.1 — Dimension of 7% (R?) and £ (R?)

TVRY) ZLVRY) TVRY) LVRY) TVRY) LVRY)
N =1 2 2 3 3 6 6
N =2 6 3 12 6 42 21
N =5 62 14 363 80 9330 1960
N=7 254 41 3279 508 335922 49685

Table 1.1 illustrates that the logsignature is particularly useful in a learning context to reduce
the dimension. Indeed, we have seen that signatures do not live in the whole space TV (R%)
but in the much smaller space of group-like elements, G?V)(R%). However, G(V)(R?) is not a
vector space, so we typically represent signatures on a basis of T(W)(R9), of size ¢(d"V). On
the other hand, the logsignature lives in a Lie algebra, therefore in a vector space, of much
smaller dimension than 7™)(R?). Given that there is an isomorphism between signatures and
logsignatures, using the logsignature as a feature set is a reasonable choice. Must properties of
the signature transfer to the logsignature. However, the linear approximation theorem (Theorem
1.13) is not true for logsignatures: there is a trade-off between having a compact representation
and good approximation properties.

1.3 Contributions

From a learning perspective, we have seen in the last section several properties of signatures
that make it a relevant feature set. First, we know exactly which information is lost when
summarizing a path by its signature (Theorem 1.6). Second, signatures linearize functions, in
the sense that continuous functions of paths can be approximated arbitrarily well by a linear
function on the signature (Theorem 1.13). Finally, signatures can be computed efficiently in
practice, with several libraries available in Python (Reizenstein and Graham, 2020; Kidger and
Lyons, 2020).

The general procedure can be summarized by the following pipeline:

Raw data — Path — Signatures — Learning algorithm. (1.5)

This general pipeline can be adapted to the problem at hand, and raises many applied and
theoretical questions. We detail below our contributions to leveraging the theory of signatures
to statistics and machine learning.

Signatures as a feature set

The general procedure (1.5) is very flexible. First, from a raw input, there are many choices
of representation as a continuous path (of bounded variation). Next, from a path in BV (R%),
signatures can be computed on any subinterval [s,¢] C [0,1]. Finally, the choice of algorithm
is open although slightly dependent on the type of signature features constructed. There is no
consensus in the literature on which option among these many choices performs best for practical
applications.
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Our first contribution is to investigate the choice of representation of the raw data as a
continuous path. Such a choice is called an embedding or an augmentation. We have seen for
example that it is possible to add the time as a new coordinate to the path, which removes the
parametrization invariance and ensures uniqueness of signatures (Lemmas 1.5 and 1.7). However
this is only one choice among others; some examples are shown in Figure 1.6.

(a) Linear path (b) Time path (c) Stroke path, version 1

Figure 1.6 — Different possible embeddings of a sample from the Quick, Draw! dataset (2017).
Each stroke is plotted with a different color.

We show in Chapter 2 that this choice drastically impacts the performance of the whole
methodology, independently of the dataset or the algorithm. In particular, the lead-lag and time
embeddings have a very good performance.

We continue in Chapter 3 with a systematic study of the different variations of signature
features used in the literature. In addition to the choice of augmentation, we compare the choice
between signatures and logsignatures, and the choice of the interval on which to compute signa-
tures. We perform an extensive empirical study on 26 datasets of time series classification and
show in particular that dyadic partitions perform very well, together with invariance-removing
augmentations. This leads us to the definition of a canonical signature pipeline, summarized in
Figure 1.7, which is shown to be a good domain-agnostic starting point for practitioners. We
show that this pipeline, combined with a random forest classifier, is competitive with state-of-
the-art algorithms for time series classification, including deep neural networks and ensemble
methods.

Augmentations, ¢” o ¢ Window, W7 Transform, SV Stack
Input, x Add time & basepoint Hicrarchical dyadic, with j optimised Signature features, with N optimised. °
L o 000 - 000 [
" Wk [ ]
\ \ P ° . o0®
o \/\ P 000 --000 Black box
oo — — Zo - . >
X X PN W 000 - 000 ML classifier
W Basepoint AW 000 - 000
e e A p ee0 o000 °
Moy T g TR
BV U U : °
[ ]

Figure 1.7 — Pictorial representation of the canonical signature pipeline. First, we apply the time
and basepoint augmentations to the input paths, and then we compute the signature features
over dyadic windows. These features can now be compiled together and fed into any standard
machine learning classifier.
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Linear regression with signatures
We move on in Chapter 4 to the problem of estimation in a linear model on signatures.
Indeed, Theorem 1.13 motivates the definition of the following model. Let (X,Y) € BV (RY) x R

be a random sample, then we assume that there exists m* € N, g . € me*_l)/(d*l), such that
E[Y|X] = <ﬂ;*,8m* (X)) and Var(Y|X) <o? < oc.

There are two unknown quantities in this model: the truncation parameter m* and the coefficients
vector 3 .. We define estimators of these two quantities, m and 8, and upper bound their rate
of convergence. Our main result is stated informally below, where n denotes the sample size.

Theorem 1.16. Let 0 < p < % For any n > ny,
P (m # m*) < Cyexp (—Can' %),

where ng, C1 and Cy are explicit constants. We then have

E (B 7(X)) — (B, 5 (X)) = 0(n772).

We conclude by comparing this regression model to traditional functional linear models and
show that it performs better in high dimensions (that is, when d is large).

Signature kernel and RNN

Taking a slightly different perspective, in Chapter 5, we use signatures as a theoretical tool
for analyzing recurrent neural networks (RNN). The neural ODE paradigm, first formulated
for residual neural networks by Chen et al. (2018), shows that some networks can be seen as
discretizations of ordinary differential equations. More precisely, consider a recurrent neural
network of the form

1
hj+1 = hj + 7 f(hj, 241),  ho =0,

where x = (z1,...,z7) € (R)T is a sequential input, (hy,...,hr) € (R*)T are the hidden states,
and f: R® — R® is an arbitratry smooth function. At each time step 1 < j < T, the output of
the network is z; = ¢(h;), where 9 is a linear function. Then, this network can be approximated
by the ordinary differential equation (ODE)

dH; = f(Hy, X¢)dt, Hgy = hg.

By increasing the dimension of the problem, this ODE can be written as a CDE of the form
(1.3) and, with arguments similar to Proposition 1.11, we are able to show that the output of
the RNN hp can be rewritten as a linear function on the signature. This frames the RNN into
a reproducing kernel Hilbert space (RKHS) 7 associated to the signature kernel K defined by
(1.2). We have the following informal theorem.

Theorem 1.17. There exists a function &, € J such that

|ZT - ga(x)l S

NHlo

We have reduced the problem of learning the weights of a RNN to a linear problem on the
signature. This allows to derive generalization bounds, stability guarantees, and regularization
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strategies for RNN. Indeed, the RKHS 57 defines naturally a norm on networks, which can be
computed in practice and used for regularization. A small norm in the RKHS ensures stability
of the network. Indeed, if 2z and z7. are the outputs associated to two inputs x and x’, we have

2c 2¢c — —
lzr = 27ll < 7 +1l€a () = & < 5 + €allrlIS(X) = S(X)ll7,
where X and X are two embeddings of the inputs x and x’, and .7 is a subspace of T(R?).

Signature inversion

We conclude in Chapter 6 with contributions to the problem of inverting the signature. Given
Theorem 1.6, we can hope to reconstruct a path X from its signature S(X), up to translations,
reparametrizations, and tree-like pieces. We are interested in the insertion algorithm, first pro-
posed by Chang and Lyons (2019), which focuses on the inversion of signatures of piecewise linear
paths. We propose a slightly different version of this algorithm and provide a rate of convergence
for our version. We implement the algorithm in the open-source package Signatory (Kidger and
Lyons, 2020). The algorithm is based on the definition of a linear operator, the insertion operator
denoted by f;f)@ p € {1,...,n+ 1}. Given a signature truncated at order n + 1, we recover
n + 1 derivatives of X by solving the optimization problem

min [|.Z)"x (y) — (n + X (1.6)
yER?
More precisely, let X : [0,1] — R? be a piecewise linear path and 0 =ty < --- < tpy = 1 be the
minimal partition such that X is linear on each [t;_1,#;]: there exists ay,...,apr, B1, ..., By € RY
such that
X = a; + Bit, fOI“tE[tZ‘,hti], iE{l,...7M}.

We have the following informal result, illustrated in Figure 1.8.

Theorem 1.18. For any 1 <i < M, n >0, and p = |Gt tti-0)(nt1)/4] ety . be the solution
of (1.6). Then, there exists a strictly increasing sequence (kn)n>o such that yy, = converges to
B; as n increases.

—e— original path
reconstructed path

—e— original path
reconstructed path 0

—o— original path
recanstructed path

(a)yn=5 (b) n=10 (¢) n=20

Figure 1.8 — Signature inversion of a sample of the class "8" from the Pendigits dataset

Outline of the manuscript

Each chapter is independent and self-contained. Therefore, the notation may vary from chap-
ter to chapter. The proofs are systematically given in the associated appendices. We summarize
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the contents of the chapters below.

Chapter 2 has been published in Computational Statistics and Data Analysis, volume 157.

Chapter 3 is a joint work with James Morrill (University of Oxford), Patrick Kidger (Uni-
versity of Oxford), and Terry Lyons (University of Oxford). It has been submitted for
publication.

Chapter 4 has been submitted for publication.

Chapter 5 is a joint work with Pierre Marion (Sorbonne Université), Jean-Philippe Vert
(Google Research), and Gérard Biau (Sorbonne Université). It has been submitted for
publication.

Chapter 6 is an ongoing joint work with Terry Lyons (University of Oxford).
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Résumé détaillé

Le but de cette these est d’étudier I’application des signatures aux statistiques et a ’appren-
tissage automatique. Nous nous intéressons aux données séquentielles ou temporelles, c’est-a-dire
qui possédent un ordre. De telles données peuvent étre considérées comme des fonctions (conti-
nues) X d’un intervalle [a,b] C R dans R%, d > 1. Par exemple, X peut étre une série temporelle
représentant le prix d’une action observé pendant un certain intervalle de temps. Si plusieurs
actions sont observées, X est alors une série temporelle multivariée et est a valeurs dans R? avec
d > 1. Les données fonctionnelles entrent également dans ce cadre, avec des jeux de données
classiques tels que des courbes spectrométriques ou des profils de température. En apprentissage
automatique, les domaines de la reconnaissance vocale, de la reconnaissance de caractéres ou du
traitement du langage naturel s’inscrivent également dans ce cadre. Dans ce cas, U'intervalle [a, b]
peut correspondre au temps mais aussi & une position dans une phrase. Prenant un point de vue
géométrique, nous appelerons ce type de données des chemins X : [a,b] — R9.

Ayant des chemins X disponibles, nous voulons apprendre une certaine sortie Y, fonction
de X. Par exemple, la sortie Y peut étre une prévision de la valeur future de la série, une
autre quantité scalaire liée, ou en classification un label. Apprendre Y & partir de X souléve la
question de la représentation de X. En effet, la plupart des algorithmes d’apprentissage, tels que
la régression des moindres carrés, les arbres de décision ou les réseaux de neurones, prennent
en entrée un vecteur. Un choix naturel pour ce vecteur est d’échantillonner les valeurs de X
mais il existe d’autres options comme 'utilisation d’une représentation de Fourier de X ou, plus
généralement, la projection de X sur une base de fonctions. Nous allons voir que les signatures
sont encore une autre option.

La signature a été définie pour la premiére fois par Chen dans les années 60 (Chen, 1957 ;
1958 1977) et a été redécouverte dans les années 90 dans le contexte de la théorie des chemins
rugueux (Lyons, 1998 ; Lyons et al., 2007 ; Friz et Victoir, 2010 ; Friz et Hairer, 2020), domaine
important de ’analyse stochastique. Du point de vue des équations différentielles, la signature
résume l’effet d’un chemin X sur un chemin de sortie Y lorsque Y est “controlé” par X. Plus
précisément, si F' : R¢ — Re*? est un champ de vecteurs, et Y est la solution de 1’équation
différentielle controlée

dY; = F(Y;)dX:, Yo = yo,

alors Y est entiérement défini par F' et par la signature de X. En d’autres termes, Y ne dépend de
X qu’a travers sa signature. Dans une perspective d’apprentissage, Y peut étre considéré comme
une quantité a prédire, par exemple la traduction d’un phrase, et F' est maintenant une fonction
inconnue qui relie 'entrée X et la sortie Y. La théorie des équations différentielles nous dit alors
que Y ne dépendra que de la signature de X, ce qui en fait une représentation pertinente pour
tout algorithme qui tente d’apprendre F'.

Au cours des derniéres années, la signature a été combinée avec succés a des algorithmes d’ap-
prentissage automatique dans plusieurs domaines tels que la reconnaissance de caractéres (Yang
et al., 2016a), la finance (Perez Arribas, 2018), la médecine (Morrill et al., 2019) ou la vision
assistée par ordinateur (Yang et al., 2017). Plusieurs travaux méthodologiques ont accompagné
ces applications, créant un pont entre ’analyse stochastique et Papprentissage automatique (Le-
vin et al., 2013 ; Kiraly et Oberhauser, 2019 ; Liao et al., 2019 ; Kidger et al., 2019). De maniére
générale, on peut résumer l'utilisation de la signature en apprentissage par le schéma suivant :

Données brutes — Chemin — Signatures — Algorithme d’apprentissage.

Cette méthodologie générale peut étre adaptée au probléme a résoudre, et souléve de nombreuses
questions statistiques et méthodologiques.
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Les signatures comme ensemble de features. La procédure générale ci-dessus est trés
flexible. Tout d’abord, il existe de nombreux choix de représentation des données brutes en un
chemin continu. De plus, & partir d’un chemin, les signatures peuvent étre calculées sur tout
sous-intervalle [s,¢] C [0, 1] et enfin le choix de l'algorithme est libre. Il n’y a pas de consensus
dans la littérature sur quelles options sont les plus performantes en pratique. Nos premiéres
contributions ont tenté de répondre & cette question.

Tout d’abord, nous nous intéressons aux différentes représentations des données brutes en
chemin continu. Un tel choix est appelé embedding ou augmentation. Nous montrons dans le
chapitre 2 que ce choix a un impact considérable sur la performance de ’ensemble de la mé-
thodologie, indépendamment du type de données ou de ’algorithme. Nous poursuivons dans
le chapitre 3 par une étude systématique des différentes variations utilisées dans la littérature.
Nous réalisons une étude compléte de la performance de ces variations sur 26 jeux de données de
classification de séries temporelles. Cette étude conduit a la définition d’un algorithme canonique
qui s’avére étre un bon algorithme de référence pour utiliser en pratique les signatures. En effet,
cet algorithme est compétitif par rapport a I’état de ’art en classification de séries temporelles,
en particulier par rapport aux réseaux de neurones profonds et aux méthodes d’aggrégation.

Régression linéaire sur les signatures. Nous poursuivons dans le chapitre 4 par une étude
d’un modéle linéaire sur signatures. Les signatures étant un objet infini, il est nécessaire de les
tronquer & un certain ordre. Cet ordre de troncature controle la taille du modéle et est donc une
quantité cruciale a estimer. Nous proposons un estimateur de cet ordre de troncature, ainsi que du
vecteur de coefficients, avec des garanties théoriques. Nous concluons en comparant ce modéle de
régression aux modéles linéaires fonctionnels traditionnels et observons qu’il est particuliérement
performant en grande dimension.

Méthodes a noyaux, signatures et RNN. En adoptant une perspective légérement diffé-
rente, nous utilisons dans le chapitre 5 les signatures comme outil théorique pour analyser les
réseaux de neurones récurrents (RNN). Le paradigme des neural ODE, formulé pour les réseaux
résiduels par Chen et al. (2018), montre que certains réseaux peuvent étre considérés comme des
discrétisations d’équations différentielles ordinaires. En tirant parti des bonnes propriétés ana-
lytiques des signatures, nous montrons que la sortie d’'un RNN peut alors étre réécrite comme
une fonction dans un espace de Hilbert & noyau reproduisant (RKHS). Nous avons ainsi réécrit
le probléme d’apprentissage d’'un RNN comme une méthode a noyau, ce qui permet de dériver
des bornes de généralisation, des garanties de stabilité et des stratégies de régularisation.

Inversion de la signature. Nous concluons dans le chapitre 6 par une contribution au pro-
bléme d’inversion de la signature. Nous nous intéressons a l’algorithme d’insertion, proposé pour
la premiére fois par Chang et Lyons (2019), qui se concentre sur l'inversion des signatures de
chemins linéaires par morceaux. Nous proposons une version légérement différente de cet algo-
rithme et fournissons des garanties théoriques. Nous implémentons cet algorithme dans la librairie
open-source Signatory (Kidger et Lyons, 2020), basée sur Pytorch (Paszke et al., 2019).
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Chapter 2

Embedding and learning with
signatures

Sequential and temporal data arise in many fields of research, such as quantitative finance,
medicine, or computer vision. A novel approach for sequential learning, called the signature
method and rooted in rough path theory, is considered. Its basic principle is to represent multi-
dimensional paths by a graded feature set of their iterated integrals, called the signature. This
approach relies critically on an embedding principle, which consists in representing discretely
sampled data as paths, i.e., functions from [0,1] to R?. After a survey of machine learning
methodologies for signatures, the influence of embeddings on prediction accuracy is investigated
with an in-depth study of three recent and challenging datasets. It is shown that a specific
embedding, called lead-lag, is systematically the strongest performer across all datasets and al-
gorithms considered. Moreover, an empirical study reveals that computing signatures over the
whole path domain does not lead to a loss of local information. It is concluded that, with a good
embedding, combining signatures with other simple algorithms achieves results competitive with
state-of-the-art, domain-specific approaches.
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2.1 Introduction

Sequential or temporal data are arising in many fields of research, due to an increase in stor-
age capacity and to the rise of machine learning techniques. An illustration of this vitality is
the recent relaunch of the Time Series Classification repository (Bagnall et al., 2018), with more
than a hundred new datasets. Sequential data are characterized by the fact that each sample
consists of an ordered array of values. The order need not correspond to time, for example,
text documents or DNA sequences have an intrinsic ordering, and are, therefore, considered as
sequential. Besides, when time is involved, several values can be recorded simultaneously, giving
rise to an ordered array of vectors, which is, in the field of time series, often referred to as multi-
dimensional time series. To name only a few domains, market evolution is described by financial
time series, and physiological variables (e.g., electrocardiograms, electroencephalograms) are
recorded simultaneously in medicine, yielding multidimensional time series. Finally, smartphone
and GPS sensors data, or character recognition problems, present both spatial and temporal
aspects. These high-dimensional datasets open up new theoretical and practical challenges, as
both algorithms and statistical methods need to be adapted to their sequential nature.

Different communities have addressed this problem. First, time series forecasting has been
an active area of research in statistics since the 1950s, resulting in several monographs, such
as Hamilton (1994), Box et al. (2015) and Shumway and Stoffer (2017), to which the reader
is referred for overviews of the domain. Time series are considered as realizations of various
stochastic processes, such as the famous ARIMA models. Much work in this field has been done
on parameter estimation and model selection. These models have been developed for univariate
time series but have been extended to the multivariate case (Liitkepohl, 2005), with the limitation
that they become more complicated and harder to fit.

More recently, the field of functional data analysis has extended traditional statistical meth-
ods, in particular regression and Principal Component Analysis, to functional inputs. Ramsay
and Silverman (2005) and Ferraty and Vieu (2006) provide introductions to the area. Kokoszka
et al. (2017) give an account of recent advances. In particular, longitudinal functional data anal-
ysis is concerned with the analysis of repeated observations, where each observation is a function
(Greven et al., 2011; Park and Staicu, 2015). The data arising from this setting may be consid-
ered as a set of vector-valued functions with correlated coordinates, each function corresponding
to one subject and each coordinate corresponding to one specific observation.

Although these various disciplines work with sequential data, their goals usually differ. Typ-
ically, time series analysis is concerned with predicting future values of one observed function,
whereas (longitudinal) functional data analysis usually collects several functions and is then
concerned with the prediction of another response variable. However, all these methods rely
on strong assumptions on the regularity of the data and need to be adapted to each specific
application. Therefore, modern datasets have highlighted their limitations: a lot of choices, in
basis functions or model parameters, need to be handcrafted and are valid only on a small-time
range. Moreover, these techniques struggle to model multidimensional series, in particular, to
incorporate information about interactions between various dimensions.

On the other side, time series classification has attracted the interest of the data mining
community. A broad range of algorithms have been developed, reviewed by Bagnall et al. (2017)
in the univariate case. Much attention has been paid to the development of similarity measures
adapted to temporal data, a popular baseline being the Dynamic Time Warping metric (Berndt
and Clifford, 1996), combined with a 1-nearest neighbor algorithm. Bagnall et al. (2017) state
that this baseline is beaten only by ensemble strategies, which combine different feature map-
pings. However, a great limitation of these methods is their complexity, as they have difficulty
handling large time series. Recently, deep learning seems to be a promising approach and solves
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some problems mentioned above. For example, Fawaz et al. (2019) claim that some architectures
perform systematically better than previous data mining algorithms. However, deep learning
methods are costly in memory and computing power, and often require a lot of training data.

The present article is concerned with a novel approach for sequential learning, called the
signature method, and coming from rough path theory. Its main idea is to summarize temporal
or sequential inputs by the graded feature set of their iterated integrals, the signature. In rough
path theory, functions are referred to as paths, to emphasize their geometrical aspects. Indeed,
the importance of iterated integrals had been noticed by geometers in the 60s, as presented in
the work of Chen (1958). It has been rediscovered by Lyons (1998) in the context of stochastic
analysis and controlled differential equations, and is at the heart of rough path theory. This
theory, of which Lyons et al. (2007) and Friz and Victoir (2010) give a recent account, focuses on
developing a new notion of paths to make sense of evolving irregular systems. Notably, Hairer
(2013) was awarded a Fields medal in 2014 for its solution to the Kardar-Parisi-Zhang equation
built with rough path theory. In this context, it has been shown that the signature provides an
accurate summary of a (smooth) path and allows to obtain arbitrarily good linear approximations
of continuous functions of paths. Therefore, to learn an output Y € R, which is an unknown
function of a random path X : [0,1] — R?, rough path theory suggests that the signature is a
relevant tool to describe X.

The signature has recently received the attention of the machine learning community and
has achieved a series of successful applications. To cite some of them, Yang et al. (2016a) have
achieved state-of-the-art results for handwriting recognition with a recurrent neural network
combined with signature features. Graham (2013) used the same approach for character recog-
nition, and Gyurko et al. (2014) coupled Lasso with signature features for financial data streams
classification. Kormilitzin et al. (2016) investigated its use for the detection of bipolar disorders,
and Yang et al. (2017) for human action recognition. For introductions to the signature method
in machine learning, the reader is referred to the work of Levin et al. (2013) and to Chevyrev
and Kormilitzin (2016b).

However, despite many promising empirical successes, a lot of questions remain open, both
practical and theoretical. In particular, to compute signatures, it is necessary to embed discretely
sampled data points into paths. While authors use different approaches, this embedding is only
mentioned in some articles, and rarely discussed. Thus, the purpose of this paper is to take a
step forward in understanding how signature features should be constructed for machine learning
tasks, with a special focus on the embedding step. The article is organized as follows.

(1) In Section 2.2, a brief exposition of the signature definition and properties is given, along
with a survey of different approaches undertaken in the literature to combine signatures
with machine learning algorithms. Datasets used throughout the paper are also presented
in Section 2.3.

(#4) In Section 2.4, potential embeddings are reviewed and their predictive performance is com-
pared with an empirical study on 3 real-world datasets. This study indicates that the
embedding is a step as crucial as the algorithm choice since it can drastically impact accu-
racy results. In particular, we find that the lead-lag embedding systematically outperforms
other embeddings, consistently over different datasets and algorithms. This finding is re-
inforced by a simulation study with autoregressive processes in Section 2.5.

(#4i) In Section 2.6 the choice of signature domain is investigated. Signatures can be computed
on any sub-interval of the path definition domain, and it is natural to wonder whether some
local information is lost when signatures of the whole path are computed. The section ends
by showing that, with a good embedding, the signature combined with a simple algorithm,
such as a random forest classifier, obtains results comparable to state-of-the-art approaches
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in different application areas, while remaining a generic approach and computationally
simple.

(#v) In Section 2.7 some open questions for future work are discussed.

These empirical results are based on three recent datasets, in different fields of application.
One is a univariate sound recording dataset, called Urban Sound (Salamon et al., 2014), whereas
the others are multivariate. One has been made available by Google (2017), and consists of
drawing trajectories, while the other is made up of 12 channels recorded from smartphone sensors
(Malekzadeh et al., 2018). They are each of a different nature and present a variety of lengths,
noise levels, and dimensions. In this way, generic and domain-agnostic results are obtained. The
code is available at https://github.com/afermanian/embedding with signatures.

2.2 A first glimpse of the signature method

2.2.1 Definition and main properties

In this subsection, the notion of signature is introduced and some of its important properties
are reviewed. The reader is referred to Lyons et al. (2007) or Friz and Victoir (2010) for a
more involved mathematical treatment with proofs. Throughout the article, the basic objects
are paths, that is, functions from [0, 1] — R¢, where d € N*. The main assumption is that these
paths are of bounded variation, i.e., they have finite length.

Definition 2.1. Let
X:[0,1] — R?
t—s (X} .., XD,

The total variation of X is defined by

[ X][1—var = sup Z [ Xe, — Xeoo s
t; €D

where the supremum is taken over all finite partitions
D={(to,...,tx) |k >1,0=10 <ty <+ <tp_y <ty=1}

of [0,1], and || - || denotes the Euclidean mnorm on R. The path X is said to be of bounded
variation if its total variation is finite.

The set of bounded variation paths is exactly the set of functions whose first derivatives
exist almost everywhere. Being of bounded variation is therefore not a particularly restrictive
assumption. It contains, for example, all Lipschitz functions. In particular, if X is continuously
differentiable, and X denotes its first derivative with respect to ¢, then

1
1X [ —var = / 1, | de.
0

The assumption of bounded variation allows us to define Riemann-Stieljes integrals along
paths. An exposition of this integration theory is not given here, but the interested reader is
referred to Lyons et al. (2007). From now on, it is assumed that the integral of a continuous
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path Y : [0,1] — R against a path of bounded variation X : [0,1] — R is well-defined on any
[s,t] C [0,1], and denoted by
Jyviax,
/ Y, dX, = ; e RY,
Jiydax?

where X = (X',..., X%, and Y = (Y',...,Y9). When X is continuously differentiable, this
integral is equal to the standard Riemann integral, that is,

t t
/ Y, dX, = / Y, X, du.

As an example, assume that X is linear, i.e.,

X, = (X}, XY = (ay +bit,...,aq + bat), 0<t <1, (2.1)
where a1,...,a4,b1,...b4 € R. Then
. - [1 bidu bi(t — s)
/qu:/ X du = : = :
) ) I badu ba(t — 5)

The formula above is useful since in practice only integrals of linear paths are computed, as
discussed later in this subsection. It is now possible to define the signature.

Definition 2.2. Let X : [0,1] — R? be a path of bounded variation, I = (i1, ...,i;) C {1,...d}*,
k € N*, be a multi-index of length k, and [s,t] C [0,1] be an interval. The signature coefficient
of X corresponding to the index I on [s,t] is defined by

Vsit] = / / dx; ... X“—/ (/ / / X% X,lg)dX;l]. (2.2)

s<uy <o <up <t

SI(X)[s,t] is then said to be a signature coefficient of order k.

The signature of X is the sequence containing all signature coefficients, i.e.,
S(X)[S,t] = (17 S(l)(X)[S,ﬂ7 sy S(d) (X)[S,t]7 S(Ll) (X)[S,t]7 ] S(il.’myik)(X)[S,t]a s )

The signature of X truncated at order K, denoted by Sk (X), is the sequence containing all
signature coefficients of order lower than or equal to K, that is

—
Sk (X) s, = (1,5(1)(X)[s,t],5(2)(X)[s,t],---7S(d""’d)(X)[s,t])-

For simplicity, when [s,¢] = [0,1], the interval is omitted in the notations, and, e.g., Sk (X) is
written instead of Sk (X)o 1.

From these definitions, it follows that the linear interpolation of a (multivariate) time series
observed on a finite time horizon will be of bounded variation, and therefore that its signature is
well defined. Note that this procedure of mapping a discrete time series into a continuous path
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is called an embedding, and linear interpolation is only one embedding among others, which will
be studied in Section 2.4. For example, Brownian motion is not of bounded variation but is
instead of finite p-variation for any p > 2. However, its signature can still be defined with It6 or
Stratonovitch integrals.

Before giving an explicit calculation of signatures, some comments are in order. First, it is
worth noting that, for a path in R?, there are d* coefficients of order k. The signature truncated
at order K is therefore a vector of dimension

i i dK+1 -1
P == ifd#£1, (2.3)
P d—1

and K + 1 if d = 1. Unless otherwise stated, it is assumed that d # 1, as this is in practice
usually the case. Thus, the size of Sk (X) increases exponentially with K, and polynomially with
d—some typical values are presented in Table 2.1.

1 2 3 6

2 6 12 42
=95 62 363 9330

7T 254 3279 335922

Table 2.1 — Typical sizes of Sk (X) for different values of K and d, where X : [0,1] — R<.

Moreover, the set of coefficients of order k can be seen as an element of the kth tensor product
of R? with itself, denoted by (R?)®*. For example, the d coefficients of order 1 can be written
as a vector, and the d? coefficients of order 2 as a matrix:

SM(X) SOL(x) ... Shd(X)

: c Rd7 : c Rdxd ~ (Rd)®2.
S (X) SN (x) ... SWd(X)
Similarly, coefficients of order 3 can be written as a tensor of order 3, and so on. Then, S(X)
can be seen as an element of the tensor algebra

R@Rd@(Rd)®2@...@(Rd)®k@...

This structure of the tensor algebra will not be used in the present article but is used to derive
properties of the signature (Lyons, 1998; Friz and Victoir, 2010; Hambly and Lyons, 2010).

It should be noted that due to the ordering in the integration domain in (2.2), the signature
coefficients are not symmetric. For example, S(?)(X) is not the same as S*(X). Finally,
Chevyrev and Kormilitzin (2016b) show how, under certain assumptions, empirical statistical
moments can be explicitly recovered from signature coefficients. Typically, the empirical mean
can be recovered from signature coefficients of order 1, the variance from coeflicients of order 2,
and so on. Therefore, the larger the truncation order, the more detailed the information encoded
in the signature.

As a toy example, consider the linear path (2.1) again, and assume for simplicity that d = 2:

o= (XD [+t
¢ XtQ T \ag +bot )
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Then, for any [s,t] C [0, 1] the signature coefficients of order 1 are
¢ ¢
SM(X) .1 :/ dX.=bi(t—s) and SP(X),y :/ dX2 = by(t — s).
The first coefficient of order 2 is

t t t t t b2<t _ 8)2
SED(X )54 :/ / dX} dX;, :/ / b2 dugdu, = b%/ (t —up)duy = 1#
5 uy s u1 s

Similarly,

_ 5)2 20+ o)2
5(1’2)(X)[s,t} _ 5(2,1)(X) _ b162(752 s) and S22 (X))o = bz(t2 s) .
For any index I = (i1,...,i) C {1,2}*, it is easily obtained that
. . by by (t— )
St (X = // dXph . dX)E = % (2.4)

s<uy<---<up<t

A crucial feature of the signature is that it encodes geometric properties of the path. Indeed,
coefficients of order 2 correspond to some areas outlined by the path, as shown in Figure 2.1.
For higher orders of truncation, the signature contains information about the joint evolution of
tuples of coordinates (Yang et al., 2017). Furthermore, the signature possesses several properties
that make it a good statistical summary of paths, as shown in the next four propositions.

s@1(x)

X2

X1

Figure 2.1 — Geometric interpretation of signature coefficients.

Proposition 2.1. Let X : [0,1] — R? be a path of bounded variation, and v : [0,1] — [0,1] be a
non-decreasing surjection. Then, if Xy = Xy ) is the reparametrization of X under 1,
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This proposition is a consequence of the properties of integrals and bounded variation paths
(Friz and Victoir, 2010, Proposition 7.10). In other words, the signature of a path is the same up
to any reasonable time change. There is, therefore, no information about the path parametriza-
tion in signature coefficients. However, when relevant for the application, it is possible to include
this information by adding the time parametrization as a coordinate of the path. This procedure
plays a decisive role in the construction of time embeddings, which will be thoroughly discussed
in Section 2.4.

A second important property is a condition ensuring the uniqueness of signatures.

Proposition 2.2. If X has at least one monotone coordinate, then S(X) determines X uniquely
up to translations.

It should be noticed that having a monotone coordinate is a sufficient condition, but a nec-
essary one can be found in Hambly and Lyons (2010), together with a proof of this proposition.
The principal significance of this result is that it provides a practical procedure to guarantee
signature uniqueness: it is sufficient to add a monotone coordinate to the path X. For example,
the time embedding mentioned above will satisfy this condition.

This result does not provide a practical procedure to reconstruct a path from its signature.
However, this is an active area of research (Chang et al., 2017; Lyons and Xu, 2017; Lyons and
Xu, 2018). In particular, (Lyons and Xu, 2017) derive an explicit expression of rectilinear paths,
defined in Section 2.4.1, in terms of their signatures; and (Lyons and Xu, 2018) construct, from
the signature of a C' path, a sequence of piecewise linear approximations converging to the initial
path.

The next proposition reveals that the signature linearizes functions of X. We refer the reader
to Kiraly and Oberhauser (2019, Theorem 1) for a proof.

Proposition 2.3. Let D be a compact subset of the space of bounded variation paths from [0, 1]
to R? and such that for any X € D, Xo = 0 and X has at least one monotone coordinate. Let
f : D — R be continuous. Then, for every € > 0, there exists N € N, w € RY, such that, for
any X € D,

|F(X) = (w, 8(X))| <,

where (-,-) denotes the Euclidean scalar product on RY.

This proposition is a consequence of the Stone-Weierstrass theorem. The classical Weierstrass
approximation theorem states that every real-valued continuous function on a closed interval can
be uniformly approximated by a polynomial function. Similarly, this theorem states that any real-
valued continuous function on a compact subset D of bounded variation paths can be uniformly
approximated by a linear form on the signature. Linear forms on the signature can, therefore,
be thought of as the equivalent of polynomial functions for paths.

Chen’s theorem (Chen, 1958) now provides a formula to compute recursively the signature of
a concatenation of paths. Let X : [s,#] = R%and Y : [t,u] — R? be two paths, 0 < s <t < u < 1.
Then, the concatenation of X and Y, denoted by X # Y, is defined as the path from [s,u] to R¢
such that, for any v € [s,u],

X, if v € [s,t],

(XxY), = )
Xe+Y,-Y: ifveltu].

Proposition 2.4 (Chen). Let X : [s,t] = R% and Y : [t,u] — R? be two paths with bounded
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variation. Then, for any multi-index (iy, ..., i) C {1,...,d}*,
Sl i) (X V) = Zg(zu...,w)(X) Gl i) (Y, (2.5)
£=0

This proposition is an immediate consequence of the linearity property of integrals (Lyons
et al., 2007, Theorem 2.9). However, it is essential for the explicit calculation of signatures.
Indeed, in practice, X is observed at a finite number of times and becomes by interpolation a
continuous piecewise linear path. To compute its signature, it is then sufficient to iterate the
following two steps:

1. Compute with equation (2.4) the signature of a linear section of the path.

2. Concatenate it to the other pieces with Chen’s formula (2.5).

This procedure is implemented in the Python library iisignature (Reizenstein and Graham,
2020). Thus, for a sample consisting of ¢ points in R, if the path formed by their linear
interpolation is considered, the computation of the path signature truncated at level K takes
O(¢d™) operations. The complexity is therefore linear in the number of sampled points but
exponential in the truncation order K. Notice that the size of the signature vector is also
exponential in the truncation order K, as shown in Table 2.1. Therefore, in applications, K has
to remain small, typically of the order less than 10.

We conclude this section by giving some insights into the behavior of the expected value
of the signature. Let (Q,F,P) be a probability space and X a R?valued stochastic process
defined on [0, 1]. Chevyrev and Lyons (2016) have shown that, under some assumptions, E[S(X)]
characterizes the law of X. In other words, if X and Y are two stochastic processes such that
E[S(X)] = E[S(Y)], then X and Y have the same distribution. The assumptions of this result
have been relaxed by Chevyrev and Oberhauser (2018), who only need to assume that the
signature is well-defined to prove a similar result for a particular renormalization of the signature.
It is instructive to compare this property to the case of random variables. Indeed, recall that if
X is a real-valued random variable, then its moment-generating function, defined by t + E[e!X]
characterizes the law of X. Now if X is a stochastic process, its expected signature has the
same property and should, therefore, be thought of as a generalization of the moment-generating
function of a process. This interpretation of the signature is particularly clear in the case where
d=1:1let X :[0,1] — R, then

E[(X1 — Xo)?] E[(X1 — X0)"] . .)’

E[S(X)] = (1,IE[X1 — Xol, 51 m

and the signature corresponds exactly to an infinite sequence of the moments of the path.

2.2.2 Signature and machine learning

Now that the signature and its properties have been presented, we focus on its use in machine
learning. In a statistical context, our goal is to understand the relationship between a random
input path X : [0,1] — R? and a random output Y € R. In a classical setting, we would be given
a set of independent and identically distributed (i.i.d.) observations {(X1,Y1),...,(X,,Ys)},
drawn from (X,Y). However, in applications, a realization X; is observed only at a discrete
set of times 0 < t; < --- < ty, < 1, ¥, € N*. Therefore, we are given an ii.d. sample
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{(xl, Y1),..., (Xn, Yn)}7 where x; takes the form of a matrix:
9511,1 . m}véi
x=| : D | e REXA, (2.6)
s

In this notation, xf ; denotes the kth coordinate of the ith sample observed at time ;.

It is worth clarifying the terminology used and how it relates to other disciplines. In time
series analysis, x; would be a time series evolving in R? and observed at ¢; time points. The
output Y would be a future step of the time series, for example, if d = 1 then Y; = xl{éi_ﬂ.
If d = 1, then x; is a univariate time series, whereas if d > 1, then it is called a multidimen-
sional, multivariate, vector-valued or multiple time series. The parameter ¢; would be the series
length or the time horizon. If all time series have the same length ¢, then notation simplifies
as x; € R?*. On the other hand, in functional data analysis, X; would be called functional
data, a functional observation, or a curve, Y; would be a scalar response, and ¢; would be the
number of measurements. If this functional data was longitudinal, each xf would be a functional
observation or a profile of the subject 7, and d would be the number of repeated measurements.
Finally, in time series classification, x; is a time series and Y; the label of its class. Borrowing
from the machine learning vocabulary, we will also refer to x; as the raw data or the input data,
and to Y; as the output or the response.

The assumption that Y; is a real number excludes several situations from our study. For
example, the goal of functional longitudinal data analysis is usually the prediction of the next
functional profile, which does not fall within our setting. Similarly, prediction of functional
responses, which are a topic of interest in functional data analysis, or of multiple time points in
time series analysis, are not considered.

Finally, it is worth noting the dependence of the length ¢; on i. In other words, each obser-
vation may have a different length. The signature dimension being independent of the number
of sampled points, representing time series by their signature naturally handles inputs of vari-
ous lengths, whereas traditional methods often require them to be normalized to a fixed length.
Moreover, no assumption is made on the sampling intervals ¢1,...,%s,, which can therefore be
irregularly spaced and vary from one sample to another. To sum up, the signature method is ap-
propriate for learning with discretely sampled multidimensional time series, possibly of different
lengths and irregularly sampled.

As an example, consider the Google dataset Quick, Draw! (Google, 2017). It consists of the
pen trajectories of millions of drawings, divided into 340 classes. Some examples are shown in
Figure 2.2. In this case, the y; are discrete labels of the drawing’s class, and the x; are matrices
of pen coordinates. In this example, d = 2 and p; varies for each drawing but is typically in the
order of a few dozen points.

As discussed in the introduction, to use signature features, one needs to embed the obser-
vations x; into paths of bounded variation X; : [0,1] — R¢. This step, which also consists of
adding other coordinates, such as time, will be thoroughly discussed in Section 2.4. Assume for
the moment that a set of embeddings X;, 1 < i < n, are given. When an embedding has been
chosen, one can compute signature features truncated at a certain order K and use them in
combination with a learning algorithm. The choice of K corresponds to a classical bias-variance
tradeoff: the larger K, the larger the feature set. Therefore, it should be selected in a data-driven
way, for example with cross-validation. The procedure can be summarized as follows:

Raw data — Embedding — Signature features — Algorithm.
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Figure 2.2 — 9 drawings from the Quick, Draw! dataset

The literature on the combination of signature features with learning algorithms can be
divided into three groups. These groups correspond to the nature of the algorithm’s input: it is
either a vector, a sequence, or an image. In the context of deep learning, this division matches
the different classes of neural network architectures: feedforward, recurrent and convolutional
networks. The latter only deals with input paths in R?, with applications such as characters or
handwriting recognition.

The first approach is to compute the signature of X on its whole domain, that is, on [0, 1]. In
this way, the time-dependent input X is mapped into a time-independent finite set of coeflicients,
that is then fed into a predictive algorithm, typically a feedforward neural network. Any time-
independent additional covariates may be added to this feature set. This strategy is implemented
by Yang et al. (2017) for skeleton-based human action recognition. From a sequence of human
joints’ positions, the authors construct a high dimensional vector of signature coefficients, which
is then the input of a small dense network. Gyurko et al. (2014) and Lyons et al. (2014) also
apply this method to financial time series, combining it with Lasso and ordinary least squares
regression.

A second family of methods consists in describing the input path by a sequence of signature
coefficients. There are several variants of this approach, but the one of Wilson-Nunn et al.
(2018) is presented here in detail for its simplicity and representativeness. To create a signature
sequence, the time interval [0,1] is divided into a dyadic partition

0<277< <27 9< . <(29-1)279< 1, (2.7)

where ¢ € N. By computing the signature truncated at order K on every dyadic interval
[7279,(j + 1)279, 0 < j < 2%, a sequence of 29 signature vectors is obtained, each of dimension
(d¥*+1 —1)/(d —1). This sequence is typically fed into a recurrent network, as illustrated in
Figure 2.3. In this case, the whole approach boils down to transforming the original sequential
data into another sequence of signature coefficients. Such a procedure may be surprising, as the
original data could have been itself the input of a recurrent network, instead of being mapped
into a new signature sequence. However, Lai et al. (2017), Liu et al. (2017) and Wilson-Nunn
et al. (2018) show the superiority of this type of approach for several tasks such as writer and
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Recurrent network
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Figure 2.3 — Signature and recurrent neural network.
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Figure 2.4 — Signature and convolutional neural network.

Finally, a third group of authors has taken these ideas further and created images of signature
coefficients. Their rationale is to mix the temporal and pictorial aspects of the data. Indeed,
assuming that the input path is a trajectory in R2, it can be turned into an image by forgetting
its temporal aspect and setting the pixel values to 1 along the trajectory, and 0 elsewhere. Then,
starting from this representation, a bunch of images is created, such that each image corresponds
to a signature coefficient, as shown in Figure 2.4. This can be done in various ways. However, the
general idea is to consider a sliding window following the path and to set the pixel value at the
center of the window to be equal to the signature coefficient computed over the window. If the
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signature is truncated at order K, this yields 25+1 — 1 sparse grey pictures, which can then be
the input of a convolutional neural network. Graham (2013) and Yang et al. (2015), 2016a have
obtained significant accuracy improvements for character recognition and writer identification
with this approach.

To sum up, the signature may be used in various ways, and for different applications. Several
points of view coexist, and none of them has shown to be systematically better. In particular, on
the one hand, signatures may be used to remove temporal aspects and to reduce the dimension of
the problem, whereas, on the other hand, they may do the opposite and increase the dimension of
the algorithm’s input. Moreover, they are combined with various learning algorithms and it may
be hard to distinguish the properties of the signature from those of the algorithms. Nevertheless,
all these methods assume that discrete data points have been embedded into actual continuous
paths. As will be seen in Section 2.4, the choice of path is crucial. Therefore, we describe in the
next section the datasets used throughout the article to understand their underlying structure
and find suitable embeddings.

2.3 Datasets

The datasets used in this article have been chosen to cover a broad range of applications
while being recent and challenging in various ways. Moreover, they present a variety of sampling
frequencies and dimensions. They illustrate therefore different potential embeddings.

First, the Quick, Draw! dataset (Google, 2017), which was already discussed in Section 2.2.2,
and illustrated in Figure 2.2, is a public Google dataset. It consists of 50 million drawings, each
drawing being a sequence of time-stamped pen stroke trajectories, divided into 340 categories.
It takes approximately 7 gigabytes of hard disk space and is, therefore, a particularly large
dataset. To compute the signature of every sample, it would thus be necessary to design a specific
architecture, which cannot be implemented on a standard laptop computer. However, the goal
of this study is not to achieve the best possible performance, but to understand embedding
properties. Moreover, the experiments should be easily reproducible without requiring much
computational ressources. Therefore, only a subset of the data is used: 68 000 training samples
in Sections 2.4.2 and 2.6.1, 12 million in Section 2.6.2.

Let us describe more precisely the data format. When an object is drawn, two pieces of
information are recorded: pen positions, sampled at different times, and pen jumps. Therefore,
one drawing consists of a set of strokes, one stroke being a segment of the drawing between two
pen jumps, represented with different colors in Figure 2.2. As each stroke can be of different
length, if /; 5 is the number of points in the sth stroke of drawing number ¢, and if this drawing
has §; strokes, then one drawing consists of S; tables of sizes 2 x £;1,...,2 X {; 5,, where the
factor 2 corresponds to the plane R%. For example, in Figure 2.2, the windmill drawing has
S; = b strokes: the first stroke is the blue one with 3 points (¢;7 = 3), the second one the
orange with ¢; 5 = 5 points, and so on. The data has been preprocessed by Google, resulting in
the so-called “simplified drawing files”. The reader is referred to Google (2017) for a complete
description of the preprocessing steps. Finally, each sample ¢ can be encoded under the following
compact form:

1 1 1 1
Tix o Tigyy - xi¢fi,1+---+li,si71+1 T miaei,l“r""i’[i,si
_ 2 3x4L;
Xi= | T - xi7€i,1 T xi,fri,1+"‘+fqz.si71+1 T xi,£i,1+“~+ei,si €R ) (28)
1 ... 1 e S; e S;
where (z} > x? j) are the coordinates of the jth point of the drawing number ¢, and there is a pen
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jump when the last row of x; increases by 1. As in (2.6), ¢; = ¢;1 + --- + {; 5, denotes the total
number of points of drawing <.
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Figure 2.5 — 5 samples from the Urban sound dataset

The second dataset is the Urban Sound dataset (Salamon et al., 2014). It consists of sound
recordings, divided into 10 classes: car horn, dog barking, air conditioner, children playing,
drilling, engine idling, gunshot, jackhammer, siren, and street music. It contains both mono
and stereo recordings, so some samples take values in R, and some in R%2. By averaging the
two channels of stereo sounds, the data has been normalized to mono recordings, so that each
sample is a one-dimensional time series: x; € R, This yields a collection of 5 435 time series
of various lengths. On average, they are sampled at approximately 170 000 points, which makes
them long time series, typically hard to model along the whole time range. Figure 2.5 depicts
some examples of these noisy time series.

Finally, the MotionSense dataset is composed of smartphone sensory data generated by ac-
celerometer and gyroscope sensors (Malekzadeh et al., 2018). This data has been recorded while
some participants performed an activity among walking upstairs and downstairs, walking, jog-
ging, sitting, and standing. In total, there are 10 classes and 360 recordings, which correspond
to 24 participants performing 15 different trials. During each trial, 12 variables are measured:
3 directions for attitude, gravity, user acceleration, and rotation rate, respectively. Information
about the participants is provided but we focus on the task of recognizing the activity performed
from the multidimensional time series formed by sensors data. In Figure 2.6, three samples are
shown, and, for each of them, curves of different colors correspond to the various quantities
measured by sensors. Therefore, every sample can be written as x; € R2%%_ It is clear from
Figure 2.6 that these series are noisy and highly dimensional. They are shorter than the Urban
Sound’s ones, with an average of approximately 4 000 time steps.

Finally, for all datasets, the response Y is a class label, that is Y € {1,...,C}, where C' is the
number of classes. Table 2.2 summarizes some characteristics of these three datasets. As each
sample may have a different length, the data average length is recorded, defined by ¢ = % S b
These datasets illustrate the diversity of problems in sequential learning, where time appears in
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Figure 2.6 — 3 samples from the Motion sense dataset

different ways.

Quick, Draw! Urban Sound Motion Sense

Number of classes C 340 10 6
Dimension d 2 1 12
Average length ¢ 44 171 135 3924
Training set size n 68 000 4 435 300
Validation set size nya) 6 800 500 30
Test set size Nitest 6 800 500 30

Table 2.2 — Datasets summary

2.4 The embedding

In practice, a matrix of observations x; € R?*% is given, written in (2.6), where columns
correspond to points in R? sampled at times 0 < ¢; < --- < t;,, < 1. As explained in Section
2.2.2, the goal is to construct a continuous path X : [0,1] — R? from the matrix x;. Therefore,
an interpolation method needs to be chosen, but, to ensure some properties such as signature
uniqueness (Proposition 2.2), new coordinates may be added to the path, which increases the di-
mension d of the embedding space. When not hidden, the embedding is generally only mentioned
in the literature, without in-depth discussions. Therefore, the purpose is not only to compare
embeddings’ performance, but also to give a first systematic survey of their use in the context of
learning with signatures.
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2.4.1 Definition and review of potential embeddings

First, different embeddings are reviewed while adapting them to the Quick, Draw! dataset
for illustrative purposes. The extension to other datasets follows immediately. All embeddings
considered here are continuous piecewise linear, but their difference lies in the way this inter-
polation is performed. From a computational point of view, signatures of continuous piecewise
linear paths can be computed with the library iisignature, as mentioned in Subsection 2.2.1.
From now on, consider a sample x € R3*?, which can be written as the matrix (2.8) where the
index ¢ has been removed to simplify notations.

Linear path A first natural choice is to interpolate data points linearly, that is to connect each
consecutive points by a straight line. Note that for the Quick Draw! data, information about pen
jumps is then lost. Thus, for a particular sample, if ¢ positions of the pen [(z1,2%),..., (z},z3)]
are given, the piecewise linear path X : [0,1] — R? is defined as the path equal to (x]l,xf)
at t;, where 0 = t; < to < --- < ty = 1 is a partition of [0,1] into ¢ points. This yields a
two-dimensional continuous path with coordinates (X}, X?). This path, represented in Figure
2.7a, is the most often used in the literature, for example by Graham (2013), Lai et al. (2017),

or Yang et al. (2016a).

(a) Linear path.

R

(d) Stroke path, version 1. (e) Stroke path, version 2. (f) Stroke path, version 3.

Figure 2.7 — Different embeddings of a Quick, Draw! sample. Each stroke is plotted with a
different color only for the sake of illustration.

Rectilinear path Another interpolation method is often used in the literature (Chevyrev and
Kormilitzin, 2016b; Kormilitzin et al., 2016) and referred to as an “axis path" or “rectilinear
path”. It is also piecewise linear but each linear section is parallel to an axis. In other words,
t01m02ve from1 one point (x},23) to another point (zj,,,23,,), a first linear segment goes from

(z},23) to (¢}, ,,23), parallel to the x-axis, and a second segment from (2}, ,23) to (x} 1,23, ,),
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parallel to the y-axis. This path is depicted in Figure 2.7b. A crucial aspect of this path is that
there exists a simple way to reconstruct it from its signature features (Lyons and Xu, 2017).
Note that for unidimensional data, such as the Urban Sound dataset, the linear and rectilinear
interpolations are identical.

Time path The third approach builds upon the linear path and enriches it by adding a mono-
tone coordinate. This ensures the uniqueness of the signature, as stated in Proposition 2.2. It
usually corresponds to adding the time parametrization as a coordinate of the path, as is done
by Yang et al. (2017). Therefore, if ¢ — (X}, X?) is the linear path described above, which is
piecewise linear, the time embedding is the 3-dimensional path ¢ — (X}, X7, ), shown in Figure
2.7c.

Lead-lag path Introduced by Chevyrev and Kormilitzin (2016b) and Flint et al. (2016), the
lead-lag transformation has been applied by, e.g., Gyurko et al. (2014), Lyons et al. (2014),
Kormilitzin et al. (2016), , and Yang et al. (2017). Building on the time path, the idea is to add
lagged versions of the coordinates X' and X? as new dimensions. Let ¢ be the length of the
input path, and 0 =¢; <o < -+ <ty < tygy1 = 1 be a partition of [0, 1] into £ 4+ 1 points. Then
the lead-lag path with lag 1 is defined by

X :[0,1] - R®
e (X[, X7 6 X7, XY,

In this definition, X' and X? are a linear interpolation of the sequence

1,2 1,2 1,2
[(xla 1‘1), e (xé’xé)’ (xévxl)}v
in which the last point is repeated twice, and
0 ift<t 0 ift <t
xXp=3, L XE=d, L (2.9)
X;_;, otherwise X ;, otherwise

This yields a 5-dimensional path such that the last two coordinates are delayed copies of the
first two, with a delay of ¢;. The process can be iterated, creating a path in R” with two lags
tes (X X2, X2, X XD X5), where X! and X? are linear interpolations of the data with the
last point repeated three times, X3 and X* are defined by (2.9), and

X5 _ 0 ift <ty X6 _ 0 ift <ty .
K X,LQ otherwise ’ k X2, , otherwise

In this way, the lead-lag path can naturally be defined for any lag in N*. This path is highly
dimensional (in R7 for a lag of 2) and cannot be represented easily. Therefore, Figure 2.8 shows
some coordinates against time, namely X', X3, and X°.

Stroke path For the Quick, Draw! data, extra information about pen jumps is provided. In
the context of Arabic handwriting recognition, Wilson-Nunn et al. (2018) have introduced the
idea of encoding information about jumps into a new coordinate. In essence, the approach is to
use a 3-dimensional path in which the last dimension corresponds to strokes, in a similar way to
the encoding of matrix (2.8). This procedure can be deployed in various ways and we restrict
our attention to three of them.
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Figure 2.8 — X} (red), X} (green), and X} (blue), coordinates of the lead-lag embedding with
lag 2 against ¢, for ¢ € [0,1].

The first approach uses the description of a drawing as given in (2.8). Recall that, in this
matrix, the stroke categorical variable is initialized to 1, and increased by 1 each time a different
stroke begins. The idea is then to linearly interpolate the columns of the matrix, considered
as points in R3. As can be seen in Figure 2.7d, each stroke is then represented in a different
horizontal plane. This procedure looks like the most natural way to encode jumps information,
and from now on is called “version 1" of the stroke path.

A related approach is considered by Wilson-Nunn et al. (2018). It is represented in Figure
2.7e and subsequently called “version 2". Here, each stroke is indexed by odd integers, that is
the first stroke is indexed by 1, the second by 3,..., and the kth by 2k — 1. Two intermediary
points are added between each stroke, indexed by even integers. For example, if (x%l,xfl, 1) is
the last point of the first stroke, and (1’%1+1, x%ﬁl’ 3) is the first point of the second stroke, the
points (x%l , x§1,2) and (w}l_H, xﬁﬁ_l, 2) are added to the path and linearly interpolated. This is
represented in Figure 2.7e. The only difference with the previous path is how the path moves
from one plane to another one. Instead of doing a straight line, it moves in two steps: one in
a horizontal plane and another one parallel to the vertical axis. With this embedding and a
recurrent network, Wilson-Nunn et al. (2018) have achieved a significant decrease in the error
rate of Arabic characters recognition.

Finally, for comparison purposes, a strictly monotone coordinate is also considered. It has
jumps of 1 when a new stroke begins, and otherwise grows linearly inside one stroke, such that it
has increased by 1 between the beginning and the end of the stroke. In this definition, the goal
is to check whether having a strictly monotone coordinate increases accuracy, while in the two
previous versions the stroke coordinate is piecewise constant. This embedding can be seen as a
mix between time and stroke paths and could inherit the good properties of both. The resulting
path is called “version 3" and shown in Figure 2.7f.

To conclude, there exists a broad range of embeddings, living in spaces of various dimen-
sions. They lead to different signature features, which therefore do not have the same statistical
properties. The embedding choice will prove to have a significant influence on accuracy.

2.4.2 Results

In this subsection, the results of our study on embedding performance are presented. To this
end, the first approach described in Section 2.2.2 is implemented. Starting from the raw data, it
is first embedded into a continuous path, then its truncated signature is computed and used as
input for a learning algorithm. The embeddings described in the previous section are used. Note
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that the lead-lag path is taken with lag 1, but other lags will be discussed in Section 2.6.2. Each
feature is normalized by the absolute value of its maximum so that all input values lie in [—1, 1].
The findings should be independent of the data and the underlying statistical model so a range
of different algorithms is used. Their hyperparameters have been set to their default values,
without trying to optimize them for each dataset. Indeed, the goal is not to select the best
algorithm or to achieve a particularly good accuracy, but rather to compare the performance
of different embeddings. The classification metric to assess prediction quality is the accuracy
score. Denoting by (y1,...,Yn,...) the test set’s labels, and (¢1,...,Jn,..,) the predicted labels,
this score is defined by

Ntest

1
AcCiesy = —— Z “ég,i:yi~ (210)

Ntest *
=1
The four following algorithms have been used throughout the study.

e Following Yang et al. (2017), a dense network with one hidden layer composed of 64 units
with linear activation functions is first considered. A softmax output layer and the categor-
ical cross-entropy loss are used, which yields a linear model equivalent to logistic regression.
This architecture is a sensible choice, since Proposition 2.3 states that linear functions of
the signature approximate arbitrarily well any continuous function of the input path. The
Python library keras (Chollet et al., 2015), with TensorFlow backend, is used. The net-
work is regularized by adding a dropout layer after the input layer, with a rate of 0.5.
Optimization is done with stochastic gradient descent with an initial learning rate of 1.
It is reduced by 2 when no improvement is seen on a validation set during 10 consecutive
epochs. The maximal number of epochs is set to 200 and the mini-batch size to 128.

e Furthermore, the performance of a random forest classifier with 50 trees, implemented
in scikit-learn (Pedregosa et al., 2011), is tested. It is a nonlinear very popular method
initially proposed by Breiman (2001).

e The XGBoost algorithm, introduced by Chen and Guestrin (2016), and implemented in the
Python package xgboost, is also used. It is a state-of-the-art gradient boosting technique,
building upon the work of (Friedman, 2001). The maximum number of iterations is set
to 100 and early stopping with a patience of 5 is used to prevent overfitting and speed up
training. The maximum depth of a tree is set to 3 and the minimum loss reduction to make
a split to 0.5.

e Finally, a nearest neighbor classifier is run with a default value of 5 neighbors. This
method is known to suffer from the curse of dimensionality, so it is of interest to see how
the signature truncation order affects its performance.

For each of the algorithms described above and each dataset of Section 2.3 (Quick, Draw!, Urban
Sound, and Motion Sense), the following steps are repeated:

1. Split the data into training, validation, and test sets, as described in Table 2.2.
2. Choose an embedding and transform samples x; into continuous paths X : [0,1] — R
3. Fork=1,..., K:

(a) Compute Si(X;), the signature truncated at order k, for every sample . This results
in training, validation and test sets of the form

{Sk(X1), .., Sk(Xn)},

qk+1
d—1

where Sj,(X;) € R“#=T if d > 1, and R¥ if d = 1.
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(b) Fit the algorithm on the training data. Validation data is used when the algorithm
chosen is the linear neural network or XGboost, to adapt the learning rate and to
implement early stopping, respectively.

(¢) Compute the accuracy, defined by (2.10), on the test set.

The maximal value considered for the truncation order, denoted by K, is fixed so that the
number of features are computationally reasonable. The meaning of “reasonable” depends on
each dataset, as they have a different number of samples and classes. For Quick, Draw!, we will
consider up to 10° samples, for Urban Sound 10* and for Motion Sense 5 x 10°.

For a path X in R¢, the number of features is equal to (d**1 —1)/(d — 1) if d > 1, and to
k if d = 1 (see Table 2.1 for some values). Therefore, the number of features depends on the
dimension d of the embedding and the truncation order k. But d is different depending on the
dataset and the embedding. Thus, to compare the quality of different embeddings, the accuracy
score is plotted against the log number of features, which yields one curve per embedding, where
each point corresponds to a different truncation order k. One embedding curve being above the
others means that, at equal input size, this embedding performs better.

Linear neural network Nearest neighbor
_,—/f‘.
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30 15
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-»- Leadlag -= Rectilinear =~ Stroke version 2 -+ Time

Path embeding + Linear +- Stroke version 1 -+ Stroke version 3

Figure 2.9 — Quick, Draw! dataset: prediction accuracy on the test set, for different algorithms
and embeddings.

The results of this procedure are plotted in Figures 2.9, 2.10 and 2.11, which correspond
respectively to the Quick, Draw!, Urban Sound and Motion Sense datasets. A first observation
is that some embeddings, namely the time and lead-lag, seem consistently better, whatever the
algorithm and the data used. It suggests that this performance is due to the intrinsic theoretical
properties of signatures and embeddings, not to domain-specific characteristics. It is particularly
remarkable as the dimension of input streams is different from one dataset to another.

The linear and rectilinear embeddings (red and pink curves), which are often used in the
literature, appear to give the worst results. These two interpolation methods do not differ much
in their results, although the linear path seems to be slightly better. Moreover, it seems that
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Figure 2.10 — Urban Sound dataset: prediction accuracy on the test set, for different algorithms
and embeddings.

the smaller the dimension d, the worse their performance. Indeed, the linear embedding is
especially bad for the Urban Sound dataset, which is unidimensional, whilst the difference is less
pronounced for the Motion Sense dataset, which has values in R'2. This bad performance can
be explained by the fact that there is no guarantee that the signature transformation is unique
when using the linear or rectilinear embeddings. Therefore, two different paths can have the
same signature, without necessarily corresponding to the same class.

On the other hand, the best embedding is the lead-lag path (green curve), followed closely by
the time path (brown curve). The difference between these two embeddings is again most impor-
tant for the Urban Sound dataset. For the Quick, Draw! data, stroke paths have intermediate
results, better than the linear path but still worse than the time and lead-lag paths. Yet stroke
paths are the only embeddings in which new information, about pen jumps, is included. It is
surprising how little impact this information seems to have on prediction accuracy. Note that in
all of these cases, the uniqueness of the signature is ensured so it cannot explain the performance
differences.

Good performance of the lead-lag path has already been noticed in the literature. However,
up to our knowledge, there are few theoretical results. Still, Flint et al. (2016) have considered a
discretely sampled input path X, assumed to be a continuous semimartingale, and have studied
convergence results of its associated lead-lag path, called Hoff process, when sampling frequency
increases. Thus, a lot of questions remain open concerning the statistical performance of the
time and lead-lag embeddings, with, to our knowledge, no theoretical result in classification or
regression frameworks.

To conclude this section, the take-home message is that using the lead-lag embedding seems
to be the best choice, regardless of the data and algorithm used. It does not cost much computa-
tionally and can drastically improve prediction accuracy. Moreover, the linear and stroke paths
yield surprisingly poor results, despite their frequent use in the literature.



46 CHAPTER 2. Embedding and learning with signatures

Linear neural network Nearest neighbor

) 5
] @ o
3 50 3
¢ g
< <45

25 40

5 10 15 5 10 15
Log number of features Log number of features
Random forest XGBoost
90 100 —
80
. 80

= 70 >
g g
3 60 5
k- £ 60

50

40 40

5 10 15 6 ] 12 15
Log number of features Log number of features

Path embedding =+ Leadlag —+ Linear -+ Rectilinear =+ Time

Figure 2.11 — Motion Sense dataset: prediction accuracy on the test set, for different algorithms
and embeddings.

2.4.3 Running times

To conclude this study on embeddings, this section presents some results on the computational
complexity of the different embeddings and truncation order. In Figure 2.12, the running times for
computing signature features and fitting a random forest are shown as functions of the truncation
order for various embeddings. The experiments were run on 32 Intel Xeon E5-4660 cores and
parallelized with the multiprocessing Python package. The most expensive embedding is the
lead-lag, which is not surprising as it doubles the path dimension. Moreover, increasing the
truncation order increases exponentially the running time. For Quick, Draw! the running time
is of the order of 10-100 seconds, for Motion Sense of the order of 100 seconds and for Urban
Sound around 1000 seconds. This is directly linked to the length of the series: the longer the
series, the more expensive it is to compute signatures.

In Figure 2.13 is presented the number of input features for each combination of embedding
and truncation order. This is proportional to the memory needed to run each experiment.
As given by equation (2.3), it is clear that the storage cost increases exponentially with the
truncation order, which is the main limitation of the signature method.

2.5 Simulation study of autoregressive processes

In order to confirm the previous findings on the performance of the lead-lag embedding, we
undertake a simulation study with autoregressive processes. This study will also provide insights
on the sensitivity of the method to some hyperparameters such as the lag and the signature
truncation order. We place ourselves in a regression setting, that is we consider n realizations of



2.5. Simulation study of autoregressive processes 47

Quick, Draw! Urban Sound Motion Sense

2000 f

Time (seconds)
3

Time (seconds)

Time (seconds)

1000

40

— e

o e e e e e Yy S —

1 2 4 5 2 8 1

4 2 3
Truncation order Truncation order
~+ Lead lag -+ Rectilinear - Stroke version 2 - Time

~ Linear - Stroke version 1 - Stroke version 3

3
Truncation order

Path embedding

Figure 2.12 — Running time (in seconds) to compute signature features and fit a random forest
classifier for various embeddings, as a function of the truncation order.
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Figure 2.13 — Number of features of various embeddings as a function of the truncation order.

an AR(p) process Z;, observed on ¢ = 100 time points, and defined by
Zi =P 21+ opli_pte, 1<t (2.11)

where €, is a gaussian random variable with mean 0 and variance 1. Some examples are shown in
Figure 2.14. Our goal is to predict the next time step, that is y = Zy;1, with a linear regression
and signature features. The input data is therefore a set {(x1,41),. .., (Xn,¥n)}, where each x;
is one realization of an AR(p) process:

xi = (Zip,..., Ziy) € RO,

and y; = Z; ¢+1, where Z; . follows (2.11).

First, Figure 2.15 shows the results of the same study on the embeddings performance as
in Section 2.4 for different AR(1) processes. The parameter ¢; is equal to —0.9, —1 and 0.5,
in order to obtain both stationary and nonstationary models. The performance of the different
embeddings is plotted against a range of truncation orders. The metric is the Ly error on a test
set, which is defined by

1 Ntest

S=—> (vi— )%
Ttest i—1
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Figure 2.14 — Sample paths of an AR(p) process.
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Figure 2.15 — Logarithm of the test error for different embeddings and truncation orders for
prediction of an AR(1) process. The left panel corresponds to ¢ = —0.9, the middle one to
¢1 = —1 and the right one to ¢; = 0.5.

with the same notations as (2.10). Contrary to Figures 2.9, 2.10 and 2.11 which use as metric
the accuracy, the smaller S the better the prediction. It is clear in Figure 2.15 that the time and
lead-lag embeddings have the smallest errors, confirming the findings of the previous section on
real-world datasets. Moreover, the figures are very similar for stationary or nonstationary series,
and different strength of time dependence. This shows the generality of the signature method,
which does not require strong assumptions on the law of the underlying process.

A natural question is whether the lag parameter is linked to the dependence in the time series.
To tackle this issue, Figure 2.16 shows a boxplot of the Lo error as a function of the lag for 3
different values of p. The parameters of model (2.11) are set to the following values: for p = 1,
¢1 = —0.9; for p =3, 1 = ¢ =0 and ¢3 = —0.9; for p =8, $1 = --- = ¢7 = 0 and ¢g = —0.9.
For each lag, the best truncation order is selected with a validation set, that is the truncation
order is chosen to be the one achieving the lowest error on a validation set. The procedure is
then evaluated on another test set. This procedure is iterated 20 times to obtain estimates of
the variability of the error. Figure 2.16 shows that when p increases, the best lag increases. For
p = 1, all lags seem to achieve similar errors, for p = 3, there is an error jump between a lag
of 1 and a lag of 2, and for p = 8 the error decreases towards the best lag of 6. This is strong
evidence of the link between the time dependence and the lag parameter.

Finally, Figures 2.17 and 2.18 investigate the link between the prediction error, the sample
size and the truncation order of the signature for an AR(3) process with the same parameters as
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Figure 2.17 — Error boxplot for different sample sizes.

before. We choose a lead-lag embedding with a lag of 2, as suggested by Figure 2.16. For each
sample size and truncation order, the model is fitted and evaluated 20 times. In Figure 2.17, the
truncation order is chosen as the minimizer of the error on a validation set. Then, a boxplot of
the errors is plotted as a function of the sample size. Both the error and its variance decrease
fast when the sample size increases.

On the other hand, Figure 2.18 shows error boxplots as a function of the truncation order
K, for various sample sizes. When the sample size is large enough, typically larger than 200, a
bias-variance tradeoff can be observed: the error first decreases with the truncation order until
a minimum is reached and then the error and its variance increase fast because the number of
covariates is too large compared to the number of observations. It is interesting to see that the
best truncation order increases when the sample size increases but stabilizes at K = 4. Moreover,
the error variance is very large for a sample size of 10 but stays reasonably small for larger sample
sizes.

2.6 Signature domain and performance
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Figure 2.18 — Average error for different truncation orders and sample sizes.

2.6.1 Comparison of local and global signature features

As discussed in Section 2.2.2, several authors do not compute signatures on the whole time
interval but use instead a partition of [0,1]. The rationale for this division is to describe the
path by a sequence of truncated signatures, rather than one signature computed over the whole
domain. Therefore, it is not surprising that this approach is typically used in combination with
recurrent neural networks. In this section, it is investigated whether signatures computed on a
sub-interval contain some local information not present in signatures of the whole path. To this
end, following Wilson-Nunn et al. (2018), a dyadic partition of [0, 1] is considered, and defined
by (2.7):

0<279<-<j279<---<(27-1)279<1, 0<yj<29
where ¢ is the dyadic order. For different values of ¢, signature coefficients are computed on each
interval [( j—1)2795 2"1] of the dyadic partition. Therefore, for each input path X;, a collection
of signature vectors is obtained, which is then stacked into one large vector. This vector is then
the input of a learning algorithm, and the prediction accuracy curves of different dyadic orders

are compared. The time embedding with the linear neural network described in Section 2.4.2 is
used. This process is summarized below.

1. Split the data into training, validation and test sets.
2. Forq=0,...,Q,and k=1,... K:

(i) For j =1,...,29, compute the signature truncated at order k on [(j — 1)279,j279],
denoted by

Sk(Xa)((-1)2-0 52715
where X; is the time embedding of sample x;. Repeat this over all training samples.

(i) For each training sample X;, concatenate all signature vectors and obtain one vector
Sk(X;) containing all Sy, (X;)[(j—1)2-4,j2-4), for j = 1,...,2% This yields a dataset

{Sk(X1),- .., Si(Xn)}-
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(#4i) Fit a linear neural network with this data as features.

(7v) Compute accuracy on the test set.
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Figure 2.19 — Test accuracy for different dyadic partitions of the path.

The results of this procedure are shown in Figure 2.19. First, it is clear that a dyadic order
of 0, which corresponds to computing the signature on the whole interval [0, 1], yields the best
results. Indeed, the curve is always above the others for the Quick, Draw! and Motion Sense
datasets. This is less obvious for the Urban Sound dataset, as the curve ¢ = 0 is really close to
the one corresponding to a dyadic order of 1. However, it still achieves a better result for most
truncation orders k. This difference between datasets can be linked to their length: it seems
that the longer the series, the better the accuracy of thin dyadic partitions. Indeed, high dyadic
orders perform best for the Urban Sound dataset, which has an average of 170 000 sampled time
points (see Table 2.2), whereas it is clear that each new dyadic split decreases accuracy for the
Quick, Draw! data, which has an average of 44 sampled points.

In a nutshell, little local information seems to be lost when the signature of the whole path
is computed. However, it may be worth considering partitions of the path for long streams.

2.6.2 Performance of the signature

The message of previous sections is that the lead-lag embedding is the most appropriate in
a learning context and that signatures should be computed over the whole path domain. As a
natural continuation, the effect of the algorithm is now examined more closely and the prediction
scores are compared to the literature. It turns out that the signature combined with a lead-lag
embedding has an excellent representation power, to the extent that it achieves prediction scores
close to state-of-the-art methods, without using any domain-specific knowledge.

Before starting the comparison, it is worth pointing out that the lead-lag embedding has a
hyperparameter that has not yet be tuned, which is the number of lags. It is now selected with
the same approach as in previous sections: for each lag, the test accuracy is plotted against the
number of features for various truncation orders. The lag which gives a curve above the others
is selected. Figure 2.20 highlights that curves overlap for the Motion Sense and Urban sound
cases, therefore, when there is a doubt on which curve is above, the smallest lag is picked. For
the Quick, Draw! and Motion Sense datasets, the best lag is then 1, whereas it is 5 for the Urban
Sound dataset.

Finally, the truncation order is selected with a validation set: the truncation order achieving
the highest accuracy on a validation set is picked. In general, the truncation order and the
number of lags could also be selected with cross-validation.
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Figure 2.20 — Test accuracy for different lags.

The Motion Sense and Urban Sound datasets do not require a lot of computational resources,
as they have a reasonable size (a few hundred samples for Motion Sense and thousand for Ur-
ban Sound—see Table 2.2) and a small number of classes. On the other hand, the Quick,
Draw! recognition task, which is comprised of 340 classes, is more involved and requires an elab-
orate algorithm as well as a significant number of training samples. Therefore, more data will be
used than in the previous sections: 12185600 training samples and 87 040 validation samples.

For the Quick, Draw! dataset, our results are compared to a Kaggle competition (Kaggle.com,
2018). In this competition, 1 316 teams competed for a prize of 25 000$. State-of-the-art deep
convolutional networks, such as MobileNet or ResNet, trained with several millions of samples,
were among the best competitors. Teams on the podium used ensembles of such networks.
These winning methods require a lot of computing resources and are specific to images. The
metric used in the competition was the mean average precision, defined as follows. Denoting by
{Y1s- -+, Yneeoe | the test set labels, three ranked predictions are made for each sample, denoted
by

{(gi Zﬁ, Zﬁ))a RS (:&;Lcesc ) Z)Ztest ) Z)itest)}v

where 9} is the class with the largest probability, §? the second largest, and so on. Then, the
mean average precision at rank 3 is defined by

LN G = )
MAP3 Ntest ; ]z:; ] .
Mean average precision is computed by the competition platform on 91% of a test set of 112 200
samples. The small neural network used in Section 2.4.2 is enhanced by using ReLU activation
functions and adding three hidden layers with 256 nodes. The network is trained during 300
epochs with an Adam optimizer. At each epoch, it is trained on 609 280 samples randomly
selected among the 12 185 600 training samples. The best team obtains a M AP5 of 95% whereas
this small network combined with signature features truncated at order 6 already achieves 54%.
The winners use an ensemble of several dozens of deep neural networks, trained on 49 million
samples. This kind of architectures requires considerably more computational capacities than
ours.

For the Urban Sound dataset, state-of-the-art results are obtained by Ye et al. (2017). The
authors combine feature extraction with a mixture of expert models and achieve 77.36 % accuracy,
defined by (2.10). The feature extraction step is specific to sound data and is based on several
ingredients, such as whitened spectrogram, dictionary learning, soft-thresholding, recurrence
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quantification analysis, and so on. These crafting operations make use of a lot of domain-specific
knowledge and cannot be extended easily to other applications. On the other hand, it is clear
from Figure 2.10 that a random forest classifier performs well with signature features. Therefore,
its hyperparameters are tuned with a lead-lag embedding, a lag of 5, and a signature truncated
at order 5. An accuracy of 70 % is obtained with 460 trees with a maximum depth of 30 and in
which 500 random features are considered at each split.

Finally, Malekzadeh et al. (2019) tackle the problem of mobile sensor data anonymization.
They build a deep neural network architecture that preserves user privacy but still detects the
activity performed. The architecture is built on autoencoders combined with a multi-objective
loss function. There is a trade-off between activity recognition and privacy but good activity
recognition results are achieved. Performance of the classifier of Malekzadeh et al. (2019) is
measured with the average F; score, defined as follows. Assume there are C different classes,
and denote by (y1,...,Yn,...) the test labels, and by (¢1,...,¥n,..,) the predicted ones. Then,
the Fy score is defined by

P 1 e Precision, - Recall,.
7 — Precision, + Recall, ’
where " i " el
Precision, = Zi:l W =yi=c} and Recall, = Zi:l Wi =yi=c}

i M9 = ¢} i My = ¢}
Malekzadeh et al. (2019) report an average F score above 92%, while the signature truncated at
order 3 and combined with a XGBoost classifier achieves a F; score of 93.5%. These two scores
are close, but the signature approach is computationally much less demanding.

Despite not being tuned to a specific application, the combination signature + generic al-
gorithm achieves results close to the state-of-the-art in several domains, while requiring few
computing resources and no domain-specific knowledge. Indeed, it takes approximately 52 sec-
onds to compute the signature at order 3 of 68 000 Quick, Draw! samples on one core of a laptop,
which results in 0.0008 second per sample. Besides, signature computations can be parallelized,
making the approach scalable to big datasets. Lastly, the signature method achieves its best re-
sults for the high dimensional Motion Sense dataset, which suggests that it is especially relevant
for multidimensional streams.

2.7 Conclusion

The signature method is a generic way of creating a feature set for sequential data and has
recently caught the machine learning community’s attention. Indeed, it yields results competitive
with state-of-the-art methods, while being generic, computationally efficient, and able to handle
multidimensional series. One of its appealing properties is that it captures geometric properties
of the process underlying the data and does not depend on a specific basis. In this paper, its
use in a learning context, and several of its successful applications have been reviewed. The use
of signatures relies on representing discretely sampled data as continuous paths, a mechanism
called embedding. In the literature, authors use various embeddings, without any systematic
comparison. We have compared different common embeddings and concluded that the lead-lag
seems to be systematically better, whatever the algorithm or dataset used. Moreover, we have
pointed out that the signature of the whole path appears to contain as much information as the
signature of subpaths, therefore encoding both global and local properties of the input stream.

Our study is a first step towards understanding how signature features can be used in statis-
tics, and a lot of issues remain open, both practical and theoretical. First, it would be of great
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interest to understand the theoretical statistical properties of embeddings, in particular, to ex-
plain the good performance of the lead-lag path. Moreover, in Section 2.2.2, we have seen that
signature features may be combined with feedforward, recurrent, or convolutional neural net-
works. For each of these architectures, the point of view on signature features is different: they
are considered respectively as a vector, a temporal process, or an image. A more detailed under-
standing of these representations would be valuable. Finally, it could be worth investigating the
robustness of the signature method when the truncation order becomes large. Indeed, Figures
2.9, 2.11, and 2.10 suggest that the signature may be robust to dimension: the accuracy curves
do not decrease when the number of features becomes large, even when a nearest neighbor al-
gorithm is used with more than a hundred thousand features. This phenomenon may deserve a
more in-depth study.
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Chapter 3

A Generalised Signature Method for
Multivariate Time Series Feature
Extraction

The ‘signature method’ refers to a collection of feature extraction techniques for multivariate
time series, derived from the theory of controlled differential equations. There is a great deal
of flexibility as to how this method can be applied. On the one hand this flexibility allows the
method to be tailored to specific problems, but on the other hand can make precise application
challenging. This paper makes two contributions. First, the variations on the signature method
are unified into a general approach, the generalised signature method, of which previous variations
are special cases. A primary aim of this unifying framework is to make the signature method
more accessible to any machine learning practitioner, whereas it is now mostly used by specialists.
Second, and within this framework, we derive a canonical collection of choices that provide a
domain-agnostic starting point. We derive these choices as a result of an extensive empirical
study on 26 datasets, and go on to show competitive performance against current benchmarks
for multivariate time series classification. Finally, to ease practical application, we make our
techniques available as part of the open source sktime project.
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3.1 Introduction

A multivariate time series is obtained by observing d quantities evolving with time, which
can be written as an array X = (1,...,%,), where n is the length of the series, and z; € R?
for each i € {1,...,n}. These data are common in various fields (finance, health, energy...)
and offer several specific challenges: they are often highly dimensional, as both the number of
channels d and the length of the series n may be large, the values x; are correlated, and the
different channels may interact. Finally, the inputs may be of different length and the data may
be irregularly sampled.

One approach is to construct models that directly accept some of these issues; for example
recurrent neural networks handle correlated inputs with varying lengths. A second option is to
use feature extraction techniques, which normalise the data so that other techniques may then be
applied. Methods such as the shapelet transform Ye and Keogh (2009), Grabocka et al. (2014),
and Kidger et al. (2020b), Gaussian process adapters Li and Marlin (2016), Futoma et al. (2017),
and Moor et al. (2020), and in particular the signature method Levin et al. (2013), all fit into
this category.

The approach taken by the signature method, coming from rough path theory (Lyons et al.,
2007; Friz and Victoir, 2010), is to interpret a multivariate time series as a discretisation of
an underlying continuous path. The signature transform, also known as the path signature or
signature, can then be applied, which produces a vector of real-valued features that are known
to characterise the path.

Benefits of the signature method include: a high degree of flexibility, making it possible to
customise the method to specific datasets; strong theoretical guarantees; an interpretable feature
set; ease of handling irregularly sampled and /or partially observed data; and it being well-defined
for some highly irregular processes such as ARMA, Gaussian processes or even Brownian motion.
Also, signature features do not need to learned, which can make them particularly effective on
(but not limited to) low sample datasets.

The flexibility of the signature method has made it possible to be tailored to specific ap-
plications and achieve state-of-the-art performance in wide range of problem domains, such as
handwriting recognition (Wilson-Nunn et al., 2018; Yang et al., 2016b), action recognition Yang
et al. (2016a), Yang et al. (2017), and medical time series prediction tasks (Morrill et al., 2019;
Morrill et al., 2020c). However, this flexibility comes at the cost of additional complexity in the
model search space.

To the best of our knowledge, no comprehensive studies exist that collate and combine the
most common method variations found in the literature and assemble them under a common
mathematical framework. Additionally, no baseline signature model has ever been tested against
other time series classification baselines. Our goal will be to address both of these issues, alongside
the development of an open source implementation, so as to make the methods more accessible
to a wider audience.

Contributions We introduce a generalised signature method that contains the many existing
variations as special cases. In doing so we are able to understand their conceptual groupings into
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what we term augmentations, windows, transforms and rescalings. This involves a comprehensive
review of the existing variations across the literature. By understanding their commonality,
we are then able to combine different variations, and propose new options that fit into this
framework.

We go on to examine which choices within this framework are most important to success by
performing an extensive empirical study across 26 datasets. To the best of our knowledge this is
the first study of this type.

In doing so, we are then able to produce a canonical signature pipeline. This represents a
domain agnostic starting point that may then be adapted for the task at hand. We show that the
performance of this canonical pipeline is comparable to current state-of-the-art classifiers for mul-
tivariate time series classification, including deep recurrent and convolutional neural networks.
This has led to the implementation of this generalised approach in the open source [redacted]
package.

3.2 Context

3.2.1 Background theory
We begin with a few mathematical definitions necessary throughout the article.

Definition 3.1. Let d € N, we denote the space of time series over R? gs
S(Rd) = {(-’151,...,33”) Imi S Rd,n S N,n Z 1}

If d = 1, then x is a univariate time series, whereas if d > 1, x is a multivariate time series.

Given x = (x1,...,2,) € S(R?), n is called the length of x and d its dimension or number of
channels. We assume that in addition to the array of values x € S(R?), we have access to a
vector of increasing time stamps t = (¢1,...,¢,). If the data is regularly sampled, then t can be

set to t = (1,...,n), which will often be the case.

We consider a dataset to be a collection of such samples. Note that the time stamps t for each
sample may be different, and the sample lengths n can vary. That is, we accept varying length
and irregular sampling without modification. We are now in a position to define the signature
of a time series.

Definition 3.2. Let x € S(RY) and t = (t1,...,t,) its associated timestamps. Let X =
(X1, ... 7Xtd)te[t1,tn] be a piecewise linear interpolation of x such that for any i € {1,...,n},
Xi, = x;. Then the depth-N signature transform of x is the vector defined by

aV+1_1q

Sig" (x) = ({S() P HLy {Sx) WY oy, {S ()Pt} ) ER T

i1, 0N =1

where for any (iy, ..., i) € {1,...,d}*

S(x) Freti) = // dXi ... dX}* eR.

t1<uy < <up<tp

While this definition may seem somewhat technical, there are several intuitions that can be
made with regard to the signature features. We present a geometric interpretation of the first
two levels of the signature and log-signature in Figure 3.1. The depth-1 terms, S (x)(i), equate to
the displacement of the path over the interval in the ith coordinate, denoted by AX? in Figure
3.1. The depth-2 terms, S (X)(i’j ), have interpretations in areas generated over the interval.
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Figure 3.1 — Geometric depiction of the depth-2 signature and log-signature. The depth-1 term
of both transforms equate to the displacements of the path over the interval in each coordinate,
these being AX'2. Left: The signature. Depth-2 terms S(12), §(21) correspond to the areas
of the blue and orange regions respectively. Right: The log-signature. Only one depth-2 term
which is given by the signed area Ay — A_. This is known as the Lévy area of the path.

From a statistical point of view, the signature can be thought of as the equivalent of a moment-
generating function for time series. Let Z be a random variable, then the moment-generating

function of Z is the function i
¢
t s E[e”] = EE[Z’“]
k=0

and, if well-defined, it characterizes the distribution of Z. Assume that X is a random time series
(that is a stochastic process), its signature now has the same properties as a moment-generating
function: the powers of Z are replaced by integrals of products of coordinates and Chevyrev and
Lyons (2016) show that the expected signature characterizes the law of X.

Moreover, we have the following two properties that make the signature a good feature set in
a machine-learning context—precise statements may be found in Kidger et al. (2019, Appendix

A).

Uniqueness Hambly and Lyons (2010) show that under mild assumptions, the full collection of
features Sig(x) = limy_, o Sig” (x) uniquely determines x up to translations and reparametriza-
tions.

Universal nonlinearity Linear functionals on the signature are dense in the set of functions
on x. Suppose we wish to learn the function f that maps data x to labels y, the universal
nonlinearity property states that, under some assumptions, for any € > 0, there exists a linear
function L such that

1f(x) — L(Sig(x))]| <e. 3.1)

Note that contrary to Fourier or wavelet basis, signatures provide a natural basis for functions
of the time series rather than for the time series itself—(3.1) concerns f(x) and not x. In the
context of time series classification this shift of perspective is particularly well-suited since the
object of interest is not the time series itself but its link to a label.

From a computational point of view, computing the depth-N signature of a time series x €
S(R?) of length n has a complexity of O(nd"), which can be done with high performance software
(Reizenstein and Graham, 2020; Kidger and Lyons, 2020). The size of the depth-N signature is
(dN*1 —1)/(d — 1) so the memory cost is independent of the series length n, which is a huge
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advantage when dealing with high frequency time series. Note that small values of N already
show a good performance—for example N = 3 in the baseline algorithm—so the exponential
dependence on N is not a huge computational bottleneck.

Logsignature transform The signature contains some redundant information: for example
we can see in the left panel of Figure 3.1 that the sum of the blue and orange areas is equal to
the product of displacements AXTAX?2:

S(x)12 4 5(x) D = 5(x) W §(x)@.

The logsignature transform is essentially the signature with these redundancies removed. For
example, the logsignature encodes the blue and orange areas from the left panel with the orange
signed area in the right panel. However, the logsignature does not have a universal nonlinearity
property such as (3.1). We refer the reader to Morrill et al. (2020b) or Liao et al. (2019, Section
2) for a precise definition of the logsignature.

A pedagogical introduction to the background theory of signatures is Lyons et al. (2007),
whilst a comprehensive textbook is Friz and Victoir (2010). For introductions to the signature
method, we recommend Kidger et al. (2019, Appendix A) and Chevyrev and Kormilitzin (2016a).

3.2.2 Related work

The signature transform has been used in a wide range of applications in machine learning
predictive tasks. For example, as mentioned in the introduction, the signature has been used as
a feature extraction layer in classifiers for both Arabic (Wilson-Nunn et al., 2018) and Chinese
(Yang et al., 2016b) handwriting recognition. Similarly, it was successfully used in human action
recognition by Li et al. (2017), Yang et al. (2017), and Liao et al. (2019) and in the medical
domain as part of the top performing model at the Physionet 2019 challenge for prediction of
sepsis (Reyna et al., 2020; Morrill et al., 2019; Morrill et al., 2020c). Other applications involve
finance (Lyons et al., 2014; Perez Arribas, 2018), mental health (Kormilitzin et al., 2017; Arribas
et al., 2018), and emotion recognition (Wang et al., 2019; Wang et al., 2020).

In almost all these applications, the method has been utilised in different ways. Many authors
consider transformations of the input time series before application of the signature (Levin et al.,
2013; Flint et al., 2016; Lyons and Oberhauser, 2017; Yang et al., 2017; Liao et al., 2019; Kidger
and Lyons, 2020; Wu et al., 2021). People have also explored different windows over which the
signature transform should be taken, so as to extract information over different scales (Yang
et al., 2017; Kidger et al., 2019). Additionally a choice must be made between the signature and
logsignature transforms, as must choices for the scaling of the terms in the signature (Chevyrev
and Kormilitzin, 2016a; Lai et al., 2017).

The differences between some of these choice have been shown by Fermanian (2021) to signif-
icantly impact the performance of the methodology. However this study used a small collection
of datasets and considered only some of the most common variations that exist in the literature.
There is therefore a need for a comprehensive study and unification of all these different choices.

3.3 The generalized signature method

In this section we collate the modifications to the signature transform that have been proposed
in signature literature to date. We will show that each can be categorised into one of the following
groups:
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e Augmentations These describe the transformation of a time series into one or more
new series, in order to return different information in the signature features and deal with
dimensionality issues.

e Windows  Splitting the time series over different subsequences (or windows), so that
signatures may be applied locally.

e Transform  The choice between the signature or the logsignature transform.
e Rescaling Ways of normalising the terms in the signature.

We then go on to show that these groupings can themselves be synergised into a single mathe-
matical framework that we term the generalised signature method. For clarity, we will begin by
discussing each of these individually, and then afterwards show how they may be combined.

As before, assume that we observe some collection of sequences x € S(RY) with timestamps

t € S(R).

3.3.1 Augmentations

We define an augmentation to be a transform of an initial sequence x € S(R?) into one or
several new sequences. Augmentations have several different uses:

1. Remove the signature invariance to translation and/or reparametrization.

2. Lower the dimension d of the time series, so that higher orders of the signature are
reachable—recall that the depth-N signature is of size O(d").

3. Preprocess the time series prior to the signature map so that information is more easily
extracted.

For some e, p € N, we define an augmentation as a map
#: S(RY) — S(RO)P.

There are many pre-signature operations which have been proposed in the literature, and which
we categorise as augmentations. We refer the reader to Appendix B.1 for full details of the many
such operations proposed in the literature, but will focus on several important examples here.

Let us give some examples in the first group of sensitivity-inducing augmentations. For any
vector of increasing timestamps t, we call time augmentation (Levin et al., 2013) the operation
¢t : S(R?)  S(RHL) defined by

Pr(x) = ((tl,xl),...,(tn,xn)). (3.2)

This transformation, which basically consists in adding the timestamps as an extra coordinate,
has two key properties: it guarantees the uniqueness of the signature (Hambly and Lyons, 2010)
and it adds information about the parametrization of the time series.
Another example is the basepoint augmentation (Kidger and Lyons, 2020), which is the map
#° : S(RY) s S(R?) defined by
#(x) = (0,21, ..., %), (3.3)

which simply adds a zero at the beginning of the time series—note that this zero could also be put
at the end. This transformation makes the signature sensitive to translations of the time series.
The invisibility-reset transformation (Yang et al., 2017; Wu et al., 2021) also adds translation
sensitivity, but does so by increasing the dimension.

In the second group of augmentations for dimensionality reduction, we consider random
projections (Lyons and Oberhauser, 2017), which consist in applying multiple random linear
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maps to the time series, or coordinate projections, which project along (multiple subsets of) the
coordinate axes.

In the third group, the lead-lag augmentation (Chevyrev and Kormilitzin, 2016a; Flint et al.,
2016; Yang et al., 2017) captures the quadratic variation by transforming the time series to

o(x) = ((331,561), (z2,21), (T2, x2), (T3, T2), (x3,23),. - ., (mn,xn)) € S(R?%).

Another important example of this kind of augmentation are the stream preserving neural net-
works of Kidger et al. (2019), who learn a map ¢ from the data. They map a time series in R?
to another series in R® by setting ¢ to some neural network, typically either convolutional or
recurrent. We extend this idea by defining the multi-headed stream preserving augmentation,
which simply consists in stacking p such transformations. To our knowledge, this is the first time
that such learned augmentations are compared to ‘handcrafted’ ones such as time, basepoint and
lead-lag augmentations.

Importantly, these various augmentations may be combined together. For example, in order
to add sensitivity to both parametrization and translation, the time and basepoint augmentations
may be combined: first apply the time augmentation, which gives a sequence ¢ () € S(RI*1),
and then the basepoint augmentation, which yields

¢bo¢t(x) = ((0’0)7(tlvxl)w"v(tnaxn))' (34)

3.3.2 Windows

The second step is to choose a windowing operation. Much like the window functions used
with a short time Fourier transform, this localises the signature computation to extract informa-
tion over particular time intervals.

We define a window to be a map

W: S(R) — S(R®)Y,

for some w € N. In short, W maps a time series in R® into w new time series in the same space.
The simplest possible window is the global window, defined by

W(x) = (%), (3.5)

which outputs the time series itself. To get finer-scale information, we consider three other types
of windows: sliding, expanding and hierarchical dyadic windows. For x = (z1,...,z,) € S(R®)
and 1 <i<j<n,letx;; = (24,...,2;) € S(R®) be a subsequence of x. Then, a sliding window
of length ¢ and step [ is defined by

W(X) = (X120, Xiq 12040, X2 41:214+£5 - - -),

and an expanding window of initial length ¢ and step [ by

W(x) = (X1:0, X1:04-0, X1:2140, - - -)-

The expanding window produces time series of increasing length, and is analogous to the history
processes of stochastic analysis whereas the sliding window produces time series of fixed length
but shifted in time.

Finally we consider a hierarchical dyadic window, which captures information at different
scales. Let ¢ € N be fixed and assume for simplicity that 29~! divides n. Then, the hierarchical
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dyadic window of depth ¢ consists of ¢ sliding windows W1,..., W9, where W* has length and
step both equal to n2~¢~1). This yields w = 29—1 time series of length n, n/2, n/4, ..., n/2971.
The larger the value of ¢, the finer the scale on which the information is extracted. If the other
window functions are analogous to the short time Fourier transform, then hierarchical dyadic
windows are analogous to the multi-scale nature of wavelets.

3.3.3 The signature and logsignature transforms

Central to the signature methodology is of course the signature transform itself. Two choices
must be made; whether to use the signature or logsignature transform, and what depth to calcu-
late the transform to—that is, what depth N in Definition 3.2 to use. Choosing a logsignature
lowers the feature vector dimension at the cost of loosing linear approximation properties. There
is no consensus on which one should be favored for a machine learning task.

3.3.4 Rescaling

The depth-k term in the signature is of size O(1/k!). Typically, rescaling these terms to O(1)
will aid in subsequent learning procedures. To this end, we can apply pre-signature scaling
whereby we scale the path before signature computation, or post-signature where we scale the
signature terms themselves. Specifics on how this is done in practice are given in Appendix B.2.

3.3.5 Putting the pieces together

Let ¢: S(R?) — S(R°)? be the final augmentation function, ¢ : x — (¢'(x),...,¢"(x)),
which can be a composition of augmentations such as (3.4). Let W : S(R®) — S(R*)*, W : x —
(Wl(x),...,W*(x)), be the window map, such that W (x) € S(R®) for any 1 < j < w. Let SN
represent either the signature or logsignature transform of depth N. Let ppre and ppost represent
the different types of features rescaling. Then given an input x € S(R?), the general framework
for extracting signature features is given by the collection of

Zi,j = (Ppost © SN o Ppre © W o (bl)(X) (3.6)

over all i € {1,...,p}, j € {1,...,w}. We refer to the procedure of computing x > (z; ;) as the
generalised signature method.

This final procedure is a little involved, but is simply a combination of different elementary
operations used to impact the final feature set. The overall procedure now offers a degree of
flexibility and generality which has, to our knowledge, never been achieved for signature methods.

The collection of features (z; ;) may then be fed into any later machine learning algorithm,
which will depend on the application. In general, the z; ; will be stacked together and considered
as a vector. However, if one wants to use a sequential algorithm such as a recurrent network, it
is possible to turn the features z; ; into a sequence by choosing a sliding or expanding window.
Indeed, these windows induce an ordering in the features: the terms z; ; will correspond to the
first values of x, the terms z; » to the following values, and so on.

3.4 Empirical study

We perform a first-of-its-kind empirical study across 26 datasets to determine the most im-
portant aspects of this framework.
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3.4.1 Methodology

Datasets The datasets used are the Human Activities and Postural Transitions dataset pro-
vided by Reyes-Ortiz et al. (2016), the Speech Commands dataset provided by Warden (2018),
and 24 datasets from the UEA time series classification archive, provided by Bagnall et al. (2018).
A few datasets from the UEA archive were excluded due to their high number of channels re-
sulting in too large a computational burden.

Baseline We begin by defining a single baseline procedure, representing a simple and straight-
forward collection of choices for the generalised signature method. This baseline is to take the
augmentation ¢ as appending time as defined by (3.2), W as the global window defined by (3.5),
have the transform be a signature transform of depth 3, and to use pre-signature scaling of the
path. This means that the input features are the collection

z = SlgS © Ppre © (bt (X)

Individual variations With respect to this baseline procedure, we then consider, in turn, the
groups described in Section 3.3. These were augmentations, windows, transform, and rescaling.
For each group we modify the baseline by implementing each option in the group one-by-one.
Each such variation defines a particular form of the generalised signature method as in (3.6).
Example variations are to switch to using a logsignature transform of depth 5, or to use a sliding
window instead of a global window. We discuss the precise variations below.

Models On top of every variation, we then consider four different models: logistic regression,
random forest, Gated Recurrent Unit (GRU) (Cho et al., 2014), and a residual Convolutional
Neural Network (CNN) (He et al., 2016). We test nearly every combination of dataset, varia-
tion of the generalised signature method, and model. Different datasets and variations produce
different numbers of features z; ;, so to reduce the computational burden we omit those cases
for which the number of features is greater than 10°. Of the 9984 total combinations of dataset,
variation, and model, this leaves out 1415 combinations. See Appendix B.3.2 for a break down
of the omitted combinations by different cases.

Analysis We define the performance of a variation on a dataset as the best performance across
the four models considered, to reflect the fact that different models are better suited for different
problems. We then follow the methodology of Demsar (2006), Benavoli et al. (2016), and Ruiz
et al. (2020) to compare the variations across the multiple datasets. We first perform a Friedman
test to reject the null hypothesis that all methods are equivalent. If it is rejected, we perform
pairwise Wilcoxon signed-rank tests to form cliques of not-significant methods, and use critical
difference plots to visualize the performance of each signature method.

A critical difference plot shows the different variations ordered by their average rank: for
example, in Figure 3.2, the best variation is “Time + Basepoint” with an average rank of 2.5.
Then, a thick line indicates that the Wilcoxon test between variations inside the clique is not
rejected at significance threshold of 5%, subject to Bonferroni’s multiple testing correction. In
Figure 3.2 there are two groups of significantly different variations: one with “Basepoint” and
“None” and one with all other variations.

We refer the reader to Appendix B.3 for further details on the methodology, such as precise
architectural choices, learning rates, and so on.
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3.4.2 Results

Due to the large number of variations and datasets considered, we present only the critical
difference plots in the main paper. See Appendix B.4 for all the tables of the underlying numerical
values.

il 5 4 3 2 1
L 1 1 " 1 1 ]
Basepoint Time + Basepoint
MNong —m8 —0———— Time + Invisibility-reset
Invisiblity-reset Time

Figure 3.2 — Performance of invariance-removing augmentations.

Augmentations We split the augmentations into two categories. The first category consists
of those augmentations which remove the signature’s invariance to translation (basepoint aug-
mentation, invisibility-reset augmentation) or reparameterisation (time augmentation). We see
in Figure 3.2 that augmenting with time, and either basepoint or invisibility-reset, are both typi-
cally important. This is expected; in general a problem need not be invariant to either translation
or reparametersiation.

g 7 b 5 4 3 2 1
Coordinates projection (1) — ——— L Lead-lag
Learnt projection L None
Multi-headed stream-preserving Coordinates projection (3)
Random projection Coordinates projection (2)

Figure 3.3 — Performance of other augmentations.

The second category consists of those augmentations which either seek to reduce dimen-
sionality or introduce additional information. We see in Figure 3.3 that most augmentations
actually do not help matters, except for lead-lag which usually represents a good choice. We
posit that the best augmentation is likely to be dataset dependent, so we break this down by
dataset characteristics in Table B.5.

Table 3.1 — Average ranks for different augmentations by data type. Lower is better. CP (2)
stands for coordinate projections with pairs and LP for Learnt projections.

Augmentation
Data type None Lead-lag CP (2) LP MHSP
EEG 4.88 4.83 3.13 2.75 2.75
HAR 2.25 1.78 3.50  6.50  6.50

MOTION 2.63 1.75 4.50 7.33 5.00
OTHER 2.88 3.92 2.63 6.00 5.21
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Here we indeed see that there is generally a better choice than doing nothing at all, but
that this better choice is dependent on some characteristic of the dataset. For example, learnt
projections and multi-headed stream preserving transformations do substantially better on EEG
datasets, while lead-lag is better for human action and motion recognition.

Sliding Dyadic
Global Expanding

Figure 3.4 — Performance of different windows.

Windows We consider the possibility of global, sliding, expanding, and dyadic windows. The
results are shown in Figure 3.4. We see that the dyadic and expanding windows are significantly
better than sliding and global windows. The poor performance of sliding windows is a little
surprising, but tallies with the observations of Fermanian (2021). This is an important finding,
as global and sliding windows tend to be commonly used with signature methods.

Signature versus logsignature transforms We consider the signature and logsignature
transforms with depths ranging from 1 to 6. As higher depths always produce more information,
we define the performance of the (log)signature transform as the best performance across all
depths. With this metric, the signature transform is significantly better than the logsignature
transform, with a p-value of 0.01 for the Wilcoxon signed-rank test.

The key results To conclude, these results show that invariance-removing transformations
such as time and basepoint augmentations should a priori be used, that the lead-lag performs
well but not significantly better than no additional augmentation, and that the hierarchical dyadic
window performs significantly better than the sliding and global ones. The poor performance
of deep learning approaches for augmentation is also notable and an additional motivation for
this work: although slightly technical, the augmentations tailored to the signature transform are
a significant addition in a machine learning pipeline and cannot be easily replaced by neural
networks.

3.4.3 Further results

See Appendix B.4 for further results, in particular on the running times, the different types of
rescaling, augmentations broken down by dataset characteristics, an additional study on signature
depth, and the precise numerical results for each individual test considered here.

3.5 The canonical signature pipeline

In this section we define the canonical signature pipeline. Using the results from Section 3.4
we evaluate the top performing options over all the datasets so as to provide a domain-agnostic
starting point for any dataset, from which other variations can be easily explored. We show that
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this pipeline shows competitive performance against traditional benchmarks and even against
deep neural networks.

3.5.1 Definition

Augmentations, ¢’ o ¢; Window, W/ Transform, SV Stack
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Figure 3.5 — Pictorial representation of the canonical signature pipeline. First, we apply the time
and basepoint augmentations to the input paths, then we compute the signature features over
dyadic windows, and finally compute the signature features over each dyadic window. These
features can now be compiled together and fed into any standard machine learning classifier.

In a nutshell, the pipeline consists in applying the basepoint and time augmentations, a
hierarchical dyadic window and a signature transform, which can be written as a particular case
of (3.6) as follows. Let W be a hierarchical dyadic window of depth ¢, ¢y and ¢ be the time
and basepoint augmentations, then the canonical signature pipeline may be written as

z; = SN oWioglogy(x), je{l,...,29-1}. (3.7)

We give a graphical depiction of this in Figure 3.5. Signature and window depths (N, ¢) must be
optimised for the problem (typically via cross-validation). We note that this canonical method
may be adapted to the problem at hand in two ways: if the problem is known to be parametriza-
tion invariant, as is the case for example for characters recognition, then the time augmentation
should not be applied. Moreover, if the problem is translation-invariant, then the basepoint
augmentation is not applied. We emphasise that this pipeline does not represent a best option
for every application, but is meant to represent a compromise between broad applicability, ease
of implementation, computational cost, and good performance.

3.5.2 Performance

We validate the performance of the pipeline against the 26 datasets in the multivariate UEA
archive!. To our knowledge, the most recent benchmarks for the UEA archive are the results
from Ruiz et al. (2020). We compare their results to the canonical signature pipeline with a
random forest classifier—see Appendix B.3.3 for more details.

The benchmarks include variants on classical Dynamic Time Wrapping (DTWI, DTWD and
DTWA); an ensemble of univariate classifiers, HIVE COTE (Bagnall et al., 2020), known to
be highly perfromant in the univariate case; a random shapelet forest (Karlsson et al., 2016),
denoted gRSF, and a bag of words based algorithm, MUSE (Schéfer and Leser, 2017); two deep
learning methods, TapNet (Wang et al., 2017) and MLCN (Karim et al., 2019). The MLCN

1. This is not to be confused with the UCR archive which is a collection of 128 univariate datasets.
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architecture combines long short term memory layers (LSTM) and convolutional layers while
TapNet combines 3 blocks: random projections on the different dimensions, convolutional layers
and a final attention block to compare candidate time series representations.

9 8 7 6 5 - 3 2 1
TapNet (LSTM + CNN) L MUSE
DTWI HIVE COTE
MLCMN (LSTM + CNN} Signature Pipeline
DTWD oRSF

DTW A

Figure 3.6 — Performance on UEA datasets.

Figure 3.6 shows the critical difference plot of this comparison. The signature pipeline is in
the first clique, that is the group of classifiers that achieve the best accuracy while not being
significantly different from one another. The two algorithms with a better rank than the signature
pipeline are MUSE and HIVE-COTE. It is worth noting that MUSE is very memory intensive—
Ruiz et al. (2020) report that it could not finish on 5 of the 26 UEA datasets on a computer
with 500GB of memory—whilst HIVE-COTE is an ensemble of several sub-classifiers, and thus
has very high training and inference costs. On the other hand, all experiments for the canonical
signature pipeline were completed with no memory errors on a computer with less memory, and
are significantly faster to run than HIVE-COTE—see Appendix B.4.

The canonical signature pipeline is meant to be a sensible starting point from which the user
can propose additional variations following the structure defined in (3.6), but as a standalone
classifier this pipeline performs comparably to state-of-the-art classifiers, on the UEA data, whilst
being less computationally demanding.

3.6 Conclusion

We introduce a generalised signature method as a framework to capture recently proposed
variations on the signature method. We go on to perform a first-of-its-kind extensive empirical
investigation as to which elements of this framework are most important for performance in a
domain-independent setting. In particular, we highlight the performance of hierarchical dyadic
windows and signature-tailored augmentations such as lead-lag, time and basepoint. As a result,
we are able to present a canonical signature pipeline that represents a best-practices domain-
agnostic starting point, which shows competitive performance against state-of-the-art classifiers
for multivariate time series classification.
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Chapter 4

Linear functional regression with
truncated signatures

We place ourselves in a functional regression setting and propose a novel methodology for
regressing a real output on vector-valued functional covariates. This methodology is based on
the notion of signature, which is a representation of a function as an infinite series of its iterated
integrals. The signature depends crucially on a truncation parameter for which an estimator is
provided, together with theoretical guarantees. An empirical study on both simulated and real-
world datasets shows that the resulting methodology is competitive with traditional functional
linear models, in particular when the functional covariates take their values in a high dimensional
space.
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4.1 Introduction

In a classical regression setting, a real output Y is described by a finite number of predic-
tors. A typical example would be to model the price of a house as a linear function of several
characteristics such as surface area, number of rooms, location, and so on. These predictors are
typically encoded as a vector in RP, p € N*. However, some applications do not fall within this
setting. For example, in medicine, a classical task consists in predicting the state of a patient
(for example, ill or not) from the recording of several physiological variables over some time.
The input data is then a function of time and not a vector. Similarly, sound recognition or stock
market prediction tasks both consist of learning from time series, possibly multidimensional.
Then, a natural idea is to extend the linear model to this more general setting, where one wants
to predict from a functional input, of the form X : [0,1] — R%, d > 1.

This casts our problem into the field of functional data analysis and more specifically within
the framework of functional linear regression (Ramsay and Dalzell, 1991; Marx and Eilers, 1999).
This rich domain has undergone considerable developments in recent decades, as illustrated by
the monographs of Ramsay and Silverman (2005) and Ferraty and Vieu (2006), and the review
by Morris (2015). One of the core principles of functional data analysis is to represent input
functions on a set of basis functions, for example, splines, wavelets, or the Fourier basis. Another
approach also consists in extracting relevant handcrafted features, depending on the field of
application. For example, Benzeghiba et al. (2007) and Turaga et al. (2008) provide overviews
of learning methods specific to speech and human action recognition, respectively.

In this article, we build on the work of Levin et al. (2013) and explore a novel approach
to linear functional regression, called the signature linear model. Its main strength is that it
is naturally adapted to vector-valued functions, which is not the case of most of the methods
previously mentioned. Its principle is to represent a function by its signature, defined as an
infinite series of its iterated integrals. Signatures date back from the 60s when Chen (1958)
showed that a smooth path can be faithfully represented by its iterated integrals and it has
been at the center of rough path theory in the 90s (Lyons et al., 2007; Friz and Victoir, 2010).
Rough path theory has seen extraordinary developments in recent times, and, in particular, has
gained attention from the machine learning community. Indeed, signatures combined with (deep)
learning algorithms have been successfully applied in various fields, such as characters recognition
(Yang et al., 2015; 2016a; Lai et al., 2017; Liu et al., 2017), human action recognition (Li et al.,
2017; Yang et al., 2017), speech emotion recognition (Wang et al., 2019), medicine (Arribas
et al., 2018; Moore et al., 2019; Morrill et al., 2019; Morrill et al., 2020¢), or finance (Arribas
et al., 2020). We refer the reader to Chevyrev and Kormilitzin (2016b) for an introduction to
signatures in machine learning, and to Fermanian (2021) for a more recent overview.

We stress again that the main advantage of the signature approach is that it can handle
multidimensional input functions, that is, functions X : [0,1] — R?% where d > 2, whereas
traditional methods were designed for real-valued functions. Many modern datasets come in this
form with a large dimension d. Moreover, the signature method requires little assumptions on the
regularity of X and encodes nonlinear geometric information, that is, gives rise to interpretable
regression coefficients. Finally, it is theoretically grounded by good approximation properties:
any continuous function can be approximated arbitrarily well by a linear function of the truncated
signature (Kiraly and Oberhauser, 2019).

Since any continuous function of X can be approximated by a linear function on its truncated
signature, the estimation of a regression function boils down to the estimation of the coefficients
in this scalar product. The truncation order of the signature is therefore a crucial parameter as
it controls the complexity of the model. Thus, in our quest for a linear model on the signature,
one of the main purposes of our article will be to estimate this parameter. With an estimator
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of the truncation order at hand, the methodology is complete and the signature linear model
can be applied to both simulated and real-world data, demonstrating its good performance for
practical applications. To summarize, our document is organized as follows.

(¢) First, in Section 4.2, we set the mathematical framework of functional regression and recall
the definition of the signature and its main properties.

(#) Then, in Section 4.3, we introduce our model, called ‘signature linear model’, and define
estimators of its parameters. Their rates of convergence are given in Section 4.4.

(7i7) Finally, Section 4.5 is devoted to the practical implementation of the signature linear model.
We conclude by demonstrating its performance on simulated data in Section 4.6 and on
real-world data in Section 4.7.

For the sake of clarity, the proofs of the mathematical results are postponed to Appendix C.1
and C.2. The code is completely reproducible and available at https://github.com/afermanian/
signature-regression.

4.2 Mathematical framework

4.2.1 Functional linear regression

We place ourselves in a functional linear regression setting with scalar responses: we are given
a dataset D,, = {(X1,Y1),...,(Xn,Ys)}, where the pairs (X;,Y;) are independent and identically
distributed copies of a random couple (X,Y), where X is a (random) function, X : [0,1] — R,
d € N, and Y a real random variable. For example, for the Canadian Weather dataset (Ramsay
and Silverman, 2005), each sample corresponds to a location in Canada, the predictor X; is the
curve of the daily temperature at this location averaged from 1960 to 1994, and the response Y;
is the average total annual precipitation over the same period—see Figure 4.1. Our goal is to
approximate the regression function f(X) = E[Y|X] by a parametrized linear function fy and
to build an estimator of 6.

0.0 02 04 06 IR ] 1.0

Figure 4.1 — 5 samples from the Canadian Weather dataset
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In the univariate case, that is when d = 1, the classical functional linear model (Frank and
Friedman, 1993; Hastie and Mallows, 1993) writes

Y:a—f—/lX(t),B(t)dt—i—e, (4.1)
0

where @« € R, 8 : [0,1] — R and ¢ is a random noise. The functional coefficients 8 and the
functional covariates X; are then expanded on basis functions:

B(t) = bkok(t),  Xi(t) =D cundn(D), (4.2)
k=1 k=1

where ¢1, ..., ¢x are a set of real-valued basis functions (for example the monomials 1,#,¢2, ..., %
or the Fourier basis). Equation (4.1) can then be rewritten in terms of the ¢;xs and bgs, which
brings the problem back to the well-known multivariate linear regression setting. Different ap-
proaches can then be used in terms of choice of basis functions and regularization (see Ramsay
and Silverman, 2005, Chapter 15). Note that another common approach is functional principal
components regression (Cardot et al., 1999; Brunel et al., 2016). The idea is to perform a func-
tional principal components analysis (fPCA) on X, which gives a representation of X as a sum
of K orthonormal principal components, and to use these as basis functions ¢ys.

We can see that in both cases, the functional nature of the problem is dealt with by projecting
the functions X on a smaller linear space, spanned by basis functions. This basis expansion
is not straightforward to extend to the vector-valued case, that is when d > 1, the common
approach being to expand each coordinate of X independently. This amounts to assuming that
there are no interactions between coordinates, which is a strong assumption and not an efficient
representation when the coordinates are highly correlated. Moreover, to our knowledge, the only
theoretical results in the vector-valued case are found in the domain of longitudinal data analysis
(Greven et al., 2011; Park and Staicu, 2015). In this case, the different coordinates are assumed
to be repeated measurements of a quantity of interest on a patient and each coordinate is given
a parametric model, in the same spirit as ANOVA models. These parametric models do not
apply in the general case when the coordinates may correspond to different quantities such as
the evolution of different stocks or the x-y-z coordinates of a pen trajectory.

The signature approach removes the need to make such assumptions: the focus moves from
finding a functional model for X to finding a basis for functions of X. In other words, instead of
using a basis of functions, we use a basis of functions of functions. In a regression setting, this
shift of perspective is particularly adequate since the object of interest is the regression function
f(X) and not X itself. The whole approach is based on the signature transformation, which
takes as input a function X and outputs an infinite vector of coefficients known to characterize
X under some smoothness assumptions. In particular, there are no assumptions on the structure
of dependance in the different coordinates of X. In other words, the signature is naturally
adapted to the vector-valued case.

Before we delve into the signature linear model, we gently introduce the notion of signature
and review some of its important properties.

4.2.2 The signature of a path

We give here a brief presentation of signatures but the reader is referred to Lyons et al. (2007)
or Friz and Victoir (2010) for a more involved mathematical treatment with proofs. To follow
the vocabulary from rough path theory, we will often call the functional covariate X : [0, 1] — R
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a path. Our basic assumption is that X is of bounded variation, i.e., it has finite length.
Definition 4.1. Let

X:[0,1] — R?
t—s (X}, .. XD,

The total variation of X is defined by

”XHTV = sup Z HXt1 _Xti—1||7
(to,--stk)ET

where the supremum is taken over all finite subdivisions of [0,1], and || - || denotes the Euclidean
norm on R®. The set of paths of bounded variation is then defined by

BV(RY) ={X :[0,1] = R*| | X||7v < oo}.
We recall that BV (R?) endowed with the norm

X By ®ay = I X|l7v + sup || X¢]|
te[0,1]
is a Banach space. We stress that the basis functions traditionnaly used in functional data
analysis are of bounded variation so the assumption that X € BV(R?) is much less restrictive
than assuming an expansion such as (4.2). This assumption allows to define Riemann-Stieljes
integrals along paths, which puts us in a position to define the signature.

Definition 4.2. Let X € BV(RY) and I = (i1,...,ix) C {1,...d}*, k > 1, be a multi-index of
length k. The signature coefficient of X along the index I on [0,1] is defined by

ST(X) = // dX0 . dXE. (4.3)

0<u;<--<up<l

S1(X) is then said to be a signature coefficient of order k.

The signature of X is the sequence containing all signature coefficients, i.e.,
S(X) = (1,SM(X),...,8D(X), STV (X), ST (X),..., S0 (x) ...).

The signature of X truncated at order m, denoted by S™(X), is the sequence containing all
signature coefficients of order lower than or equal to m, that is

S™(X) = (1, SV (X), S@(X), ..., 8- d)(xy),

Note that the assumption that X € BV(R?) may be relaxed: the signature may still be
defined when the Riemann-Stieljes integrals are not well-defined. For example, the signature
of the Brownian motion may be defined with Ité6 or Stratonovitch integrals. Integrating paths
that are not of bounded variation is actually one of the motivations behind the definition of the
signature in rough path theory.

A crucial feature of the signature is that it encodes the geometric properties of the path, as
shown in Figure 4.2. Indeed, coefficients of order 1 correspond to the increments of the path
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Figure 4.2 — Geometric interpretation of the signature coefficients. The terms S®)(X) and
S (j)(X ) are the increments of the coordinates i and j respectively. The terms S7) and S0
correspond to the areas of the blue and orange regions respectively.

in each coordinate and the coefficients of order 2 correspond to areas outlined by the path.
For higher orders of truncation, the signature contains information about the joint evolution of
tuples of coordinates. Moreover, it is clear from its definition as an integral that the signature
is independent of the time parametrization (2010, Proposition 7.10) and that it is invariant by
translation. Therefore, the signature looks at functions as purely geometric objects, without any
information about sampling frequency, speed, or travel time, hence the terminology of ‘paths’.
Note that the definition can be extended to paths defined on any interval [s,t] C R by
changing the integration bounds in (4.3). We can see that there are d* signature coefficients of
order k. The signature truncated at order m is therefore a vector of dimension s;(m), where

" dm+1 1
=> d" = if d>2,

k=0

and sq(m) = m+ 1 if d = 1. Thus, provided d > 2, the size of S™(X) increases exponentially
with m and polynomially with d—some typical values are presented in Table 4.1.

Table 4.1 — Typical values of s4(m).

6 12 42
62 363 9330
254 3279 335922

3333
1
\IQﬂlI\D»—A

The set of coefficients of order k can be seen as an element of the kth tensor product of R¢
with itself, denoted by (R%)®*. For example, the d coefficients of order 1 can be written as a
vector, and the d? coefficients of order 2 as a matrix, i.e.,

SM(X) SO (x) ... Shd(X)
: c R : : e R4 ~ (RY)®2,
S@(X) S@N(x) ... Sd(X)
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Similarly, coefficients of order 3 can be written as a tensor of order 3, and so on. Then, S(X)
can be seen as an element of the tensor algebra

RORI® (RH®2q ... @ (RH®* @ ...

Although not fundamental in the present paper, this structure of tensor algebra turns out to be
useful to derive properties of the signature (Lyons et al., 2007; Friz and Victoir, 2010).
Let us give two examples of paths and of their signatures.

Example 4.1. Let X be a parametrized curve: for anyt € [0,1], Xt = (¢, f(t)), where f : R = R
is a smooth function. Then,

S(l)(X)/ldth/ldtl
0 0
5@ = [Laxz = [ pwi= - 50,

where [’ denotes the derivative of f. Similarly, the signature coefficient along (1,2) is

5(1’2)(X)_/01 /Otdxgdxf_/ol (/Otdu>f’(t)dt_/01tf’(t)dt
=5t~ [ s

and so on.

Example 4.2. Let X be a d-dimensional linear path:

th ay + byt
Xe=1| 1| = :
Xtd ag + bgt

Then, for any index I = (iy,...,ix) C {1,...,d}*, the signature coefficient along I is

bi, ... bi,

= (4.4)

Slisin) (X) = // dXi .. dXi =

0<u; <~ <up<l

It is clear here that the signature is invariant by translation: S(X) depends only on the slope of
X and not on the initial position (a1, ...,aq).

We now recall a series of properties of the signature that motivate the definition of the
signature linear model. A first important property provides a criterion for the uniqueness of
signatures.

Proposition 4.1. Assume that X € BV(Rd) contains at least one monotone coordinate, then
S(X) characterizes X up to translations and reparametrizations.

This is a sufficient condition, a necessary one has been derived by Hambly and Lyons (2010)
and is based on the construction of an equivalence relation between paths, called tree-like equiv-
alence. For any path X € BV (R?), the time-augmented path X; = (X;,t) € BV (R%!) satisfies
the assumption of Proposition 4.1, which ensures signature uniqueness. Enriching the path with
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new dimensions is actually a classic part of the learning process when signatures are used, and
is discussed by Fermanian (2021) and Morrill et al. (2020a). We will always use this time-
augmentation transformation before computing signatures.

The next proposition states that the signature linearizes functions of X and is the core
motivation of the signature linear model. We refer the reader to Kiraly and Oberhauser (2019),
Theorem 1, for a proof in a similar setting.

Proposition 4.2. Let D C BV(R?) be a compact set of paths that have at least one monotone
coordinate and such that, for any X € D, Xg = 0. Let f : D — R be continuous. Then, for
every € > 0, there exists m* € N, g* € R%¢(™")  such that, for any X € D,

|F(X) — (8", S™ (X))| <,

where (-,-) denotes the Buclidean scalar product on R%(™"),

This proposition is a consequence of the Stone-Weierstrass theorem. The classical Weierstrass
approximation theorem states that every real-valued continuous function on a closed interval
can be uniformly approximated by a polynomial function. Linear forms on the signature can,
therefore, be thought of as the equivalent of polynomial functions for paths.

Finally, the following bound on the norm of the truncated signature allows us to control the
rate of decay of signature coefficients of high order—see Lyons (2014, Lemma 5.1) for a proof.

Proposition 4.3. Let X : [0,1] — R? be a path in BV (R?). Then, for any m >0,

||Sm(X)H < i HXHI;“V < eHXHTV
i K '
=0

4.3 The signature linear model

4.3.1 Presentation of the model

We are now in a position to present the signature linear model. Recall that our goal is
to model the relationship between a real random variable Y € R and a random input path
X € BV(R?). Without loss of generality, we now assume that d > 2 (if d = 1, considering
the time-augmented path brings us back to the case d = 2). Proposition 4.2 states that linear
functions of the signature are dense in the set of continuous functions on a compact subset of
BV (R?), which says in essence that it is reasonable to model a continuous function of X as a
linear function of its signature truncated at some order. This justifies the following model that
was first introduced in a slightly different form by Levin et al. (2013). We assume that there
exists m € N, 8% € R*¢(™) such that

E[Y|X] = (8},,5™(X)) and Var(Y|X)<o” < ococ. (4.5)

We consider throughout the article the smallest m* € N such that there exists 8;,. € R(m")
satisfying
E[Y]X] = (8., 8™ (X))

m*

In other words, we assume a regression model, where the regression function is a linear form on
the signature. Moreover, it can be noticed that, since the first term of signatures is always equal
to 1, this regression model contains an intercept. Therefore, when m* = 0, (4.5) is a constant
model. Finally, it should be pointed out that there are two unknown quantities in model (4.5):
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m* and B,.. The parameter m* is the truncation order of the signature of X and controls the
model size, whereas (7,. is the vector of regression coefficients, whose size s;(m*) depends on
m*.

It is instructive to compare this model to the functional model (4.1). We can see that much
less assumptions on X are needed: it is only assumed to be of finite variation, whereas in (4.1)
it has to be expanded on basis functions. Moreover, our model is directly adapted to the vector-
valued case. Finally, it depends directly on a finite vector 5., whereas (4.1) is written in terms
of a function 3, which must itself be written on basis functions. Note that the choice of basis need
to be adapted to each particular application, whereas the signature linear model only depends
on two parameters. In a nutshell, it is a more general model with less hyperparameters.

The signature truncation order m™* is a key quantity in this model and influences the rest
of the study. Indeed, it controls the number of coefficients and therefore the computational
feasibility of the whole method. However, it is in general little discussed in the literature and
small values are picked arbitrarily. For example, Liu et al. (2017) consider values of m up to
2, Yang et al. (2015) up to 3, Arribas et al. (2018) and Lai et al. (2017) up to 4, Yang et al.
(2016a) up to 5 , and Yang et al. (2017) up to 8. Thus, one of our main objectives is to establish
a rigorous procedure to estimate m*, and, to this end, we define a consistent estimator of m*.
As we will see later, a simple estimator of 3,., and therefore of the regression function, is then
also obtained.

4.3.2 Estimating the truncation order

Let
D, ={(X1,Y1),...,(Xn,Yn)}

be i.i.d. observations drawn according to the law of (X,Y). We use the approach of penalized
empirical risk minimization. For the moment, let us fix a certain truncation order m € N, and
let o > 0 denote a fixed positive number. Then, the ball in R*("™) of radius « centered at 0 is
denoted by

Bpno={B€R*™[||B] < a},

where || || stands for the Euclidean norm, whatever the dimension. By a slight abuse of notation,
the sequence (Bp,.o)men can be seen as a nested sequence of balls, i.e.,

BO,a C Bl,a c---C Bm,a C Bm+1,a C--

From now on, we will only consider coefficients within these balls. Therefore, we assume that
the true coefficient (. lies within such a ball, i.e., we make the assumption:

(Hy) B+ € B a-
On the one hand, for a fixed truncation order m, the theoretical risk is defined by
m 2
The minimal theoretical risk for a certain truncation order m, denoted by L(m) is then

Lim) = _inf Ron(B) = Ron(57),

where 3, € argmin zcp  Rp(B) (note that the existence of 3, is ensured by convexity of the
problem). Since the sets (Bm,a)meN are nested, L is a decreasing function of m. Its minimum is
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attained at m = m*, and, provided m > m*, L(m) is then constant and equal to
* * m* 2
R(Bpe) =E(Y — (B}, 8™ (X)))” =E(Var(Y|X)) < 0

On the other hand, the empirical risk with signature truncated at order m is defined by
1 - 2
m n = - S )
£ 0= (5,570

where 8 € B, o. The minimum of ﬁmm over By, o is denoted by En(m) and defined as

~

Lo(m) = min Ry () = Ronn (Bn),

where ﬁm denotes a pomt in By, o where the minimum is attained. Note that 5 — Rom n(B) is
a convex function so ﬂm exists. We point out that minimizing R m,n OVer By, o is equivalent to
performing a Ridge regression with a certain regularization parameter which depends on a.

In short, for a fixed truncation order m, a Ridge regression gives the best parameter 3, to
model Y as a linear form on the signature of X truncated at order m. Recall that our goal
is to find a truncation order m close to the true one m*. Since the (B o)men are nested, the
sequence (zn(m))meN decreases with m. Indeed, increasing m makes the set of parameters larger
and therefore decreases the empirical risk. An estimator of m* can then be defined by a trade-off
between this decreasing empirical risk and an increasing function that penalizes the number of
coefficients: R

m = min (argmin(Ln (m) + penn(m))),
meN
where pen,, (m) is an increasing function of m that will be defined in Theorem 4.4. If the minimum
of En + pen,, is reached by several values, we choose for m the smallest one. The procedure is
illustrated in Figure 4.3 with the Canadian Weather dataset.

Now that we have an estimate of m™, which is a key ingredient in establishing the whole
process of the expected signature method, and before presenting the whole procedure, we justify
the estimator by some theoretical results in the next section.

4.4 Performance bounds

In this section, we show that it is possible to calibrate a penalization that ensures exponential
convergence of m to m*. The proof is given in Appendix C.1. In addition to (H,), we need the
following assumption:

(Hg) there exists Ky > 0 and Kx > 0 such that almost surely |Y| < Ky and || X||7v < Kx.

In a nutshell, (Hg) says that the trajectories have a length uniformly bounded by K x, which is
in practice a reasonable assumption. We shall also use the constant K, defined by

K = 2(Ky + aefx)efx. (4.6)
The main result of the section is the following.

Theorem 4.4. Let Kpen >0, 0<p < %, and

pen, (m) = Kpenn™ ?~/sa(m). (4.7)
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0.08 —— loss

penalization
—— sum

Figure 4.3 — The functions m + L, (m) (blue curve), m — pen, (m) (orange curve) and m
L, (m) + pen,,(m) (green curve) in the case of the Canadian Weather dataset. The estimator m
is chosen to be the minimize of the green curve: m = 5.

Let ng be the smallest integer satisfying

2v/sa(m* + 1) n V/28q(m* + 1))
Lim*=1)—=0? K uWdm+1/’

where p =min(p, + — p). Then, under the assumptions (Hy) and (Hy), for any n > ng,

(no)? >(432K o/ + ern)( (4.8)

P(m # m*) < Cyexp (—C’gnl_zf’) ,
where the constants C1 and Cy are defined by

Cy =74 e (m 4 148m*, (4.9)

m>0

where
K2 dm*+1
CS = B 530
128s4(m* 4+ 1)(72K2a? + K3)

and ) -
1 K2, d™
pe ,L(m* —1) — 02). (4.10)

Cy = i
2T 16(1152K202 + K2) <85d(m* 1)

This theorem provides a non-asymptotic bound on the convergence of m. It implies the
almost sure convergence of m to m*. We can note that the penalty decreases slowly with n
(more slowly than a square-root) and, if d > 2, increases with m exponentially, i.e., as d™/2. The
penalty includes an arbitrary constant Ke,. Its value that minimizes ng is

Kt \/(L(m* —1)— 02)432\/@1{’

pen ™ dm*+1
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and, in practice, it is calibrated with the slope heuristics method of Birgé and Massart (2007),
described in Section 4.5. The proof of Theorem 4.4 is based on chaining tail inequalities that
bound uniformly the tails of the risk. We refer the reader to Appendix C.1 for a detailed proof.

To give some insights into this estimator it is interesting to look at the behavior of the
constants when different quantities vary.

e If the dimension of the path d gets large, d™ *' ~ s4(m* + 1) so the constants C; and
Cy stay of the same order (provided that the risk L(m* — 1) stays constant). Therefore,
the quality of the bound does not change in high dimensions. However, the constant ng
increases at the rate of O(dm*/ 27): we neeed exponentially more data when d grows.

e If the true truncation parameter m* increases, the same phenomenon is observed except
that C; increases linearly: Cs and Cj5 stay of the same order, C; ~ 148m*, and ng increases
at the rate of O(d™ /?P). Tt is not surprising: when m* increases, the size of the coefficient
Br, increases and therefore more data are needed to estimate it.

e If v increases, ng and C; increase while C5 decreases. In other words, more data is needed
and the quality of the estimator deteriorates. Indeed, when « gets larger, the parameter
spaces By, o gets larger for any m so estimation is harder.

e The last quantity of interest is L(m* — 1) — o? < L(m* — 1) — L(m*), which measures the
difference of risk between a smaller model and the model truncated at m*. By definition, it
is a strictly positive quantity. When it gets close to zero, it means that a model truncated
at m* — 1 is almost as good as a model truncated at m*. We can see that when this
difference decreases, ng increases and Cs decreases: it is harder to find that a truncation
order of m* is better than m* — 1, therefore the estimator m deteriorates.

With an estimator of m at hand, one can simply choose to estimate 5. by Bm, which gives
an estimator of the regression function in model (4.5). As a by-product of Theorem 4.4, we then
get the following bound.

Corollary 4.5. ,
E (B S™(X)) = (B, 8™ (X)) = O(n).

This rate of convergence in O(n~'/2) is similar to the ones usually obtained for functional
linear models when d = 1, except that much less assumptions are needed on the path X. Indeed,
the rates obtained on the regression function usually depend on regularity assumptions on X and
B in (4.1). For example, it can depend on the Fourier coefficients of X (Hall, Horowitz, et al.,
2007), on the number of Lipschitz-continuous derivatives of 8 (Cardot et al., 2003), or on the
periodicity of X (Li and Hsing, 2007).

The proof is given in Appendix C.2. We have now all the ingredients necessary to implement
this signature linear model. Before looking at its performance on real-world datasets, we present
in the next section the complete methodology.

4.5 Computational aspects

4.5.1 The signature linear model algorithm

Computing the signature A first step towards practical application is to be able to compute
signatures efficiently. Typically, the input data consists of arrays of sampled values of X. We
choose to interpolate the sampled points linearly, and therefore our problem reduces to computing
signatures of piecewise linear paths. To this end, equation (4.4) gives the signature of a linear
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path and Chen’s theorem (Chen, 1958), stated below, provides a formula to compute recursively
the signature of a concatenation of paths.

Let X : [s,t] = R% and Y : [t,u] — R? be two paths, 0 < s < t < u < 1, the concatenation of
X and Y, denoted by X Y, is defined as the path from [s, u] to R? such that, for any v € [s, u],

(X V), = Xy ?fve[s,t},

Xe+Y, -V, ifveltu]
Proposition 4.6 (Chen). Let X : [s,t] — R% and Y : [t,u] — R? be two paths with bounded
variation. Then, for any multi-index (iy,. .., i) C {1,...,d}",

S(zl ..... Vik) X % Y ZS(“ ..... 11) S(ie+1 ..... zk)(Y) (411)

This proposition is an immediate consequence of the linearity property of integrals (Lyons
et al., 2007, Theorem 2.9). Therefore, to compute the signature of a piecewise linear path, it is
sufficient to iterate the following two steps:

1. Compute with equation (4.4) the signature of a linear section of the path.
2. Concatenate it to the other pieces with Chen’s formula (4.11).

This procedure is implemented in the Python library iisignature (Reizenstein and Graham,
2020). Thus, for a sample consisting of p points in R?, if we consider the path formed by their
linear interpolation, the computation of the path signature truncated at level m takes O(pd™)
operations. The complexity is therefore linear in the number of sampled points but exponential
in the truncation order m.

Algorithme 1 : Pseudo-code for the signature linear model.

Data : {(x1,Y7),..., (xn,Yn)A}

Result : Estimators m and (3,

Interpolate linearly the columns of x; so as to have a set of continuous piecewise linear
paths X; : [0,1] — R? 1 <i<n. Add a time dimension, i.e., consider the path
X;: [0, 1] — R where X7 = X7 for 1 < j <d, and X;fjl =t tel0,1].

2 Select the Ridge regularization parameter \ by cross validation on the regression model

with {5'(X1),...,S%(X,)} as predictors.

=

3 form:l,...,M do

4 Compute signatures truncated at level m: {S™(X1),...,5™(X,)}.

5 Fit a Ridge regression on the pairs {(S™(X1),Y1),...,(5™(X,,Y,)}. Compute its
squared loss Ly (m).

6 | Compute the penalization pen, (m) = Kpen Y s;;fm).

7 Choose m = argmin (Zn(m) + pen,, (m)).
0<m<M

Compute Bm by fitting a Ridge regression on { Xl) Yi),..., (Sm()?n7 Yn)}

[02]

Procedure In practice, we are given a dataset {(x1,Y1),..., (Xn, Yn)}, where, for any 1 <14 <
n,Y; € R and x; € R4*Pi. The columns of the matrix x; correspond to values of a process X;
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in R4 ~sampled at p; different times. We fix M € N such that, for any m > M, the function
m +— L,(m) + pen, (m) is strictly increasing and apply the procedure described in Algorithm 1.

Note that in the first step of Algorithm 1 there exist other choices for the embedding of the
matrix x; into a continuous path X; (Fermanian, 2021). The parameter p is set to 0.4. The

constant Kpep is calibrated with the so-called slope heuristics method, first proposed by Birgé
and Massart (2007).

4.5.2 A toy example

This section is devoted to illustrating the different steps of Algorithm 1 and the convergence
of the estimator m with simulated data. It will be implemented on real data in Section 4.7. We
first simulate a dataset {(x1,Y1),..., (Xn, Ys)} following the signature model (4.5).

For any 1 <i <wn,let X;:[0,1] - R% X, = (Xl-ly,57 .. ,Xﬁt) be defined by

27t
XE, = ok, + 100%, sin (a%) +10(t—ak )}, 1<k <d, (4.12)
03
where the parameters aﬁe, 1 < ¢ < 4 are sampled uniformly on [0, 1]. Let (¢o,t1,...,%p—1) be a

regular partition of [0, 1] of length p, the matrix of the path values

k dx
x; = (%7 ;)1<k<a € RTP
1<j<p
is then a discretization of X; on [0,1]: z¥. = X%, . It will cause no confusion to use the same
’ 2,7 it

notation x; to denote the matrix of values of X; on the partition (to, . ..,t,—1) and their piecewise
linear interpolation. Figure 4.4 shows one sample x; with p = 100 and d = 5.

0.0 0.2 0.4 06 0.8 1.0

Figure 4.4 — One sample X; from model (4.12) with d = 5.

For any m* € N, the output Y; is now defined as Y; = (8, sm’ (xi)) +&;, where ¢; is a uniform
random variable on [—100,100] and 8 is given by

1

%= To00"

1 <j < sq(m"),

where u; is sampled uniformly on [0,1]. Then, m* is estimated with the procedure described



4.5. Computational aspects 89

in Algorithm 1 for different sample sizes n. To select the constant K,¢,, we use the dimension
jump method, that is we plot m as a function of K,e,, find the value of K, that corresponds
to the first big jump of M and fix Kpe, to be equal to twice this value. For a recent account of
the theory of slope heuristics, we refer the reader to the review by Arlot (2019). For example,

for m* = 5 and d = 2, plotting m against Kpen yields Figure 4.5. In this case, Kpen is selected
at 20.

g ——

0 200 400 600 BOO 1000
ern

Figure 4.5 — Selection of K¢, with the slope heuristics method.
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Figure 4.6 — Histogram of m as a function of n over 20 iterations. The functional predictors X
are simulated following (4.12) and the response Y follows the linear model on signatures with
m* = 5. The hyperparameters are p = 0.4 and Kpe, = 20.

We fix d = 2 and m* = 5 and, for different sample sizes n, we iterate the whole process 20
times. In Figure 4.6, a histogram of the values taken by m is plotted against n. We can see that
when n increases, the estimator converges to the true value m* = 5. For n = 500 we always pick
m = 5 over the 20 iterations.
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4.6 Experiments

Now that we have a complete procedure at hand, we demonstrate in this section its perfor-
mance compared to canonical approaches in functional data analysis. We show in particular that
it performs better in high dimension, that is when d is large.

Throughout the section, since the focus is now on the performance of the signature linear
model and to simplify the computations, we select m via cross-validation. We compare our
model to the functional linear model with basis functions presented in Section 4.2.1 and to the
functional principal component regression (fPCR). We take for ¢1, ..., ¢k the B-sline and Fourier
basis such as defined in Ramsay and Silverman (2005). Then, the approach consists in projecting
the function X : [0, 1] — R onto the ¢;s, coordinate by coordinate, and the output Y is assumed
to be linear on the coefficients of X in this basis. The number K of basis functions is selected
via cross-validation (with a minimum of 4 and maximum of 14 for Fourier and B-splines, and a
minimum of 1 and maximum of 6 for the fPCR). For the fPCR, we first smooth the functional
covariates with 7 B-splines. This procedure is implemented with the Python package scikit-fda
(Ramos-Carreno et al., 2019).

4.6.1 Smooth paths

Our goal is to see the influence of the dimension d on the quality of the different models: the
signature linear model and the 3 linear functional models. To this end, we simulate some paths
following model (4.12) and try to predict the average or maximal value of the path at the next
time step. More precisely, let (to,%1,...,t,) be a partition of [0, 1] of length p+1, then we sample
X; following (4.12) and let

d
X; = (Xit())"' Xi,tp,l) cR ><p,

(Hlean) Z X7 tp?

Y(Inax) _

% 11%1]?%% ity

For both models (mean and max), we let d vary on a grid from 1 to 11, simulate some train
and test data, and assess the performance of the model with the mean squared error (MSE) on
the test set. We iterate the procedure 20 times, which gives, for each model (signature, Fourier,
B-spline, and fPCR), a boxplot of errors, shown in Figure 4.7.

It is first clear that for the mean response (left panel), when d increases, the signature gets
better relatively to the 3 other models. The behavior of the performance in the right panel, where
we try to predict the maximum value of the path accross the dimensions, is also interesting.
When d increases this task gets harder since there are more dimensions along which to take the
maximum, however the performance of the signature model stays approximately the same. On
the contrary, the B-spline and Fourier basis errors increase steadily with d, while the performance
of fPCR is bell-shaped: the error increases for d up to 3 and then decreases.

In this model, the different dimensions of the path were sampled independently from each
other, which favors the traditional models with basis functions. We therefore perform the same
study with paths X which have dependent dimensions, to see if the signature model is better
in this case. The paths are very close to the ones in the previous study, the only difference lies
in the generation of the parameters o/“ ¢ in (4.12). For each sample 1 < i < n, we sample four
parameters (o 1, ;2,0 3, QG 4) unlformly on [0,1] and for each coordinate k € {1,...,d}, we
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Figure 4.7 — Test MSE for the signature linear model, functional regression with B-Spline and
Fourier basis functions, and functional Principal Component Regression (fPCR). The data follows
(4.12) and Y is the mean (left panel) or maximum (right panel) response at the next time step.

sample a new parameter aj uniformly in [0,1]. Then, we let af’z =ap X a;¢, 1 << 4. Each
coordinate X¥ is then equal to (4.12) with these new parameters. In this way, the different
coordinates of each sample X; share the parameters «; ¢, which are randomly multiplied by ay.
One such sample is plotted in Figure 4.8, which can be compared to Figure 4.4, and a boxplot
of the test MSE is shown in Figure 4.9.

10

o0 02 0.4 06 08 1.0

Figure 4.8 — One sample X from the dependent model with d =5

If we compare Figures 4.7 and 4.9, we can see that the signature is slightly better in the
dependent case. For example, in the mean response case (left panel in Figure 4.9), the signature
is better than B-splines from d = 5 whereas it is better in the independent case (left panel in
Figure 4.7) from d = 7. For the max response model, the variance of the error decreases in the
dependent case for signatures, as would be expected (the maximum coordinate is more stable
when d increases when the dimensions are correlated), whereas it does not for the Fourier and
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Figure 4.9 — Test MSE for the signature linear model, functional regression with B-Spline and
Fourier basis functions, and functional Principal Component Regression (fPCR). The data follows
(4.12) with dependent coordinate parameters and Y is the mean (left panel) or maximum (right
panel) response at the next time step.

B-spline models. In other words, the signature model is more stable with regards to the structure
in the data. Note also that the performance of the fPCR is similar (and slightly better for the
max response) to the signature model, emphasizing the relevance of the signature model as a
benchmark model since it performs as well and sometimes better than the most commonly used
model.

4.6.2 Gaussian processes

We conclude this simulation study with more complex paths: Gaussian processes. Let d > 1,
1 <i < n, we define the path X; = (X},... aXtd)te[O,l] by

XF=aft+¢f, 1<k<d, tel01] (4.13)
where af is sampled uniformly in [—3, 3] and ff is a Gaussian process with exponential covariance
matrix (with length-scale 1). The response is the norm of the trend slope: Y; = ||a;||. Figure
4.10 shows a realization of X; with d = 5.

We vary the dimension d on the same grid as before and iterate the whole procedure 20 times,
which gives the results in Figure 4.11. We can see that for these more complicated paths, the
signature is better than the 3 other models even for d = 1 and that the difference in performance
with B-spline and Fourier basis increases with d.

4.7 Real-world applications

4.7.1 The Canadian Weather dataset

We close this study by implementing the signature linear model on real-world datasets. First,
we consider the Canadian Weather dataset, presented in Section 4.2.1. We split the data into a
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Figure 4.10 — One sample X from the Gaussian process model (4.13) with d =5

training set and a test set (of size 23 and 12 respectively).

We implement the signature linear model as presented in Algorithm 1, which we compare to
the same algorithms as before. We compute the MSE on 20 random train/test splits. Note that
the constant Kpe, is kept the same on all train/test splits (since it has to be manually selected
via the slope heuristics method). The results of this procedure are shown in Figure 4.12. We see
that for this particular application, the signature has a similar but slightly worse performance
than the 3 other functional linear models. This is not surprising since this is the perfect setting
for basis functions: the curves are smooth and unidimensional. However, it is worth noting
that signatures do not perform badly in this setting. Moreover, this simple example allows us
to discuss further the interpretation of the regression coefficients 5, plotted as a heatmap in
Figure 4.13.

The first row corresponds to the intercept, the second row to the coeflicients against S (1)(X )
and S®)(X), the third row to the order 2 signature coefficients, and so on. A first thing to
notice is that the coefficients get more sparse when they correspond to higher order signatures:
almost all coefficients in the last row are equal to zero, whereas in the row corresponding to the
order 2 half of them are significantly not null. Moreover, recall that the second coordinate of the
path is equal to the time, so the coefficients corresponding to the indices (2), (2,2),...,(2,2,2,2)
should not be significant, which is indeed the case—these are the last coefficient of each row.
Moreover, we see that S (X) and SV (X) have coefficients almost equal but opposite to
each other: this means that the quantity of interest is the difference S(1:2)(X) — S (X)), which
is exactly the quantity known in stochastic analysis as the Levy area, depicted in Figure 4.14.
We can conclude from this analysis that the total annual precipitations depend strongly on the
area of the temperature curves, that is, the total temperature over the year. However, since some
coeflicients of order higher than 2 are not null, the relationship is slightly more complicated: the
shape of the temperature profile also influences the total precipitations.

4.7.2 Electricity consumption prediction

We conclude these experiments with a study of the UCI dataset ‘ElectricityLoadDiagrams20112014’
(Dua and Graff, 2017), later called Electricity Loads. It consists of the electricity consumption
of 370 clients, recorded every 15min from 2011 to 2014. We average the data to obtain hourly
data and focus on the following task: given the electricity consumption of a subset of clients over
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Figure 4.11 — Test MSE for the signature linear model, functional regression with B-Spline and
Fourier basis functions, and functional Principal Component Regression (fPCR). The input time
series are gaussian processes with a random linear trend, as defined by (4.13), and the reponse
is the norm of the trend slope.

a week, we want to predict the consumption peak of the following week, that is, the maximal
hourly consumption summed over all clients. We vary the number of clients observed, which
allows us to do a similar analysis as in Section 4.6: each data point is a path in R, where d is
the number of clients observed. Such a sample with d = 5 is shown in Figure 4.15.

Note that when the number of clients d increases, we should expect the error to decrease
because we just add new information in the data and the response remains unchanged. Figure
4.16 shows a boxplot of the test MSE over 20 random train/test splits of the data, for the four
models considered. We can see that for d up to 5 all models perform similarly, then for d = 10
the variance of the Fourier and B-spline models increases and for d larger than 10 their errors
increase a lot, whereas the error of the signature method and fPCR continue to decrease with a
rather fixed variance. This confirms what has been observed on simulated data: the signature
linear model is robust to dimension and performs similarly or better than traditional functional
linear models.

4.8 Conclusion and perspectives

In this paper, we have provided a complete and ready-to-use methodology to implement the
signature linear model. This led us to define a consistent estimator of the signature truncation
order. We show on both simulated and real-world datasets that this model performs at least
as well as traditional functional linear models, and is particularly relevant for vector-valued
functions in high dimensions.

The signature is a flexible representation tool for multidimensional time series and can be
used in various contexts. This study is just a first step towards understanding how it should be
used in a statistical setting and there are a lot of potential extensions. For example, Figure 4.13
suggests that the vector of coefficients on the signature is sparse. Studying different sparsifying
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Figure 4.12 — Test MSE over 20 train/test splits for the Canadian Weather datasets for four
different linear models: the signature linear model, functional regression with B-Spline and
Fourier basis functions, and functional Principal Component Regression (fPCR).

procedures for signatures would be a valuable extension of our results. Another interesting
topic would be to investigate statistical models with the logsignature transform, which is a more
compact representation of the signature. The main difference is that the logsignature does not
possess linear approximation properties such as Proposition 4.2 and therefore requires to depart
from a linear model.
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Figure 4.13 — Heatmap of coeflicients up to order 4 obtained for the Canadian weather dataset
signature regression. The vertical axis represents the order of the coefficients: on top the coeffi-
cient of order 0, then the two coeflicients of order 1, then the four coefficients of order 2, and so
on.

:Xi

Figure 4.14 — The quantity S (X) — SU)(X) corresponds to the sum of the signed orange
areas, which is also known as the Levy area.
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Figure 4.15 — One sample from the Electricity Loads dataset, where we observe the hourly energy
consumption of 5 clients over a week.
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Figure 4.16 — Test MSE over 20 random train/test splits for four different linear models: the
signature linear model, functional regression with B-Spline and Fourier basis functions, and
functional Principal Component Regression (fPCR).
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Chapter 5

Framing RNN as a kernel method:
A neural ODE approach

Building on the interpretation of a recurrent neural network (RNN) as a continuous-time
neural differential equation, we show, under appropriate conditions, that the solution of a RNN
can be viewed as a linear function of a specific feature set of the input sequence, known as the
signature. This connection allows us to frame a RNN as a kernel method in a suitable reproducing
kernel Hilbert space. As a consequence, we obtain theoretical guarantees on generalization and
stability for a large class of recurrent networks. Our results are illustrated on simulated datasets.
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5.1 Introduction

Recurrent neural networks (RNN) are among the most successful methods for modeling se-
quential data. They have achieved state-of-the-art results in difficult problems such as natural
language processing (e.g., Mikolov et al., 2010; Collobert et al., 2011) or speech recognition (e.g.,
Hinton et al., 2012; Graves et al., 2013). This class of neural networks has a natural interpre-
tation in terms of (discretization of) ordinary differential equations (ODE), which casts them
in the field of neural ODE (Chen et al., 2018). This observation has led to the development of
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continuous-depth models for handling irregularly-sampled time-series data, including the ODE-
RNN model (Rubanova et al., 2019), GRU-ODE-Bayes (De Brouwer et al., 2019), or neural CDE
models (Kidger et al., 2020a; Morrill et al., 2020b). In addition, the time-continuous interpreta-
tion of RNN allows to leverage the rich theory of differential equations to develop new recurrent
architectures (Chang et al., 2019; Herrera et al., 2021; Erichson et al., 2021), which are better
at learning long-term dependencies.

On the other hand, the development of kernel methods for deep learning offers theoretical
insights on the functions learned by the networks (Cho and Saul, 2009; Belkin et al., 2018; Jacot
et al., 2018). Here, the general principle consists in defining a reproducing kernel Hilbert space
(RKHS)—that is, a function class #—, which is rich enough to describe the architectures of
networks. A good example is the construction of Bietti and Mairal (2017), 2019, who exhibit
a RKHS for convolutional neural networks. This kernel perspective has several advantages.
First, by separating the representation of the data from the learning process, it allows to study
invariances of the representations learned by the network. Next, by reducing the learning problem
to a linear one in 7, generalization bounds can be more easily obtained. Finally, the Hilbert
structure of s provides a natural metric on neural networks, which can be used for example for
regularization (Bietti et al., 2019).

Contributions. By taking advantage of the neural ODE paradigm for RNN, we show that
RNN are, in the continuous-time limit, linear predictors over a specific space associated with
the signature of the input sequence (Levin et al., 2013). The signature transform, first defined
by Chen (1958) and central in rough path theory (Lyons et al., 2007; Friz and Victoir, 2010),
summarizes sequential inputs by a graded feature set of their iterated integrals. Its natural envi-
ronment is a tensor space that can be endowed with a RKHS structure (Kiraly and Oberhauser,
2019). We exhibit general conditions under which classical recurrent architectures such as feed-
forward RNN, Gated Recurrent Units (GRU, Cho et al., 2014), or Long Short-Term Memory
networks (LSTM, Hochreiter and Schmidhuber, 1997), can be framed as a kernel method in this
RKHS. This enables us to provide generalization bounds for RNN as well as stability guarantees
via regularization. The theory is illustrated with some experimental results.

Related works. The neural ODE paradigm was first formulated by Chen et al. (2018) for
residual neural networks. It was then extended to RNN in several articles, with a focus on
handling irregularly sampled data (Rubanova et al., 2019; Kidger et al., 2020a) and learning
long-term dependencies (Chang et al., 2019). The signature transform has recently received
the attention of the machine learning community (Levin et al., 2013; Kidger et al., 2019; Liao
et al., 2019; Toth and Oberhauser, 2020; Fermanian, 2021) and, combined with deep neural
networks, has achieved state-of-the-art performance for several applications (Yang et al., 2016a;
Yang et al., 2017; Perez Arribas, 2018; Wang et al., 2019; Morrill et al., 2020c¢). Kiraly and
Oberhauser (2019) use the signature transform to define kernels for sequential data and develop
fast computational methods. The connection between continuous-time RNN and signatures has
been pointed out by Lim (2021) for a specific model of stochastic RNN. Deriving generalization
bounds for RNN is an active research area (Zhang et al., 2018; Akpinar et al., 2019; Tu et al.,
2019). By leveraging the theory of differential equations, our approach encompasses a large class
of RNN models, ranging from feedforward RNN to LSTM. This is in contrast with most existing
generalization bounds, which are architecture-dependent. Close to our point of view is the work
of Bietti and Mairal (2017) for convolutional neural networks.

Mathematical context. We place ourselves in a supervised learning setting. The input data is
a sample of n i.i.d. vector-valued sequences {x"), ... x(™}, where x(*) = (scgz), e ,ng)) € (RHT,
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T > 1. The outputs of the learning problem can be either labels (classification setting) or
sequences (sequence-to-sequence setting). Even if we only observe discrete sequences, each x ()
is mathematically considered as a regular discretization of a continuous-time process X e
BV ([0,1],R%), where BV ([0, 1], R%) is the space of continuous functions from [0, 1] to R? of finite
total variation. Informally, the total variation of a process corresponds to its length. Formally,
for any [s,t] C [0, 1], the total variation of a process X € BV ([0, 1], R?) on [s, ] is defined by

k

IXllrvpmg = sup e, = Xyl
(t07...,tk)€Ds,t j:1

where D, denotes the set of all finite partitions of [s,¢] and || - || the Euclidean norm. We

therefore have that xy) = Xf;;7 1<j <T, where Xt(i) = X@(t). We make two assumptions

on the processes X, First, they all begin at zero, and second, their lengths are bounded by
L € (0,1). These assumptions are not too restrictive, since they amount to data translation and
normalization, common in practice. Accordingly, we denote by 2 the subspace of BV ([0, 1], R%)
defined by

2 = {X € BV([0, ”7Rd) | Xo =0 and HXHTV;[O,l] < L}

and assume therefore that X, ... X are i.i.d. according to some X € 2. The norm on all
spaces R™, m > 1, is always the Euclidean one. Observe that assuming that X € 2" implies
that, for any ¢ € 0, 1], | X4]| = [|X; = Xoll < [ Xlrvgo1 < L.

Recurrent neural networks. Classical RNN are defined by a sequence of hidden states
hi,...,hr € R®, where, for x = (z1,...,27) a generic data sample,

hjy1 = f(hj,xj41), ho=0.

At each time step 1 < j < T, the output of the network is z; = 9(h;), where ¢ is a linear
function. In the present article, we rather consider the following residual version, which is a
natural adaptation of classical RNN in the neural ODE framework (see, e.g., Yue et al., 2018):

1
hjt1 = h; + = f(hj, 2j41),  ho =0. (5.1)
The simplest choice for the function f is the feedforward model, say frnn, defined by
fRNN(hal') = a(Uh—f—V:v—i—b), (52)

where o is an activation function, U € R®*¢ and V' € R®*¢ are weight matrices, and b € R® is the
bias. The function frnxn, equipped with a smooth activation o (such as the logistic or hyperbolic
tangent functions), will be our leading example throughout the paper. However, the GRU and
LSTM models can also be rewritten under the form (5.1), as shown in Appendix D.1.1. Thus,
model (5.1) is flexible enough to encompass most recurrent networks used in practice.

Overview. Section 5.2 is devoted to framing RNN as linear functions in a suitable RKHS.
We start by embedding iteration (5.1) into a continuous-time model, which takes the form of a
controlled differential equation (CDE). This allows, after introducing the signature transform,
to define the appropriate RKHS, and, in turn, to show that model (5.1) boils down, in the
continuous-time limit, to a linear problem on the signature. This framework is used in Section
5.3 to derive generalization bounds and stability guarantees. We conclude with some experiments
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in Section 5.4. All proofs are postponed to the supplementary material.

5.2 Framing RNN as a kernel method

Roadmap. First, we quantify the difference between the discrete recurrent network (5.1) and
its continuous-time counterpart (Proposition 5.1). Then, we rewrite the corresponding ODE as
a CDE (Proposition 5.2). Under appropriate conditions, Proposition 5.4 shows that the solution
of this equation is a linear function of the signature of the driving process. Importantly, these
assumptions are valid for a feedforward RNN, as stated by Proposition 5.5. We conclude in
Theorem 5.6.

5.2.1 From discrete to continuous time

Recall that hg, ..., hr denote the hidden states of the RNN (5.1), and let H : [0,1] — R® be
the solution of the ODE
dHt = f(Ht,Xt)dt, H() = h,o. (53)

By bounding the difference between Hj,, and h;, the following proposition shows how to pass
from discrete to continuous time, provided f satisfies the following assumption:

(A1) The function f is Lipschitz continuous in h and x, with Lipschitz constants K}, and K,.
We let Ky = max (K}, Ky).

Proposition 5.1. Assume that (A1) is verified. Then there exists a unique solution H to (5.3)
and, for any 0 < j <T,
C1
1 Hspr = sl < =,

where ¢ = Kye's (L + sup [ f(h,z)||e®7) and M = sup || f(ho,z)||e’s. Moreover, for
A<M, ||lzl| <L x| <L

any t € [0ﬂ1]7 ”HtH <M.

Then, following Kidger et al. (2020a), we show that the ODE (5.3) can be rewritten under
the form of a CDE. At the cost of increasing the dimension of the hidden state from e to e + d,
this allows us to reframe model (5.3) as a linear model in dX, in the sense that X has been
moved ‘outside’ of f.

Proposition 5.2. Assume that (A1) is verified. Let H : [0,1] — R® be the solution of (5.3),
and let X : [0,1] — R+ be the time-augmented process X; = (X', %t)—r, Then there exists a
tensor field F : R — R®*4 & =e+d, d=d+ 1, such that if H : [0,1] — R® is the solution of
the CDE

dH, =F(H,)dX,, Ho=(H,,X;)", (5.4)

then its first e coordinates are equal to H.

Equation (5.4) can be better understood by the following equivalent integral equation:

t
i, = Hy + / F(H,)dX,,
0
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where the integral should be understood as Riemann-Stieljes integral (Friz and Victoir, 2010,
Section 1.2). Thus, the output of the RNN can be approximated by the solution of the CDE
(5.4), and, according to Proposition 5.1, the approximation error is &'(1/T).

Example 5.1. Consider frnn as in (5.2). If o is Lipschitz continuous with constant K, then,
for any hi,hy € R®, 21,29 € RY,

| fann (h1, 1) — fann (he, 21)|| = |0(Uhy + Vo +b) — 0(Uhg + Vg + b))
< KJHU”op”hl - hQHa

where ||-|lop denotes the operator norm—see Appendiz D.1.3. Similarly, || f(h1,z1)— f(h1, x2)| <
K, ||V |opllz1 — x2||. Thus, assumption (A1) is satisfied. The tensor field Frnn of Proposition
5.2 corresponding to this network is defined for any h € R® by

I (Oexd ﬁU(WB-l-b)

Fran(h) = | ; 0 ) , where W= (U V)eR> (5.5)
dxd dx1

5.2.2 The signature

An essential ingredient towards our construction is the signature of a continuous-time pro-
cess, which we briefly present here. We refer to Chevyrev and Kormilitzin (2016a) for a gentle
introduction and to Lyons et al. (2007) and Levin et al. (2013) for details.

Tensor Hilbert spaces. We denote by (RY)®* the kth tensor power of R? with itself, which is
a Hilbert space of dimension d*. The key space to define the signature and, in turn, our RKHS,
consists in infinite square-summable sequences of tensors of increasing order:

oo

T = {a = (ags--saps- ) |ar € RYFF, S lag|Zayen < oo}. (5.6)

k=0

Endowed with the scalar product (a,b) 7 :== > po{ax, bi) (reyer, 7 is a Hilbert space, as shown
in Appendix D.1.4.

Definition 5.1. Let X € BV([0,1],R%). For anyt € [0,1], the signature of X on [0,] is defined
by Sjo.(X) = (1,X[10,t]7 ... ,Xﬁ),t], ...), where, for each k > 1,

Xy = k! // dXy, @ ®dX,, € (R,

0<u;<---<up<t

Although this definition is technical, the signature should simply be thought of as a feature
map that embeds a bounded variation process into an infinite-dimensional tensor space. The
signature has several good properties that make it a relevant tool for machine learning (e.g., 2013;
Chevyrev and Kormilitzin, 2016a; Fermanian, 2021). In particular, under certain assumptions,
S(X) characterizes X up to translations and reparameterizations, and has good approximation
properties. We also highlight that fast libraries exist for computing the signature (Reizenstein
and Graham, 2020; Kidger and Lyons, 2020).

The expert reader is warned that this definition differs from the usual one by the normalization
of Xﬁ),t] by k!, which is more adapted to our context. When the signature is taken on the

whole interval [0, 1], we simply write S(X) and X*. In the sequel, for any index (iy,...,i) C

{1,...,d}*, S[(Slﬂ“‘) (X) denotes the term associated with the coordinates (i1, ..., ) of Xﬁ)’t].
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Example 5.2. Let X be the d-dimensional linear path defined by Xy = (a1 +bit,...,aq+bqt)",
ai by € R. Then S(i)(X) = by, ---b;, and XF = b@Fk,

ik

The next proposition, which ensures that Sjg 4 (X) € .7, is an important step.

Proposition 5.3. Let X € 2" and X = (X, %t)—r as in Proposition 5.2. Then, for any
t €[0,1], Sjo,0(X)ll7 <2(1—L)~"

The signature kernel. By taking advantage of the structure of Hilbert space of 7, it is
natural to introduce the following kernel:

K: 2 x%Z —-R
(X,Y) = (S(X),8(Y)) 7,

which is well defined according to Proposition 5.3. We refer to Kiraly and Oberhauser (2019) for
a general presentation of kernel methods with signatures and to Salvi et al. (2020) for a kernel
trick. The RKHS associated with K is the space of functions

H = X - RIE(X) = (0,5 X)) 7,0 € T}, (5.7)

with scalar product (£,,£3)¢ = (o, B) 7 (see, e.g., Scholkopf and Smola, 2002).

5.2.3 From the CDE to the signature kernel

An important property of signatures is that the solution of the CDE (5.4) can be written,
under certain assumptions, as a linear function of the signature of the driving process X. This
operation can be thought of as a Taylor expansion for CDE. More precisely, let us rewrite (5.4)
as

d
dH, = F(H,)dX, = > F'(H,)dX], (5.8)

i=1
where X; = (X},...,X{)T, F: R* —» R®*¢ and F' : R® — R® are the columns of F—to avoid
heavy notation, we momentarily write e, d, H, and X instead of €, d, H, and X. Throughout, the
bold notation is used to distinguish tensor fields and vector fields. We recall that a vector field
F :R® — R° or a tensor field F : R® — R°*? are said to be smooth if each of their coordinates

is €.

Definition 5.2. Let F,G : R® — R® be smooth vector fields and denote by J(-) the Jacobian
matriz. Their differential product is the smooth vector field F x G : R — R defined, for any
h € R¢, by

°. 0G

(FrG)m =3 5

j=1

(h)F;(h) = J(G)(R)F(h).

In differential geometry, F' * G is simply denoted by F'G. Since the x operation is not
associative, we take the convention that it is evaluated from right to left, i.e., F' x F2 x F3 :=
Flx (F? % F3).

Taylor expansion. Let H be the solution of (5.8), where F is assumed to be smooth. We
now show that H can be written as a linear function of the signature of X, which is the crucial
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step to embed the RNN in the RKHS J#. The step-N Taylor expansion of H (Friz and Victoir,
2008) is defined by

HY =Ho+ 350 30 Sy GO woox P (Ho).

k=1 1<iy,...ixr<d

Throughout, we let _ '
MF) = s |FU ek FR(R)
A<M, 1<i1,....i. <d

Example 5.3. Let F = Frnn defined by (5.5) with an identity activation. Then, for any h € RE,
1<i<d+1, Fiyx(h) = Wih +b;, where b; is the (i + d)th vector of the canomnical basis of R?,
and

2y 2
Wi = 0exe, Wapr = (171 ,oand bgyr = 17F ).
Odxe Oa

The vector fields Fyy are then affine, J(Fligy) = Wi, and the iterated star products have a

simple expression: for any 1 <iy,...,ip <d, FRyn*--* Ff{‘j\m(h) =W, - Wi, (Wi, h+b;,).

The next proposition shows that the step-N Taylor expansion HY is a good approximation
of H.

Proposition 5.4. Assume that the tensor field F is smooth. Then, for anyt € [0,1],

dN+1

|Hy — HY|| < !AN+1(F)- (5.9)

(N+1)

Thus, provided that Ax(F) is not too large, the right-hand side of (5.9) converges to zero,
hence
— 1 (3 ix) i i
L1yeens 3 X3
H, = H, +ZE Do Sl (X)FT ke F(H).
k=1 1<y, . ig<d
We conclude from the above representation that the solution H of (5.8) is in fact a linear function
of the signature of X. A natural concern is to know whether the upper bound of Proposition 5.4
vanishes with IV for standard architectures. This property is encapsulated in the following more
general assumption:

e dk 9
(A2) The tensor field F is smooth and Z (ﬁAk(F)) < 00.
k=0

Clearly, if (As) is verified, then the right-hand side of (5.9) converges to 0. The next proposition
states formally the conditions under which (As) is verified for Fryn. It is further illustrated in
Figure 5.1, which shows that the convergence is fast with two common activation functions. We
1€;t| olloe = subypy<aroi<z lo(Uh+Va+0)| and 0™ ||oo = sup <o)<z lo® (Uh+ Ve +
b)|.

Proposition 5.5. Let Fryy be defined by (5.5). If o is the identity function, then (As) is
satisfied. In the general case, (As) holds if o is smooth and there exists a > 0 such that, for any
k>0,
|0 |oo < a* k! and  |W]F < =L (5.10)
- 8a2d’
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N-1
where || - ||F is the Frobenius norm. Moreover, Ax(Fryn) < \/ia(sazlllivz”‘v) N!.

The proof of Proposition 5.5, based on the manipulation of higher-order derivatives of tensor
fields, is highly non-trivial. We highlight that the conditions on ¢ are mild and verified for
common smooth activations. For example, they are verified for the logistic function (with a = 2)
and for the hyperbolic tangent function (with a = 4)—see Appendix D.1.5. The second inequality
of (5.10) puts a constraint on the norm of the weights, and can be regarded as a radius of
convergence for the Taylor expansion.

Putting everything together. We now have all the elements at hand to embed the RNN into
the RKHS 7. To fix the idea, we assume in this paragraph that we are in a +1 classification
setting. In other words, given an input sequence x, we are interested in the final output z; =
Y(hr) € R, where hr is the solution of (5.1). The predicted class is 1(zp > 0).

By Propositions 5.1 and 5.2, zp is approximated by the first e coordinates of the solution
of the CDE (5.4), which outputs a R*?-valued process H. According to Proposition 5.4, H
is a linear function of the signature of the time-augmented process X. Thus, on top of H, it
remains to successively apply the projection Proj on the e first coordinates followed by the linear
function v to obtain an element of the RKHS 5. This mechanism is summarized in the following
theorem.

Theorem 5.6. Assume that (A1) and (As) are verified. Then there exists a function &, €
such that

o7 = £a(X)] < [¥llop (5.11)

where £,(X) = (o, S(X)) 7 and X = (X, 155)T. We have o = (ay)2,, where each oy, €
(RHZE s defined by

. p 1 ) L
alii) = Hw o Proj(F" x -+ x F'*(Hy)).

oo k 2
Moreover, l|all% < )12, 2720 (4 A6(F))

We conclude that in the continuous-time limit, the output of the network can be interpreted
as a scalar product between the signature of the (time-augmented) process X and an element
of 7. This interpretation is important for at least two reasons: (i) it facilitates the analysis
of generalization of RNN by leveraging the theory of kernel methods, and (i¢) it provides new
insights on regularization strategies to make RNN more robust. These points will be explored
in the next section. Finally, we stress that the approach works for a large class of RNN, such
as GRU and LSTM. The derivation of conditions (A1) and (Az) beyond the feedforward RNN
is left for future work.

5.3 Generalization and regularization

5.3.1 Generalization bounds

Learning procedure. A first consequence of framing a RNN as a kernel method is that it
gives natural generalization bounds under mild assumptions. In the learning setup, we are
given an ii.d. sample of n random pairs of observations (x(?),y(®) € (R")T x %, where x(¥) =

(mgi), cee :v%)) We distinguish the binary classification problem, where % = {—1,1}, from the

sequential prediction problem, where % = (RP)” and y() = (yy), e ,yg)). The RNN is assumed
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to be parameterized by 8 € © C R?, where © is a compact set. To clarify the notation, we use
a 0 subscript whenever a quantity depends on 0 (e.g., fo for f, etc.). In line with Section 5.2, it
is assumed that the tensor field Fy associated with fp satisfies (A1) and (Asz), keeping in mind
that Proposition 5.5 guarantees that these requirements are fulfilled by a feedforward recurrent
network with a smooth activation function.

Let gg : (RY)T — & denote the output of the recurrent network. The parameter 6 is fitted by
empirical risk minimization using a loss function £ : % x % — R™. The theoretical and empirical
risks are respectively defined, for any 6 € ©, by

F0) = Ellly, 00(x))] and Zul0) = 5 S0y, g(x)),

where the expectation E is evaluated with respect to the distribution of the generic random
pair (x,y). We let 0, € argmin 969%’”( ) and aim at upper bounding P(y # g5 (x)) in the

classification regime (Theorem 5.7) and %(9 ) in the sequential regime (Theorem 5.8). To reach
this goal, our strategy is to approximate the RNN by its continuous version and then use the
RKHS machinery of Section 5.2.

Binary classification. In this context, the network outputs a real number gy(x) = ¥(hr) €
R and the predicted class is 1(27 > 0). The loss £ : R x R — RT is assumed to satisfy
the assumptions of Bartlett and Mendelson (2002, Theorem 7), that is, for any y € {—1,1},
Uy, go(x)) = d(yge(x)), where ¢(u) > 1(u < 0), #(0) = 0, and ¢ is Lipschitz-continuous with
constant K. For example, the cross-entropy loss satisfies such assumptions. We let &,, € 7
be the function of Theorem 5.6 that approximates the RNN with parameter 6. Thus, zp =~
€0y (X) = (g, S(X)) 7, up to a O(1/1) term.

Theorem 5.7. Assume that for all € ©, (A1) and (As) are verified. Assume, in addition,
that there exists a constant B > 0 such that for any 0 € O, ||€a, |2 < B. Then with probability
at least 1 — 6,

c2 16K,B 2BK,; [log(1/s)
T aA-Lva 1-LV 2n

P(y # g5,(x)) < %n(0n) + (5.12)

where ¢ = Kysup ([4]op 5,5 (L + [ follce™) ).

Close to our result are the bounds obtained by Zhang et al. (2018), Tu et al. (2019), and
Chen et al. (2020). The main difference is that the term in 1/7 does not usually appear, since
it comes from the continuous viewpoint on RNN, whereas the speed in 1/\/n is more classical.
The take-home message is that the detour by continuous-time neural ODE provides a theoretical
framework adapted to RNN, at the modest price of an additional €'(1/T) term. Moreover, we
note that the bound (5.12) is ‘simple’ and holds under mild conditions for a large class of RNN.
More precisely, for any recurrent network of the form (5.1), provided (A1) and (Asz) are satisfied,
then (5.12) is valid with constants ¢ and B depending on the architecture. Such constants are
given below in the example of a feedforward RNN.

Example 5.4. Take a feedforward RNN with logistic activation, and © = {(W,b,9) | |W|lr <
Kw < (1 —L)/32d,|]b|| < Ky, ||[¥|lop < Ky}. Then, Proposition 5.5 states that (As) is satisfied
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and, with Theorem 5.6, ensures that

V2K, (1 — L)
a S——F =8B Kp= Ullop [[V]lop), d =1
suplo e < P o = 05U lop, [Vllop). and o]
Sequence-to-sequence learning. We conclude by showing how to extend both the RKHS em-
bedding of Theorem 5.6 and the generalization bound of Theorem 5.7 to the setting of sequence-
to-sequence learning. In this case, the output of the network is a sequence

go(x) = (z1,...,2r) € (RP)T.

An immediate extension of Theorem 5.6 ensures that there exist p elements oy 9,...,0p9 € T
such that, for any 1 < j < T,

|25 = ({ea,05 Spo,i/e (X)) 7, - - - <O‘p,97S[0,J/T](X)><7)TH < |W\|op%~ (5.13)

The properties of the signature guarantee that Sy j/.(X) = S (X ;j]) Where X ;] is the process

equal to X on [0,7/7] and then constant on [i/T,1]—see Appendix D.1.6. With this trick, we

have, for any 1 < ¢ < p, (o9, Sp,/r)(X)) 7 = <Ozg79,S(X[j])>y, so that we are back in J7.

Observe that the only difference with (5.11) is that we consider vector-valued sequential outputs,
which requires to introduce the process X [j], but that the rationale is exactly the same.

We let £ : (RP)T x (RP)T — RT be the Ly distance, that is, for any y = (y1,...,y7r),

/ ||2

Yy = W vh), Uy,y') = 7 Z;‘T:1 ly; — v; It is assumed that y takes its values in a
compact subset of RY, i.e., there exists K, > 0 such that ||y;|| < K,,.

Theorem 5.8. Assume that for all 6 € ©, (A1) and (As) are verified. Assume, in addition,
that there exists a constant B > 0 such that for any 1 <€ < p, 0 € O, [[£a,,llx < B . Then
with probability at least 1 — 9,

cs  8peyB(1—L)7! 2¢s5 log(1/s)
Tt vn + n ’

R(0,) < %n(6,) (5.14)

where ¢3 = sup(cl,g + ||1p||0p||ngoo) +2,/pB(1 — L)™' +2K,, ¢4 = Bl - L)™' + K,, and
0
¢s =4pB(1— L) 'ey + K2.

5.3.2 Regularization and stability

In addition to providing a sound theoretical framework, framing deep learning in a RKHS
provides a natural norm, which can be used for regularization, as shown for example in the
context of convolutional neural networks by Bietti et al. (2019). This regularization ensures
stability of predictions, which is crucial in particular in a small sample regime or in the presence
of adversarial examples (Gao et al., 2018; Ko et al., 2019). In our binary classification setting,
for any inputs x,x’ € (R%)7, by the Cauchy-Schwartz inequality, we have

lzz — 27l < 2H1/J||opll%1 + [18ap (X) = &ap (XTI < 2H¢|Iop\|% + {180 L 1S (X) = S(X)] -

If x and x’ are close, so are their associated continuous processes X and X’ (which can be approx-
imated for example by taking a piecewise linear interpolation), and so are their signatures. The
term [|S(X) — S(X')|| o is therefore small (Friz and Victoir, 2010, Proposition 7.66). Therefore,
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when T is large, we see that the magnitude of ||¢,,|| » determines how close the predictions are.
A natural training strategy to ensure stable predictions, for the types of networks covered in the
present article, is then to penalize the problem by minimizing the loss %, () + A[|€a, ||%»- From
a computational point of view, it is possible to compute the norm in J#, up to a truncation at
N of the Taylor expansion, which we know by Proposition 5.4 to be reasonable. It remains that
computing this norm is a non-trivial task, and implementing smart surrogates is an interesting
problem for the future.
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Figure 5.1 — Approximation of the RNN ODE by the step-N Taylor expansion

5.4 Numerical illustrations

This section is here for illustration purposes. Our objective is not to achieve competitive
performance, but rather to illustrate the theoretical results. We refer to Appendix D.4 for
implementation details.

Convergence of the Taylor expansion towards the solution of the ODE. We illustrate
Proposition 5.4 on a toy example. The process X is a 2-dimensional spiral, and we take feed-
forward RNN with 2 hidden units. Repeating this procedure with 10% uniform random weight
initializations, we observe in Figure 5.1a that the signature approximation converges exponen-
tially fast in N. As seen in Figure 5.1b, the rate of convergence depends in particular on the
norm of the weight matrices, as predicted by Proposition 5.5. However, condition (5.10) seems to
be over-restrictive, since convergence happens even for weights with norm larger than the bound
(we have 1/(8a?d) ~ 0.01 here).

Adversarial robustness. We illustrate the penalization proposed in Section 5.3.2 on a toy task
that consists in classifying the rotation direction of 2-dimensional spirals. We take a feedforward
RNN with 32 hidden units and hyperbolic tangent activation. It is trained on 50 examples,
with and without penalization, for 200 epochs. Once trained, the RNN is tested on adversarial
examples, generated with the projected gradient descent algorithm with Frobenius norm (Madry
et al., 2018), which modifies test examples to maximize the error while staying in a ball of radius
€. We observe in Figure 5.2 that adding the penalization seems to make the network more stable.
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Comparison of the trained networks. The evolution of the Frobenius norm of the weights
IW||F and the RKHS norm ||, || % during training is shown in Figure 5.3. This points out that
the penalization, which forces the RNN to keep a small norm in 7, leads indeed to learning
different weights than the non-penalized RNN. The results also suggest that the Frobenius and
RKHS norms are decoupled, since both networks have Frobenius norms of similar magnitude but
very different RKHS norms. The figures show one random run, but we observe similar qualitative
behavior on others.
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Figure 5.3 — Evolution of the Frobenius norm of the weights and of the RKHS norm during
training

5.5 Conclusion

By bringing together the theory of neural ODE, the signature transform, and kernel methods,
we have shown that a recurrent network can be framed in the continuous-time limit as a linear
function in a well-chosen RKHS. In addition to giving theoretical insights on the function learned
by the network and providing generalization guarantees, this framing suggests regularization
strategies to obtain more robust RNN. We have only scratched the surface of the potentialities
of leveraging this theory to practical applications, which is a subject of its own and will be tackled
in future work.
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Chapter 6

The insertion algorithm for
signature inversion

The signature is a representation of a path as an infinite sequence of its iterated integrals. Un-
der some assumptions, the signature characterizes the path, up to translation and reparametriza-
tion. Therefore, a crucial question of interest is the development of efficient algorithms to invert
the signature, that is, reconstruct the path from the information of its (truncated) signature. In
this article, we study the insertion algorithm, originally introduced by Chang and Lyons (2019),
from both a theoretical and practical point of view. After a description of our version of this
algorithm, we give its rate of convergence for piecewise linear paths. This is accompanied by
an implementation of this algorithm in Pytorch. This algorithm is parallelized, meaning that it
is very efficient at inverting a batch of signatures simultaneously. Its performance is illustrated
with both real-world and simulated examples.
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6.1 Introduction

To any multivariate path, that is, a smooth function X : [0,1] — R? d > 1, one can associate
its signature, denoted by S(X), which is a representation of X as an infinite sequence of tensors
of iterated integrals. The signature was first introduced by Chen (1957), then was at the heart
of rough path theory (Lyons et al., 2007; Friz and Victoir, 2010), and is now extensively used in
machine learning (Levin et al., 2013; Chevyrev and Kormilitzin, 2016a; Kiraly and Oberhauser,
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2019; Kidger et al., 2019; Fermanian, 2021; Liao et al., 2019; Toth and Oberhauser, 2020). The
combination of the signature transform and machine learning algorithms has been sucessfully
applied in various domaines such as character recognition (Yang et al., 2016a; Wilson-Nunn
et al., 2018), finance (Lyons et al., 2014; Perez Arribas, 2018), human action recognition (Yang
et al., 2017; Li et al., 2017), medicine (Morrill et al., 2019; Morrill et al., 2020c), and emotion
recognition (Wang et al., 2019).

The signature is a faithful representation of a path as a geometric object: up to translations,
reparametrizations, and “tree-like” pieces—sections of a path where it retraces itself backward,
see Hambly and Lyons (2010)—the signature characterizes the path. A natural question is
therefore to design fast algorithms that can invert the signature, that is, reconstruct X from the
information in S(X). This question has been an active area of research, with several results in
the last years. To cite only a few, Lyons and Xu (2017) provide a procedure for piecewise linear
paths, Lyons and Xu (2018) for %) paths and Chang et al. (2017) for monotone paths. To our
knowledge, the most recent and fastest algorithm is the insertion algorithm, first proposed by
Chang and Lyons (2019), which is our object of study.

The insertion algorithm focuses on piecewise linear paths: given the signature of a piecewise
linear path truncated at order n, this algorithm reconstructs a piecewise linear path of n pieces.
In this article, we present a new version of this insertion algorithm, give its rate of convergence,
and provide its implementation in the PyTorch (Paszke et al., 2019) framework. This imple-
mentation is now part of the package Signatory (Kidger and Lyons, 2020). We also perform
a study of the computational cost of the algorithm. Our main goal is to make this algorithm
available to a large audience, in particular to the machine learning community. Having a fast
inversion algorithm with theoretical guarantees opens several new applications to signatures: se-
quential data generation with Generative Adversarial Networks (GANSs), time series smoothing,
or compression, to name only a few.

The article is organized as follows.

(i) Section 6.2 gives some preliminaries on signatures and tensors.
(#4) Section 6.3 describes the insertion algorithm and gives the main theorems.
(#i7) Section 6.4 gives some examples of signature inversion and a study of running times.

The proofs are given in Appendix E.

6.2 Preliminaries

We introduce in this section the mathematical setting together with some notations used
throughout the paper. In all the following, we assume that R¢ is equipped with the Euclidean
norm, denoted by || - ||. We refer the reader to Friz and Victoir (2010), Chapter 1, and Lyons
et al. (2007) for further details on signatures and tensors.

6.2.1 Path of bounded variation

Definition 6.1 (Path of bounded variation). Let X : [0,1] — R? be a continuous path. For any
[u,v] C [0,1], the total variation of X on [u,v] is defined by

n
”XHTV;[u,v} = sup Z ||Xul _Xu'i—IH7

(Ul 11111 un)GDu,v i=1
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where D, ,, denotes the set of all finite partitions of [u,v], that is,
Dy = {(uo,...,un)\nz(), u=ug <uy < < Uy gun:v}.

The path X is said to be of bounded variation on [u,v] if its total variation is finite. We denote
by BV (R?) the set of continuous paths of bounded variation on [0, 1] with values in R?.

When [u,v] = [0, 1], we often write || X |7y instead of || X||7y[o,1)-

Example 6.1. Let X : [0,1] — R? be a continuous piecewise linear path, and 0 = ty < t; <
<o < tp—1 < tar =1 denote the minimal partition such that X is linear on each [t;—1,t;]: there
exists aq, ..., o, B, ..., By € RY such that

X = o + Bit, fO?"tE[tZ',l,ti], iE{L...,M}.
Then,
M
IXley = S 1181 — £0).

i=1

6.2.2 Tensor space

Let E and F' be two real vector spaces, we denote by E ® F' their tensor product. It is also a
vector space, and, if (e;)icr, (f;)jes, are basis of E and F respectively, then (e; ® f;)icr,jes is a
basis of E® F. In the finite-dimensional case, if dim(F) = d, dim(F') = e, then dim(E® F) = de.
By convention, E€° = R. We refer the reader to Purbhoo (2012) for more details on tensor
products.

The nth tensor power of a vector space E is defined as the order n tensor product of E with
itself:

—_—
E®"=FE®.---QF.

When E is of finite dimension, if (e1, ..., eq) is a basis of F, any element a of E®" can be written
as
a= Z are;, ®--- Qe , ar € R.
T=(1,0eyin ) €{1,...,d}"

The space E®" is then of dimension d”, which means that we can identify E®" with R%". In
particular, E®? can be identified with the space of d x d matrices.

We now restrict to the Euclidean case E = R%, where R¢ is endowed with its canonical basis,
denoted throughout the article by (ey,...,eq). We wish to endow the tensor spaces (R4)®",
n > 0, with norms inherited from the Euclidean norm on R?. These norms should behave “well”
with the tensor product, which is summarized by the notion of admissible norms. Before giving
their definition, we introduce the notion of permutations on (R%)®".

Definition 6.2. Let o be a permutation of {1,...,n}, that is, a bijective functiono : {1,...,n} —
{1,...,n}. Then, for any a € (RY)=",

a = § a(il,“.,in)eil ® e ® eina
(i ,0mrin )E{ Lo}
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o(a) is defined by

O'(CL) = E : Aliy,... in)Cio() - Cig(n)-
(i1yeensin) €{ 1., d}m

Example 6.2. Letn =2 and o : {1,2} — {1,2} be the function that switches 1 and 2: (1) =2
and o(2) = 1. Then, any a € (R?)®? may be written as

a=ag e ®er +an2)e1 ezt a1yt ®er +apz e @ e,
and

o(a) = aq ez @ ea +ag ez @ ey +ap el @es +ap el e,

Definition 6.3 (Admissible norms). Assume that for each n, (RY)®" is endowed with a norm.
Then, one says that these norms are admissible if

(i) For any n > 1, for any permutation o of elements of a € (R?)®" then
lo(a)l| = llall-

(i) For any n,m > 1, a € (RH)®", b € (RY)®™,

la @bl = llaf[b]-

Remark 6.1. For simplicity, we write “(R%)®" is equipped with an admissible tensor norm”

instead of “For each n, (R)®" is equipped with a tensor norm, and these norms are admissible”.
We also refer to “an admissible norm” instead of “a set of admissible tensor norms”.

There exists several admissible norms. The most natural is the Euclidean tensor norm, defined
as follows. Let a,b € (RY)®", then

(a,by = Z arbr, and |a| = ( Z a%)

Ie{1,...,d}» Ie{1,...,d}™

1/2

It is straightforward to show that this norm is admissible. Another important admissible norm
is the projective norm, which is the largest possible admissible norm. Indeed, let || - || be any
admissible norm and write an element a € (R?)®" as

k
a:Zal’i@)---@an,i, A1y -5 0n; ERd. (61)
=1

Note that such a representation always exist since we can take the a;; as basis elements. Then,
if we want (i7) in Definition 6.3 to be satisfied, by the triangle inequality, we must have

k
lall <~ llavll -+~ llanill-
i=1
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Since this is true for any representation of the form (6.1), we must therefore have

k k
lall < it {3 fawall -+ anillla = a1 @ ans, k> 1},
i=1 i=1

The right hand side is exactly the projective norm, denoted by || - ||-:

k
Jallx = inf {3 Nlavall- - lan,
=1

It is easily shown that || - ||~ is @ norm and is admissible.
From now on, we assume that the tensor powers of R? have been equipped with admissible
norms. Finally, we define the tensor algebra as the formal sum of tensor powers.

k
la=>ai® ®au, k>1} (6.2)
=1

Definition 6.4. We denote by T(R?) the space of formal series of tensors of R?, i.e.,
T(RY) = {(ag,...,an,...) | Vk >0, a; € (RH®F},

and
T"(RY) = {(ao,...,an) | Vk € {0,...,n}, ar € (R)®*}

the truncated tensor space up to order n.

6.2.3 The signature of a path
We are now in a position to define the signature and provide some elementary examples.
Definition 6.5. Let X € BV (R?). The signature of X is defined by
S(X)=(1,X',X2,...,X",...) € T(RY),
where, for each integer n,
X" = // dXy, ® - ®dX,, € (RH®"
0<uy<--<un, <1
Note that the integrals should be understood as Riemann-Stieljes integrals.

Example 6.3. Ifd =2, X; = (X}, X?), (R*)®" can be identified with R*" and the signatures

of order 1 and 2 are equal to
1 1 Xm
X' = / dX, = fol '
o i ax?
Lot Cydxldxt [} [y dxldx?
X2 = / / dX, ®dX; = fOl f()t s t fol fot s t
0 Jo fo fo dX2dX} fo fo dX2dX}?

We introduce a series of notations.

e For any n > 0, the truncated signature of order n is denoted by

S™M(X) = (1,X,...,X").
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e For any u < v, the simplex in [u,v]™ is denoted by
Apiju) = 1(ur, oy un) € [u,0]"lu <uy < -+ <y <o) (6.3)

When [u, v] = [0,1], we simply write A,,.
e For a multi-index I = (i1,...,4,) € {1,...,d}", the coefficient of X" corresponding to this
multi-index is

ST(X) = / axi ... dXin,
(u17...,un)€An
where X; = (X},..., X1 T, ¢t €[0,1]. We can then rewrite the signature of order n as

Xn: Z SI(X)€“®"'®€Z'".
Ie{1,...,d}™

e We will sometimes consider the signature of a path restricted to a specific interval [u,v] C
[0, 1]; its signature is then denoted by Sj, ,)(X) (respectively X > and so on).

[u,v
The signature is an element of T(RY) and the truncated signature S™(X) is in T"(R%). We
now give two examples of paths for which we can directly compute the signature: linear and

univariate paths.

Example 6.4 (Linear path). Let X :[0,1] — R? be a linear path, i.e., X; = a+ ft, o, 3 € RY,
for any t € [0,1]. Then, for any n >0, u,v € [0,1] such that u < v,

Xﬁhv] = /A dXy, ® - ®@dXy,

n;lu,v]
A

We now recall several properties of signatures that are useful to understand the insertion
algorithm. We refer the reader to Lyons et al. (2007), Chapter 2, for their proofs.

(Bdu1) ® - - @ (Bduy,) = ﬁ®"/ duy ...du, = B®”w. (6.4)

n;lu,v] Anilu,v]

Proposition 6.1.
(i) Let X € BV(RY), u,v,w € [0,1] such that u < v < w. Then

n _ k n—=k
X = D Xl © X0
k=0

(ii) Let X € BV(RY), 1 : [0,1] — [0, 1] be a reparametrisation (non-decreasing surjection), and
let Xy = Xy for any t € 0,1]. Then, S(X) = S(X).

The first part of Proposition 6.1 is known as Chen’s identity. It gives a procedure to compute
signatures of piecewise linear paths: given the explicit formula for the signature of a linear path
in Example 6.4, Chen’s formula gives the signature of a concatenation of two linear sections.
Iterating this procedure enables to compute the signature of any piecewise linear path. This is
the basis of the available software in Python such as iisignature and Signatory.

Since we are interested in reconstructing a path from its signature, we need to discuss what
it means for two paths to have the same signature. It is clear from their definition that signa-
tures are invariant by translation, and Proposition 6.1, (i7), states that they are invariant by
reparametrizations. The right notion to encapsulate how the signatures characterize paths is the
notion of tree-like equivalence, introduced by Hambly and Lyons (2010) and defined as follows.
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Definition 6.6 (Tree-like equivalence).

e A path X € BV (R?) is tree-like if there exists a continuous function h : [0,1] — [0, +00)
such that h(0) = h(1) = 0 and such that for any s,t € [0,1], s < ¢,

| Xs — X¢l| < h(s)+h(t) —2 ir[lf ]h(u).
u€ls,t

e Let X,Y € BV(RY), we say that X and Y are tree-like equivalent if X * ? s a tree-like
path, and denote this relation by X ~Y.

Informally, a tree-like path is a path that retraces itself backward. We can now state the
uniqueness theorem of Hambly and Lyons (2010, Theorem 4).

Theorem 6.2. For any X,Y € BV (RY), then S(X) = S(Y) if and only if X ~ Y. Moreover,
for any X € BV (R?), there exists a unique path of minimal length in its equivalence class,
denoted by X and called the reduced path.

This theorem can be summarized as follows: the signature loses the information of the initial
position of the path, of the time parametrization, and of any tree-like piece. For example, the two
paths of Figure 6.1 have the same signature: the orange part is a tree-like piece and is therefore
“not seen” by the signature.

0.40 0.40

0.35 0.35

0.30 0.30
0.25 0.25
= 020 = 020
0.15 0.15
0.10 0.10
0.05 0.05
0.00 0.00

—0.3 —-0.2 —0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 —0.1 0.0 0.1 0.2 0.3

X} b

Figure 6.1 — Path with a tree-like piece, plotted in orange (left) and the same path where the
tree-like piece has been removed (right). These two paths have the same signature.

Finally, we give below an upper bound on the size of signature coeflicients.

Proposition 6.3. Let X € BV(R?), u,v € [0,1] such that uw < v. For any admissible tensor
norm and n > 0,
||X[u,v]|| < T

6.3 The insertion algorithm

6.3.1 Theoretical guarantees

We are now in a position to describe the insertion algorithm and our theoretical setting. We
assume that we are given a piecewise linear path X : [0,1] — R? as defined in Example 6.1. We
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denote by
O=to<ti1 < - <ty_1<ty=1

the minimal partition such that X is linear on each [t;_1,t;]: there exists ay,...,aar, B1,.--,8m €
R? such that
Xt:ai+ﬂit, fort € [tifl,ti], 1€ {17,M} (65)

We assume that X is the reduced path in its equivalence class, for the tree-like equivalence (see
Theorem 6.2). This amounts to assuming that the angle between any two consecutive linear

segments is not equal to zero. More precisely, for any i € {1,..., M — 1}, we denote by w; the
angle between the linear segments [t;_1, ;] and [t;,t;+1], defined by
w; = AI"CCOS(M) € (0,7,
1Billll Biga |

where (-, -,) denotes the Euclidean scalar product, and Arccos the arccosine function. Note that
w; € [0, 7[ because we have taken a minimal partition. Then, we make the assumption

(A1) w= min w; >0. (6.6)

ie{l,...,M}

Assumption (A;) implies that the signature of X characterizes X up to translation and reparametriza-
tion. The invariance by translation amounts to saying that we cannot recover g from S(X). By
continuity of X, the a;s for i € {1,..., M} are entirely determined by ag, 51, ..., Sy. Therefore,
the only information we hope to recover is the information on the slopes §;s, up to reparametriza-

tions of the path. Given this invariance, we can choose a specific parametrization of X. Let /¢
denote the length of X, ¢ = || X||7v, then we define the reparametrization

¢:[0,1] — [0,1]

N ”XHTV;[O,t].

t
L

The function ¢ is strictly increasing and continuous piecewise linear. Indeed, if ¢ € [t;_1,¢;[, then

i—1

o(t) =" Z 1Bkl (tk — tr—1) + € Bll (£ — ti1).

k=1

The path X; = X ¢—1(¢) is therefore a reparametrization of X, and S(X) = S (X). More precisely,
X is linear by part on the partition 0 = up < u; < --- < up; = 1, where

wi = 7Y 1Bkl (tk — tr-1)-
k=1

For any i € {1, ..., M}, u € [u;—1,u;[, we have

1

¢ (u) = A

(u—ui—q) +tiza,

and P
Xu=a;+ B¢ (u) = a; + mBZ(u — ;) + Biti—1.
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The path X is therefore piecewise linear and its slopes have a constant norm, equal to £. We see
that recovering X up to translations and reparametrizations amounts to recovering the direction
of each linear segment up to its norm, that is, 81/, . .., BM/||Bu].

From now on, we therefore assume that X is piecewise linear on a partition tg = 0 < t; <
-+« <ty =1 and that ||5;]] =€ for any ¢ € {1,...,M}:

The general idea of the algorithm is the following. Signatures of order n and n+ 1 are linked
through the insertion of the derivatives of the path into a tensor product that is then integrated.
Therefore, retrieving the derivative of the path boils down to finding a vector in R? such that,
once inserted into the tensor product of the signature of order n, it will minimize the distance
between this modified signature and the signature of order n 4+ 1. This problem can be written
as a linear minimization problem, which can be solved very efficiently. Solving this problem
allows to retrieve the derivatives of the path on different intervals and to reconstruct the path
by integration.

The first ingredient of the algorithm is the insertion map, which is a linear map defined as a
tensor product between a vector y € R? and the signature of X of order n along the dimension

p.
Definition 6.7. Letn > 1,pe {1,...,n+1}, and X € BV(R?). The insertion map is denoted
by L)'y iR — (RH®HD and defined, for any y € R?, by

Lyx(y) = / X, ®---©dX,, , @y ©dX,, ©--- ©dX,, € (R)®".
(U1 yeeyun ) EA,

A first observation is that this map is linear, depends only on the signature of X truncated
at order n, and is Lipschitz continuous for any admissible tensor norm (see Definition 6.3).

Proposition 6.4. Let X € BV (RY). Then, for anyn > 1,p € {1,...,n+ 1}, L'k is linear,
Lipschitz-continuous, and its Lipschitz constant is || X"™||.

Proof. The linearity is a direct consequence of the linearity of the tensor product. Let g, z € RY,
then

12 x (y) — L5 (2)]] = I /A dXy, @ ®dXy, , @y —2)Q®dX,, ® - @ dX,, ||

= / dXy, @ ®dX,, ® (y—2)|| (by Definition 6.3, (¢) )
Ap
= ||/ dX,, ® - ®dX,, |||y — 2| (by Definition 6.3, (i7) )
Ap
= [X"[lly — |- (6.7)
O

The idea of the insertion algorithm is to minimize the following quantity

min || .27 (y) — (n + X" (6.8)
yeRd ?

If p is well-chosen, that is, P/n+1 € [t;—1, ;[ far enough from the limits of the interval (see Figure
E.2), then we can show that the minimizer of (6.8) is close to S3;, which is stated in the next
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theorem.

Theorem 6.5. Let X be a piecewise linear path as defined by (6.5), following assumptions (Ay)
and (Ag). Let

2

[ 4.2(M=1)K (w)
T cos(=1/2) ), and ny = |4de IE (6.9)

K(w) =log (
where w is defined by (6.6). Foranyl <i < M, n > max(ny,2/(ti—t:—1)), and p = | Bti+ti-1)(n+1)/4],
let

Yp,n € AT8 min 12, x (y) = (n+ X" (6.10)
ye

Then there exists k,, € [n —n*/*,n +n**] such that

1 1-— (tz — tifl)
Vkn +1 by —ti—1

+dexp (- k—”(trti_l)Z)).

lys s, — Bill < 4ze<Mf1>K<w)< :

Given that the intervals [n — n* n + n® 4] go rightward and that their width grows slower
than n, we have the immediate corollary

Corollary 6.6. There exists a strictly increasing subsequence (kn)n>n, such that Yp.k, COTMVETGES
to B; as n increases.

The proof of Theorem 6.5 relies on two results which we state below. We postpone their
proofs to Appendix E.

Theorem 6.7. Let X be a piecewise linear path as defined by (6.5), following assumptions (A;)
and (Ag). If 1 <i < M, n > 2/(ti—t;_1) and p = |Btitti-1)(n+1)/4|, then

12 x () = (n+ X" <

€n+1 ( 1 1-— (tl — ti—l)
n! vn—+1 t; —ti_1
Theorem 6.8. Let X be a piecewise linear path as defined by (6.5), following assumptions (Ay)

and (As). For any n > ny (ny being defined by (6.9)), there exists k, € [n —n** n +n**] such
that

+4dexp ( - %(tZ - ti_1)2)>.

—(M-1)K(w)
Fn|| > pkn €

where || - ||+ is the projective tensor norm defined by (6.2).

With these two results at hand, the proof of Theorem 6.5 is straightforward.

Proof of Theorem 6.5. The identity (6.7) is true for any admissible norm so it is true in particular
for the projective norm. It gives, for any n > 0,

15 x Wp.n) = L5 x (Bi) = = X" I (195, — Bill-

On the one hand, Theorem 6.8 gives the existence of k,, € [n —n”* n +n**] such that

e (MK ()

XFnl|l >0
[ X5 [ > ST
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On the other hand, Theorem 6.7 (which is true for any tensor norm) yields

fhnt1 1 1—(t; —ti1) k
kn N kn+1 < ) 7—1 L . 2
155 (81) = (1) X < S (g [ e (= g (= 1i)?)),

and, by definition of y; ,,,

125 W 1) = (R 1) XEFH < 2075 (Bi) = (R + 1) X FH.
Combining these inequalities, we obtain

. 1 . |
”yp,kn —Bill= ||Xk"|| nglig((yp,kn) _ ‘i’ppk,;((ﬁl)‘l
1 *
< g (05 05) = 1) XET o 1) X4 = 2856, )
2 k
< e ntl _ cokn (3.
< e+ D) X5 = 25 (5]
— 1 1—(t; —tio1) k
< 4R L 4 — 2t —tic1)?) ).
a ‘ (\/m tifti—l + exp( 16( 1) ))

6.3.2 Algorithm

The last step necessary to have a complete algorithm is to solve (6.10). Let A, € R xd
denote the matrix representing the linear application fﬁx(') in the canonical basis of R?, where

we identify (R?)®"+! with R4 Then, for any y € R<, 27« (y) = Apy. Recall that the singular
values of a linear operator A are the square roots of the eigenvalues of the operator AT A. The

following lemma tells us the form of the singular values of £y, which is a crucial step to find
an explicit solution of (6.10).

Lemma 6.9. For anyp € {1,...,n+1}, all the singular values of A, are identical and equal to
X
Proof. Let eq,...,eq denote the canonical basis of R?. Then, each column of A, corresponds to

2"« (ej). By definition, for any index (i1, ..., inq1) € {1,...,d}" 1,

G(1seip—15ipt 1y sing1) if ip =17,

(szpr,LX(ej))i17---,in+1 = {

0 otherwise.

Therefore, each row of A, indexed by a tuple (i1, ..., i,41), contains only one non-zero element:
the one in the column j =i,. Let a;, . ;, , ; denote the element in column j corresponding to
the row (i1,...,4p41). Then, for any q,7 € {1,...,d},

(Ap Ap)q#" - E : a7'11“~77fn+17q a117~~-7ln+177“

(i1yeeey int1)E{L,..., d}n+i

= E , E Qiyyiying1,q Yin,eeying1,r

Ip=1 (i1,..yip—1,0ps1seemsing1)E{L,....d}"
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For both a;, ... 4,1, and a;, ... 4., » to be non-zero, ¢ and r must both be equal to ¢,. Therefore,
A; A, is diagonal. Then, the terms corresponding to i, = ¢ = r are non-zero and equal to

(A Ap)g.q = > (Slimsip=tiipsrmingn) )2 — || X712,

(31, yip—150p41,int1)E{L,...,d}7

Therefore, all diagonal entries of A; A, are equal to ||X"||?. By definition, the singular values of

A, are therefore all equal to || X"]. O

It is then immediate to compute the solution to (6.10).
Proposition 6.10. For any p € {1,...,n+ 1}, Problem (6.10) has a unique solution, equal to

. A;X’n—‘rl
T X

Proof. We can rewrite (6.10) as

Ypn € argmin [ £ (y) — (n + X2,
i yeR

This is exactly the same minimization problem than in least-squars regression. It is then well
known that

Ypm = (Ay Ap) T AF X
By Lemma 6.9, A) A, = || X"||?I4, and

. ‘A;)(”+1
Ypn = X2

Algorithme 2 : Insertion algorithm

Data : n: truncation order of the signature; S™(X): signature truncated at order n; d:
dimension of the underlying path; Xo: starting point of the path.
Result : X = (Xo, X1/,,...,X1) € ROTDX4: array of the n + 1 positions in R? of the
reconstructed path.

Extract X" and X" 1, the terms of order n and n — 1 of S"™(X).
Xo = Xo
for pe {1,...,n} do

Compute A,, the matrix representing the linear map fprf;(l(~)7 function of X"~ 1.

« _ AIX"
Ypn = =12 X
Xo/ = Xpvy + 222,

n

R W N =

o

Algorithm 2 summarizes the insertion algorithm. Given a signature of order n, we solve (6.10)
for any p varying in {1,...,n}. Then, we reconstruct a continuous piecewise linear path having
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a slope of y ,, on [(P=1)/n,P/n]. This algorithm is very cheap computationally: inside the loop,
the most expensive operation is the matrix multiplication A;X”.

It is straightforward to parallelize this algorithm so that it takes as input a batch of signatures,
that is, an array I € RNX(dHLI)/(d*“, and outputs a tensor of multiple paths O € RN (n+1)xd,
We refer the reader to the code included in the Signatory package (Kidger and Lyons, 2020) for

more details. All operations in Algorithm 2 can indeed be performed on tensors of size N x - - -
instead of matrices.

It —e— original path A\ [ —e— original path \ —e— original path
200 + reconstructed path \ 000 +— reconstructed path 200 + reconstructed path
03 0z 01 00 01 0z 03 03 02 -1 00 0 0z 03 03 02z 01 00 o1 0z 03
(a)n=5 (b) n =10 (¢)n=20

Figure 6.2 — Signature inversion of a half circle

—— oniginal path —— oniginal patn — original path
#— reconstructed path #— reconstructed path ®— reconstructed path

> 10 =10 =10

* 08 - 08 - 8
] o8 T 08 ' + a6

T 04 a4

|| T 04
[ 02 o2 > - a2
> 00 =00 ] =+ a0

< 10 T VST
= =05 — = 05 — = o5
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» » ®
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Figure 6.4 — Signature inversion of a sample of the class "5" from the Pendigits dataset
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4 100 . 100 e
&0 80 < @ < 7
/

—e— onginal path
reconstructed path

—e— original path —e— oniginal path
reconstructed path o reconstructed path

(a) n=5 (b) n =10 (¢) n=20

Figure 6.5 — Signature inversion of a sample of the class "8" from the Pendigits dataset

6.4 Experimental results

Examples of inversion To conclude, from a signature truncated at order n, we are able to
reconstruct n positions of the path with basic linear algebra tools. We show in Figures 6.2, 6.3,
6.4, and 6.5 some examples of reconstruction for paths in 2 and 3 dimensions. Figures 6.2 and
6.3 are simulations of a half circle and a spiral, while Figures 6.4 and 6.5 are two samples of the
Pendigits dataset from the UCI Machine Learning Repository (Dua and Graff, 2017). We can
see that in all the figures, for n = 20 the path reconstructed is smooth and close to the original
path.
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0.0150 0.0036

0.0125 0.0034
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0.0025 0.0026
0.008

0.0000 0.0024

4 6 8 10 12 1 2 3 1 5 6 7 & 9 10 0 10

20 30 0
ture depth n Dimension d Batch size

(a) Run time when n varies. (b) Run time when d varies (c) Run time when N varies

Figure 6.6 — Running time in seconds to invert the signature of several paths, when we let some
hyperparameters vary: the depth of the signature n, the dimension of the path d, and the number
of signatures that are inverted.

Running times We present in Figure 6.6 the running time of Algorithm 2 when we let several
hyperparameters vary. The paths are randomly generated as piecewise linear paths with M = 10
pieces, where the ending point of each linear part is generated uniformly at random in [0, 1]%.
The experiments were run on a standard laptop computer.

In Figure 6.6a, we invert one path in dimension d = 2 for different values of n. In Figure
6.6b, we set n = 4 and let d vary. In Figure 6.6c, we set n = 10 and d = 2, and let the number
of paths NV vary. We can see that when n increases, the running time increases exponentially,
while the dependence to the dimension d is polynomial, and the dependence to the number of
paths N is linear. Overall, we can invert 50 signatures of depth 10 in approximately 0.02s.
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Conclusion

In this thesis, we have presented several contributions in the growing field of learning with
signatures. First, we have shown in Chapter 2 that the choice of embedding, that is, the way
discretely sampled data is modeled as a continuous path, is a critical factor. Indeed, this choice
impacts drastically the performance of the whole method, regardless of the algorithm subse-
quently used. We pursue this study in Chapter 3 by an extensive study of the different existing
variations of signature features. This study enables us to identify a generic algorithm that shows
competitive performance for time series classification. We go on in Chapter 4 by studying the
estimation problem in a signature linear regression setting. The crucial parameter in this context
is the choice of truncation of the signature. We define an estimator of this truncation parameter,
give its rate of convergence, and show that the resulting model is competitive with classical func-
tional regression models with basis expansions such as Fourier or splines. In Chapter 5, we take
a slightly different perspective and use the signature kernel to study recurrent neural networks
(RNN). We show that RNN can be rewritten, in the continuous-time limit, as a kernel method on
signatures. This approach leads to the derivation of generalization bounds valid for a large class
of RNN and new regularization techniques. We conclude in Chapter 6 by contributions to the
problem of inverting the signature with the insertion algorithm. We propose a modification of
this algorithm, provide an implementation in a Python package, and show theoretical guarantees.

These contributions are only the first steps in a field where much remains to be discovered, and
open up several questions. A first research direction would be to address the problem of the high
dimension of truncated signatures—recall that for a path in R?, the size of the signature truncated
at order n is of magnitude d"™. The exponential dependence on the truncation parameter n forces
it to remain small in practical applications. It seems reasonable to think that specific treatment
of this dimension issue could improve existing algorithms. We can think of different approaches
to this dimension issue, detailed below.

On the one hand, logsignatures provide a lower-dimensional representation of signatures but
do not inherit all their good properties, in particular the linear approximation property (Theorem
1.13). A study of the statistical properties of logsignatures would be valuable, for example with
tools from topological data analysis or algebraic statistics. On the other hand, a natural approach
to dealing with high dimension problems is to use sparsity, which can be deployed in different
directions. First, a lasso-type model could improve the signature linear model of Chapter 4. The
proper choice of an L1 tensor norm in this context is an open question; both an empirical and
theoretical analysis would be valuable to make progress on this issue. An extension of the group
lasso, exploiting the tensor structure of the signature, seems a reasonable direction.

The question of sparsity may also be addressed outside the supervised learning context.
More specifically, it would be interesting to study how one should induce sparsity on signatures
so that not too much information is lost. Figure 6.7 shows the result of a naive approach
to this problem: we have computed the signature of order 10 of a half-circle, set to zero the
smallest coefficients of the signature, and inverted this sparse signature. We can see in Figure
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Figure 6.7 — Inversion of the signature truncated at order n = 10 of a half circle, with the
complete signature (orange curves) or with a sparse signatures, where the smallest coefficients
are set to zero (green curves)

6.7a that when keeping only 66% of the signature coefficients, we get the same reconstruction
as with the full set of coefficients. In Figure 6.7b we keep 39% of the coefficients and the
reconstruction is much worse. A lot remains to be explored in this direction: how can we exploit
the algebraic properties of signatures, for example, the shuffle product identity (Theorem 1.12)
in the sparsifying mechanism? Should we favor some orders, for example, the smallest? Can
we derive theoretical guarantees on the reconstructed signal, in the same spirit as compressed
sensing results in the area of signal processing?

On the other hand, several extensions to the analysis of RNN performed in Chapter 5 are
worth mentioning. First, leveraging this theoretical work to practical applications would be a
valuable extension. Moreover, the neural ODE point of view on neural networks is not restricted
to recurrent neural networks. In particular, using our tools of controlled differential equations
and signatures to the analysis of deep residual networks seems particularly relevant. In this case,
the weights between each layer are allowed to differ. In the continuous limit, an object of interest
is then a path in the space of weights. This may allow us to study empirically the regularity
and the geometry of the network weights, but also to analyze generalization properties of deep
residual networks—-which achieve state-of-the-art performance in computer vision.

Finally, applications of the insertion algorithm of Chapter 6 have yet to be explored. For
example, its use for trend estimation seems very promising: given a potentially high-frequency
irregularly sampled multivariate time series, this algorithm is an efficient way to reconstruct its
trend based on its signature, with very few assumptions on the structure of the time series. It
would also be valuable to refine this algorithm, which suffers from the fact that a signature of
order n is needed to reconstruct n points (in other words, d" coefficients are needed to output
nd values). Using sparse signatures as mentioned above would be a potential direction.
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A.1 Proof of Proposition 1.2

Let N > 0 and consider the projection at order N of a ® ", (1 — a)®™. We have

™ (a ® Z(l — a)®”) = 7TN<

n>0

N
a® Z(l —
n=0

a)®n +a® Z (1 _ a)®n>

n>N+1

N
=7y (a ® Z(l — a)®"),
n=0

since the second term contains only elements of order at least N 4+ 1. Moreover,

N

N N

a®Y 1-a)®=1-(1-a)2) 1-a) =Y 1-a) - (1-a*

n=0
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n=0 n=0
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Therefore,

N
n(a® Z(l —a)®") =1.
This is true for any N and similar calculations give the same result for > _,(1 — a)®" ® a.
Therefore, -
Z(l—a)@m@a:a@Z(l—a)@” =1.
n>0 n>0

T((E)) is an affine subspace of T((E)) so it is a smooth manifold. The operations ® and ~
being smooth maps (they are polynomials in the coordinates), we conclude that T'((E)) is a Lie

group.

A.2 Proof of Theorem 1.3

Let Z = X Y : [s,u] — R The Nth order term of its signature is

/ / AZyy @ -+ @ A2y

s<uy<---<un<u

N
:Z // dZu1®"'®dZuN

S<U < <Up <t<Up1 < <uny<u

:i (// AX,, ®- - © dX,, ) / / Vi @ @Yy )
n=0

s<uy <. <unp<t t<upt1<---<uny<u
N

= Z X" @ YN,

Therefore, S[&u](Z) = S[s,t] (X) ® S[t,u] (Y)

A.3 Proof of Proposition 1.4

The proof is based on Lemma 1.8. Let Z = X x y and V' a Banach space. Denote by
Z(E,V) the space of linear functions from E to V. Then, for any function f : V — Z(E,V),
if Y : [0,1] — V is the solution of

d}/t = f(}/t)dXh YO = ga 1/1 =1,
then ? is solution of
dv, = f(V)dX,, Yo=n, Yi=&

Therefore, any solution of
dYy = f(Y)dZ:, Yo=¢

satisfies Yo = £. Take f equal to the function of Lemma 1.8, then both 1 and SN(Z)[O,t] are
solutions. By uniqueness, for any N >0, SV (Z)p,y =1 and S(Z) = S(X) ® S(%) =1
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A.4 Proof of Theorem 1.6

We refer the reader to Hambly and Lyons (2010) for a proof of the first part of the theorem.
The second part is a direct consequence of Chen’s identity 1.3 and Proposition 1.4. We know
that

SxX+Y)=5x)0s(Y)=5X)0S(Y) "

Therefore,

S(X)=S(Y) & SX)@S(Y) =16 S(X+Y)=16 XV is tree-like & X ~ .

A.5 Proof of Lemma 1.7

By Theorem 1.6, it is clear that ~ is an equivalence relation. Then, Hambly and Lyons
(2010) show that there exists a unique element of minimal length in each equivalence class. It is
therefore sufficient to show that if X has a strictly monotone coordinate, then it is this element
of minimal length, which is then entirely determined by its signature.

Let Y € BV(RY) be a path of minimal length in the equivalence class of X, we show that Y’
is equal to X up to a reparametrization. Let

Z=X+Y :[0,2 =R

By definition Z is tree-like and we denote by h a height function for Z. With the same argument
as in Example 1.6, h is strictly increasing on [0, 1]. We next show that Y being of minimal length
implies that h is strictly decreasing on [1,2].

By contradiction, if it was not the case, there would exist an interval [s,t] C [1,2] such that
h(s) = h(t), h(u) < h(s), Yu € [s,t], and h has a unique minimum on [s, ¢]. Consider the function
h:u — h(s) — h(u). Tt satisfies h(s) = h(t) = 0, h(u) > 0 on [s,t] and for any [u,v] C [s, 1],

1Zy — Zu|| < h(u) + h(v) =2 inf h(w).

weE[u,v]

To prove this inequality, let m denote the point in [s,¢] where h is minimal, we have to treat the
cases v < m, u < m < v, and m < u separately. Let us assume that v < m, then,

inf h(w) =h(v), and inf h(w) = h(s) — h(u),

wE [u,v] wE [u,v]

1Zy — Zul| < h(u) + h(v) —2 inf h(w) < h(u) — h(v)

wE [u,v)
< (h(s) = h(u)) + (h(s) — h(v)) — 2(h(s) — h(u))
< h(u) + h(v) =2 inf h(w).

wE[u,v]

The other cases are treated in a similar way. We conclude that his a height function for 7|} 4,
which implies that Z|(, is tree-like and its signature is 1. Therefore, removing this portion of
the path would not change the signature. This would yield a path with strictly shorter length in
the equivalence class of X, which contradicts the minimality of the length of Y. So & is strictly
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decreasing on [1,2]. Let
hy 2 10,1] = [0,A(1)], b1 = hljo,1), and  hy : [1,2] = [A(1),0], he = h|p 9.

We have shown that h; and hg are continuous isomorphisms. The function o = hy Lohy : [0,1] —
[1,2] is then also a continuous isomorphism. Moreover, we have (0) = hy *(h(0)) = hy *(0) = 2,
and o(1) = hy'(h(1)) = 1, so o is strictly decreasing, and it satisfies h(s) = h(o(s)) for any
s €[0,1]. Then, for any s € [0, 1]:

122 = Zogo |l < his) +h(o()) ~2,_in _h(t) = 2h(s) ~ 2h(s) = .
telo(s),s

which implies that for any s € [0,1], Zs = Zg(s) € Xs = Ya_o(5). We conclude that Y is equal
to X up to a reparametrization.

A.6 Proof of Lemma 1.8

Existence and uniqueness are a consequence of Picard-Lindelof theorem (Lyons et al., 2007,
Theorem 1.3). It only remains to check that the truncated signature is indeed a solution. For
any n >0, t € [0, 1],

X 0 = // dXy, ® - ®dX,,

O<u < <un <t

t t
:/ ( // qu1®"'®qun_1)®qun :/ Xn*1[07u]®qu'
0 0

0<uy <+ <up—1<un
Thus,
t
SN(X)[O,t] = (17X17 s 7XN) =1 +/ 71—N(‘S]V(‘Xv)[(),u] ®qu)
0

A.7 Proof of Proposition 1.10

By the triangle inequality,

X" |(rayen = H /A Xuy ® - ® X,

(Rd)@n = /A ldXu, @+ © dXu, H(R”’)‘X’"

n

Moreover, classical properties of tensor norms (Ryan, 2002) yield
[dXu, ® - @ dXu, | ayon = 1Al - 42X, ]

Therefore, by partitioning [0, 1]™ by the n! possible reorderings of the variables wuy, ..., u,, we
have

1
[dXu, @ @ dXy, gayen < [ NdXu [l dXu, [ = = [ [ [dXu ]l [|dXo, ]|
Ay, Ay, n'

U,...,un €[0,1]
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This gives
. 1 1 noo1
X" |gayen < = o [ laXulle e ldXu = = ([ ldXall)" = = 1X |

wp, e un €[0,1] u€[0,1]

Finally, we have

1S ey = \/1 3 X o < 14 3 X7 gy

n>0 n>0

1
<1+ D X e = (X ivar)
n>0

A.8 Proof of Theorem 1.12

The result comes by partitioning the integration domain. Indeed, we have

SI(X)SJ(X): // dXill~-~dXiZ, // dthllu_dXi:

O<uy < <up <1 0<t; <<ty <1

T(T TU n-+m
= § // dXv1(1)~-»dXvn(+,,I )

o€Shuffles(n,m) <y <oicvpy <1

= > sFX),

KeluJ

Wlth (T1;~-~a7ﬂn+m) = (il,...,’in,jl,...,jm).

A.9 Proof of Theorem 1.13

This is a consequence of Stone-Weierstrass theorem. Indeed, let us consider the space
o = Span{fr : X = (er, S(X))pmgay|n >0,I C{1,...,d}"}.

&/ is a linear subspace of the set of continuous functions from D to R, denoted by € (D,R).
Endowed with the shuffle product, Theorem 1.12 ensures that it is also a sub-algebra. To apply
Stone-Weierstrass theorem we must check that it contains a non-zero constant function and that
it separates points. The first condition is met because the first term of the signature is one:
<€0, S(X)>T(Rd) =1.

The second condition is met by Theorem 1.6. Let X, Y € D, X # Y. By assumption, X and
Y are not tree-like equivalent, and therefore S(X) # S(Y'), which means that at least one of
their coordinates differ. By taking the corresponding basis there exists a function f in &/ such
that f(X) # f(Y). By Stone-Weitherstrass theorem, we conclude that o7 is dense in € (D, R),
which proves the theorem.
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B.1 Augmentations

We recall that an augmentation is a map
¢: S(RY) — S(R)P

We give below the precise definition of the different augmentations considered in the study,
which are summarized in Table B.1. These augmentations were not typically introduced using
such language, so this serves as a reference for how the existing literature may be interpreted
through the generalised signature method.

Throughout the section, we consider a sequence x = (z1,...,7,) € S(RY) and timestamps
= (t1,...,tn) € S(R). We recall that if x is regularly sampled then t is usually set to

t
t=(1,...,n).

Time augmentation We recall the definition of the time augmentation:

o(x) = ((t1,21),- ., (tn, 0)) € SR,

141
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It ensures uniqueness of the signature transformation and removes the parametrization invariance
(Levin et al., 2013).

Invisibility-reset augmentation First introduced by Yang et al. (2017), the invisibility-reset
augmentation consists in adding a coordinate to the sequence x that is constant equal to 1 but
drops to 0 at the last time step, i.e.,

o(x) = ((1,21),..., (Lzno1), (1, 20), (0,2,),(0,0)) € S(RH).

This augmentation adds information on the initial position of the path, which is otherwise not
included in the signature as it is a translation-invariant map.

Basepoint augmentation Introduced by Kidger and Lyons (2020), the basepoint augmenta-
tion has the same goal as the invisibility-reset augmentation: removing the translation-invariant
property of the signature. It simply adds the point 0 at the beginning of the sequence:

o(x) = (0,21,...,2,) € S(RY).

The main difference compared to the invisibility-reset augmentation is that the signature of
X is contained in the signature of the invisibility-reset augmented path, whereas it is not in
the signature of the basepoint augmented path. The price paid is that the invisibility-reset
augmentation introduces redundancy into the signature, and is more computationally expensive
due to the additional channel. (Recall that the signature method scales as O(d"), where d is
the input channels and N is the depth of the (log)signature.)

Lead-lag augmentation The lead-lag augmentation, introduced by Chevyrev and Kormilitzin
(2016a) and Flint et al. (2016) has been used in several applications (see for example Lyons et al.
(2014), Kormilitzin et al. (2016), and Yang et al. (2017)). It adds lagged copies of the path as
new coordinates. This then explicitly captures the quadratic variation of the underlying process
(Flint et al., 2016). As many different lags as desired may be added. If there is a single lag of a
single timestep, then this corresponds to

o(x) = ((x1,21), (T2, 1), (T2, T2), - ., (T, 7)) € S(R2Y).

Coordinate projections For multidimensional streams, one may want to compute the sig-
nature of a subset of coordinates individually, rather than the signature of the whole stream;
doing so restricts the interaction considered by the signature to just those between the projected
coordinates. Let x1,...,x4 € S(R) denote the different coordinates of x € S(R?).

Then we define the singleton coordinate projection as

o(x) = ((¢, x1), (t,x%),..., (t, xd)) € S(R?)4,
whilst considering all possible pairs of coordinates yields the augmentation
o(x) = ((t,xh,x%), (6, x1,x%), ..., (¢,x%,x971)) € S(R?) 1Y,
and all possible triples yields the augmentation

o(x) = ((t7x1,xl7x2), (t,x x' x%),..., (t,xd7xd,xd_1)) € S(R4)d(dz_1).
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Table B.1 — Summary of the different augmentations

e P Property
Fixed augmentations
None d 1
Time d+1 1 sensitivity to parametrization,
uniqueness of the signature map
Invisibility-reset d+1 1 sensitivity to translation
Basepoint d 1 sensitivity to translation
Lead-lag 2d 1 information about quadratic
variation,
uniqueness of the signature map
Coordinates projection dimensionality reduction
with singletons 2 d
with pairs 3 d(d—-1)
with triplets 4 d(d® —1)
Random projections e D dimensionality reduction
Learnt augmentations
Learnt projections e P data-dependent and linear
Stream-preserving neural network e 1 data-dependent

Multi-headed stream-preserving NN P data-dependent

g

The decision to always include a time dimension is a somewhat arbitrary one, and it may
alternatively be excluded if desired. (This is done so as to make sense of singleton coordinate
projections; otherwise the result is a collection of univariate time series, for which the signature
extracts only the increment due to the tree-like equivalence property.)

Random projections When the dimension of the input path is very large, Lyons and Ober-
hauser (2017) have proposed to project it into a smaller space by taking multiple random projec-
tions. Let e < d and let 4; : R? — R® be random affine transformations indexed by i € {1,...,p}.
Then ¢ is defined as

¢(X) = ((Alxl, e ,All‘n), ey (Apl‘l, ey Apl‘n)) S S(Re)p

Learnt projections Rather than taking random projections, Liao et al. (2019) learn it from
the data. This takes exactly the same form as the random projections, except that the A; are
learnt.

Stream-preserving neural network Kidger et al. (2019) introduce arbitrary learnt sequence-
to-sequences maps prior to the signature transform, and refer to such maps, when parameterised
as neural networks, as stream-preserving neural networks. For example these may be standard
convolutional or recurrent architectures. In general this may be any learnt transformation

é: S(RY) — S(R®).

Multi-headed stream-preserving neural network A straightforward extension of stream-
preserving neural networks is to use multiple such networks, so as to avoid a potential bottleneck
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through the single signature map that it is eventually used in. Letting ¢',..., ¢? be p different
stream-preserving neural networks, then this gives an augmentation

$(x) = (¢'(x),..., 9" (x)) € (S(R))".

B.2 Rescaling

The signature transform can be written as a sequence of tensors, indexed by k € {1,...,N}.
The k-th term is of size O(1/k!), as it is computed by an integral over a k-dimensional simplex.
It is typical that rescaling these terms to be O(1) will aid subsequent learning procedures.

One option is to simply multiply the k-th term by k!, which we call post-signature scaling.

However, it is possible that the previous option may suffer from numerical stability issues.
Thus we also explore the performance of an option, called pre-signature scaling, which may
alleviate this, which is to multiply the input x by some scaling factor & € R. Then the k-th
term will be of size O(«"/k1), and so by taking a = (N!)/~ the N-th term in the signature will
be O(1); the trade-off is that Stirling’s approximation then shows that the N/2-th term will be
of size O(2N/?).

B.3 Implementation details

B.3.1 General notes

Code All the code for this project is available at https://github.com/jambo6/generalised-
signature-method.

Libraries The machine learning framework used was PyTorch (Paszke et al., 2019) version
1.3.1. Signatures and logsignatures were computed using the Signatory library (Kidger and
Lyons, 2020) version 1.1.6. Scikit-learn (Pedregosa et al., 2011) version 0.22.1 was used for the
logistic regression and random forest models. The experiments were tracked using the Sacred
framework (Greff et al., 2017) version 0.8.1.

Normalisation Every dataset was normalised so that each channel has mean zero and unit
variance.

Architectures Two different GRU models were used on every dataset; a ‘small’ one with 32
hidden channels and 2 layers, and a ‘large’ one with 256 hidden channels and 3 layers.

Likewise, two different Residual CNN models were considered. The ‘small’ one used 6 blocks,
each composed of batch normalisation, ReLU activation, convolution with 32 filters and kernel
size 4, batch normalisation, ReLLU activation, and a final convolution with 32 filters and kernel
size 4, so that there are also 32 channels along the ‘residual path’. A final two-hidden-layer
neural network with 256 neurons was placed on the output. The ‘large’ is similar, except that it
used 128 filters in both the blocks and the residual path, had 8 blocks, used a kernel size of 8,
and the final neural network had 1024 neurons.

The logistic regression was performed three times with different amounts of L? regularisa-
tion, with scaling hyperparameters of 0.01, 0.2 and 1; for every experiment the regularization
hyperparameter achieving the best accuracy on the test set was used.

The random forest used the default Scikit-learn implementation with a maximum depth of 6
and 100 trees.
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Optimiser The GRU and CNN were optimised using Adam (Kingma and Ba, 2015). The
learning rate was 0.01 for the GRU, and 0.001 for the residual CNN. The small models were
trained for a maximum of 500 epochs; the large models were trained for a maximum of 1000
epochs. The learning rate was decreased by a factor of 10 if validation loss did not improve over
a plateau of 10 epochs. Early stopping was used if the validation loss did not improve for 30
epochs. After training the parameters were always rolled back to those that demonstrated the
best validation loss over the course of training. The batch size used varied by dataset; in each it
was taken to be the power of two that meant that the number of batches per epoch was closest
to 40.

Computing infrastructure Experiments were run on an Amazon AWS G3 Instance (g3.16xlarge)
equipped with 4 Tesla M60s, parallelized using GNUParallel (Tange, 2011).

B.3.2 Analysis of variations of the signature method

Splits The UEA archive comes with a pre-defined train-test split, which we respect. We take
an 80%/20% train/validation split in the training data, stratified by class label. For the Hu-
man Activities and Postural Transitions dataset, we take a 60%/15%/25% train/validation/test
split from the whole dataset. For the Speech Commands dataset, we take a 68%/17%/15%
train/validation/test split from the whole dataset. (These somewhat odd choices corresponding
to taking either 25% or 15% of the dataset as test, and then splitting the remaining 80%/20%
between train and validation.) These train/validation splits are only used for the training of the
GRU and CNN classifiers.

Combinations In total we tested 8569 different combinations.

The variations tested are divided into groups. The first group consists of the sensitivity-
adding augmentations, namely time, basepoint and invisibility-reset. Relative to the baseline
model, we test every possible combination of these. (Including using none of them.)

The second group consists of those other augmentations, namely the lead-lag, singleton coor-
dinate projection, pair coordinate projection, triplet coordinate projection, random projections,
learnt projections, and multi-headed stream preserving neural networks, and finally also the case
of no additional augmentation.

For the random projections, we consider four possibilities, with e € {3,6} and p € {2,5}, all
relative to the baseline model.

For no additional augmentation, lead-lag, coordinate projections, learnt projections, and the
multi-headed stream preserving neural networks, we compose them with the time, time-+basepoint
and time+invisibility-reset augmentations (the clear best three from the first group), all relative
to the baseline model.

For the learnt projections, we consider four different possibilities corresponding to e € {3,6}
and p € {2,5}; together with the time/time-+basepoint/time+invisibility-reset cases this yields
a total of twelve possibilities.

For the multi-headed stream-preserving neural networks, we again consider four different
possibilities corresponding to e € {3,6} and p € {2, 5}, for a total of twelve possible augmentation
strategies. In each the neural network operates elementwise, so as to map one sequence to
another, and is given by a feedforward neural network of three hidden layers separated by ReL.U
activation functions. When e = 3 the hidden layers have 16 neurons each, and when e = 6 they
have 32 neurons each.

For both the learnt projections and multi-headed stream-preserving neural networks, training
these requires backpropagating through the model, so these were only considered for the GRU
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Table B.2 — Summary of the number of combinations considered and omitted.

Variations # Variations # Classifiers # Omitted # Total
Combinations Combinations

Basic augmentations

(Figure 3.2) 6 6 t 936
Other augmentations (Figure 3.3)
Lead-lag/ None 3 6 100/27 468
Coordinates projection

3 6 12/12/54 468
(1)/(2)/) 2
Random projections 4 6 32 624
Learnt projections / MHSP 12 4 348/176 1248
Windows (Figure 3.4) 8 6 227 1248
Signature/ 12 6 361 1872
Logsignature transform
Rescalings (Figure B.2) 3 6 12 468
Total 1415 9984

and residual CNN model. (The logistic regression model would in principle be possible as well,
except that we ended up implementing this through Scikit-learn rather than PyTorch.)

We note that there are a great many possible ways of doing stream preserving neural net-
works, of which these are a small fraction. Their relatively weak performance here may likely be
improved upon with greater tuning on an individual task, or the selection of better final models
than were considered here.

The third group consisted of the different windows. Recall that the baseline model used
a global window; we then consider varying this to two possible sliding windows, two possible
expanding windows, and three possible dyadic windows. The two possible sliding/expanding
windows are chosen so that either 5 or 20 windows are applied across the full length of the
dataset. The three possible dyadic windows are depths 2, 3, 4. Thus in total there are 8 possible
window combinations we consider.

The fourth group consists of rescaling options, namely no rescaling, pre-signature rescaling,
and post-signature rescaling.

Omissions For the empirical study on the variations on the signature method, we excluded
those UEA datasets with a dimension d over 60, so as to reduce the computational cost. This
results removes 6 of the 30 datasets from the study, namely DuckDuckGeese, FaceDetection,
Heartbeat, InsectWingbeat, MotorImagery, and PEMS-SF. These were nonetheless used in the
demonstration of performance of the canonical signature method in Figure 3.6. Furthermore
those combinations of dataset /variation/model which produced more than 105 signature features
were omitted, to keep the computation managable. See Table B.2.

B.3.3 The canonical signature pipeline

For each dataset, we implement the following steps. First, the sequences are augmented with
time and basepoint augmentations. Then, we consider every combination of signature depth in
{1,2,3,4,5,6} and hierarchical dyadic window depth in {2,3,4}. For each of these choices, we
perform a randomized grid search on a random forest classifier to optimize its number of trees
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Table B.3 — Average run time (in seconds) for various experiments. mean (std), averaged over

all UEA datasets.

Classifier
CNN GRU LOngt.IC Random
regression forest
Time augment & Global window
(Baseline) 69.8 (98.0) 22.2 (31.8) 2.67 (7.09) 2.23 (4.84)
Augmentation
None 48.1 (63.5)  16.8 (33.6) 3.55 (9.91)  66.3 (321)
Lead-lag 48.58 (69.99) 15.2 (18.1) 5.76 (11.7)  3.35 (6.04)
Coordinates projection (1) 32.8 (31.49) 134 (17.8) 1.37 (4.2) 12.2 (59.3)
Coordinates projection (2) 415 (51.4)  22.6 (62.3) 3.01 (8.54)  42.3 (203)
Coordinates projection (3) 41.3 (39.9) 19.1 (24.5) 541 (9.76) 6.3 (14.1)
Random projection 62.2 (70.1) 21.1 (31.2) 0.86 (1.25) 1.4 (2.47)
Learnt projection 917 (1288) 752 (972) - -
Multi-headed stream-preserving 1051 (1677) 1758 (4442) - -
Window
Sliding 90.6 (120)  79.4 (175) 10.1 (27.4) 6.4 (16.0)
Expanding 102 (133)  68.7 (115)  9.98 (27.2)  7.17 (19.0)
Dyadic 725 (868)  56.9 (65.1) 12,5 (33.2) 7.59 (18.3)

and maximal depth parameters. We test 20 combinations randomly sampled from the following
grids:

n_trees = [50, 100, 500, 1000],
max_depth = [2,4,6,8,12, 16,24, 32, 45, 60, 80, None].

Note that a maximal depth set to ‘None’ means that the trees are expanded until all leaves
contain exactly one sample. Finally, we choose the combination of signature and hierarchical
dyadic window depths which maximise the out-of-bag score.

B.4 Additional results

B.4.1 Analysis of variations of the signature method

Running time To get a sense of the cost of each augmentation or window, we present the
run times of each augmentation/model combination, and each window /model combination. (The
times for varying between signature and logsignature, and between different rescalings, are largely
insignificant.) See Table B.3.

The run times are averaged over every UEA dataset. As the datasets are of very different
sizes this thus represents quite a crude statistic, and in particular produces very large variances,
so these are most meaningful simply with respect to each other.

Sensitivity-inducing augmentations broken down by dataset type Table B.4 shows the
average rank of each of the first group of augmentations (that add sensitivity to certain kinds of
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Table B.4 — Average ranks for different augmentations by type of data. Lower is better.

Augmentation

Time + Time +

Data type None Time Basepoint Invisibility-reset Basepoint  Invisibility-reset

EEG 3.88 3.50  4.00 2.00 4.00 3.63
HAR 5.00 295 4.8 3.65 2.00 2.55
MOTION 5.25 2.75 5.7 3.88 1.50 1.88
OTHER 4.43 331  4.88 3.19 2.87 2.31

perturbation) by dataset type, where the types are taken from Bagnall et al. (2018). (This may
be regarded as a companion to Table B.5.)

It is interesting to note that for EEG data, it seems better not to consider the time aug-
mentation, whereas it is the case for other applications. In particular the combination of time
and basepoint augmentations achieve the best ranks for human action and motion recognition
(HAR and MOTION in Table B.4). Recognizing an action may not be translation-invariant nor
invariant by time reparametrization.

Table B.5 — Average ranks for different augmentations by dataset characteristics. Lower is better.

Augmentation
Coordinates projection Random Learnt

None  Lead-lag (1) (2) (3) Projection  Projection MHSP
Data type
EEG 4.88 4.83 6.50 3.13 5.67 4.38 2.75 2.75
HAR 2.25 1.78 7.20  3.50 2.90 4.75 6.50 6.50
MOTION 2.63 1.75 7.00 4.50 2.13 5.00 7.33 5.00
OTHER 2.88 3.92 5.44 2.63 3.29 4.69 6.00 5.21
Series length
<50 3.20 2.20 7.40  3.20 2.70 5.10 7.00 5.20
50-100 2.20 1.33 6.00 4.10 2.75 6.20 4.80 5.10
100-500 2.28 2.57 7.28 3.50 2.63 4.17 6.63 5.33
>500 4.00 4.00 5.28 2.64 4.57 4.07 4.40 5.60
Dimension d
2 4.67 3.5 6.33 4.33 4.0 2.83 6.67 3.67
3-5 2.5 2.21 6.36 3.43 3.14 4.64 6.67 6.83
6-8 3.25 2.5 6.94 3.0 3.56 5.0 5.29 6.0
>8 2.25 3.75 6.31 3.19 2.5 5.19 5.29 4.19

Other augmentations broken down by dataset characteristichs Table B.5presents the
average ranks of the other augmentations borken down by some characteristics of the datasets.

Here we see that there is generally a better choice than doing nothing at all, but that this
better choice. For example on long or high-dimensional datasets, coordinate projections often
perform well, whilst multi-headed stream preserving transformations do substantially better on
EEG datasets. Lead-lag remains a strong choice in many cases.
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Depth study on the signature transform In the main text we focused on the difference
between the signature and logsignature transforms, and stated that larger depths must be chosen
by a bias-variance tradeoff. Here we consider varying the depth together with the choice of
signature or logsignature, and taking the best transform for each depth. See Figure B.1. We see
that larger depths do indeed generally correspond to increased performance, up to a point. The
optimal depth will depend on the complexity of the task, as the number of features increases
exponentially with the depth.

6 5 4 3 2 1

[= -
s

Figure B.1 — Critical differences plot for the depth study on the UEA datasets.

Rescaling critical difference diagram In Figure B.2, we see that pre-signature rescaling
performs significantly worse than the other two options and that no significant difference between
post-rescaling and no rescaling is found.

3

Fora

1

Pre J l-— None
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Figure B.2 — Performance of different rescalings

B.4.2 Complete results

We present in Tables B.6, B.7, B.8, B.9, B.10 and B.11 the performance of the different
signature variations on each dataset. The tables were obtained by maximizing the test accuracy
of the signature method over the different classifiers considered. Recall that some values are
omitted due to the large number of signature features that would be obtained.

B.4.3 Canonical signature method

In Table B.12 we give the full results for our canonical signature method on all UEA datasets,
together with the results of Ruiz et al. (2020) used in Figure 3.6.

Finally, we give in Table B.13 the hyperparameters that were selected for each dataset in the
signature pipeline model.
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Table B.6 — Accuracy of sensitivity-inducing augmentations per dataset

Augmentation

Dataset None Time Basepoint Invisibility-reset Brl;;z;fo;t Invigktgrlliiyirreset
ArticularyWordRecognition 96.0 96.3 95.7 96.3 97.7 97.0
AtrialFibrillation 46.7 46.7 40.0 33.3 40.0 40.0
BasicMotions 100.0 100.0 100.0 100.0 100.0 100.0
CharacterTrajectories 88.3 93.2 86.4 88.7 93.8 93.7
Cricket 91.7 94.4 94.4 97.2 97.2 95.8
ERing 80.0 92.6 77.4 89.6 91.9 92.2
EigenWorms 72.5 79.4 74.8 76.3 87.0 81.7
Epilepsy 84.8 89.9 91.3 91.3 97.1 94.9
EthanolConcentration 27.8 29.3 33.5 41.8 34.6 41.4
FingerMovements 55.0 52.0 57.0 58.0 55.0 56.0
HandMovementDirection 29.7 33.8 32.4 33.8 36.5 32.4
Handwriting 21.9 30.8 23.6 24.6 30.6 28.7
JapaneseVowels 85.4 85.1 97.3 98.1 97.3 98.1
LSST 42.0 47.4 44.0 44.4 50.9 48.7
Libras 72.8 84.4 65.0 75.0 80.0 77.2
NATOPS 81.7 88.3 79.4 79.4 91.1 92.2
PenDigits 91.1 97.1 88.3 93.1 96.8 97.1
PhonemeSpectra 4.7 8.2 4.3 5.7 10.0 8.1
RacketSports 78.9 80.3 78.9 82.9 82.9 81.6
SelfRegulationSCP1 81.6 83.3 76.8 84.0 75.4 85.0
SelfRegulationSCP2 57.2 56.7 56.1 56.7 56.1 55.0
SpokenArabicDigits 82.5 85.5 80.5 88.0 85.1 90.1
StandWalkJump 60.0 46.7 40.0 46.7 40.0 46.7
UWaveGestureLibrary 84.1 87.5 79.7 82.8 87.5 83.4
Human Activity 73.0 76.6 92.3 92.2 93.0 93.8
Speech Commands 71.4 75.9 74.7 74.9 79.7 79.5
Average rank 4.69 3.12 4.87 3.29 2.5 2.54

Table B.7 — Accuracy of other augmentations per dataset

Augmentation

Coordinates projection Random Learnt
Dataset None  Lead-lag (1) 2) (3) projection  projection MHSP
ArticularyWordRecognition 97.7 96.3 83.3 95.7 97.0 95.3 73.7 80.3
AtrialFibrillation 46.7 40.0 53.3 53.3 46.7 66.7 46.7 53.3
BasicMotions 100.0 100.0 80.0 100.0 100.0 100.0 97.5 87.5
CharacterTrajectories 93.8 95.3 43.9 93.2 93.8 93.3 89.6 91.1
Cricket 97.2 98.6 90.3 97.2 95.8 88.9 69.4 56.9
ERing 92.6 94.8 79.3 89.3 91.9 74.4 62.2 61.1
EigenWorms 87.0 87.8 50.4 84.0 89.3 78.6
Epilepsy 97.1 97.1 55.8 95.7 95.7 81.9 67.4 65.9
EthanolConcentration 41.4 39.9 42.2 43.3 42.2 30.4 32.3 30.0
FingerMovements 56.0 - 59.0 58.0 — 55.0 60.0 65.0
HandMovementDirection 36.5 31.1 31.1 40.5 37.8 37.8 33.8 44.6
Handwriting 30.8 33.5 11.3 27.8 30.0 21.6 12.6 13.2
JapaneseVowels 98.1 97.6 94.1 97.8 97.6 84.1 95.4 95.9
LSST 50.9 55.6 43.5 51.7 52.8 43.7 34.4 39.8
Libras 84.4 86.7 47.8 83.9 85.0 86.7 73.3 81.1
NATOPS 92.2 - 33.3 90.6 91.1 85.6 83.9 81.7
PenDigits 97.1 98.3 60.2 96.8 97.2 96.7 96.5 97.4
PhonemeSpectra 10.0 - 4.5 9.4 10.6 8.9 7.2 7.7
RacketSports 82.9 82.2 53.3 85.5 84.2 75.7 73.7 75.0
SelfRegulationSCP1 85.0 86.0 61.8 85.0 84.0 81.6 86.7 84.6
SelfRegulationSCP2 56.7 57.2 55.6 58.9 55.6 60.6 59.4 57.8
SpokenArabicDigits 90.1 96.6 58.5 86.0 90.0 83.0 88.0 86.0
StandWalkJump 46.7 40.0 40.0 53.3 40.0 53.3 — —
UWaveGestureLibrary 87.5 88.8 50.6 85.6 87.5 86.2 74.1 75.6
Human Activity 93.8 93.6 75.8 93.2 93.6 69.2 91.3 91.5
Speech Commands 79.7 14.9 77.1 70.2 76.1

Average ranks 2.9 2.77 6.52 3.33 3.23 4.71 5.83 5.31
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Table B.8 — Accuracy of windows per dataset

‘Window

Dataset Global  Sliding Expanding Dyadic
ArticularyWordRecognition 96.3 89.3 99.0 99.0
AtrialFibrillation 46.7 46.7 46.7 60.0
BasicMotions 100.0 100.0 100.0 100.0
CharacterTrajectories 93.2 94.6 96.9 97.1
Cricket 97.2 93.1 97.2 95.8
ERing 90.7 88.5 91.9 94.8
EigenWorms 80.2 74.8 78.6 76.3
Epilepsy 89.9 92.8 92.0 94.2
EthanolConcentration 30.4 38.8 30.0 35.7
FingerMovements 50.0 - - -
HandMovementDirection 33.8 33.8 36.5 33.8
Handwriting 30.1 21.5 30.2 27.2
JapaneseVowels 85.1 76.5 88.1 89.2
LSST 47.8 43.1 48.3 46.6
Libras 83.3 85.6 91.1 90.0
NATOPS 93.3 84.4 90.6 -
PenDigits 95.8 97.6
PhonemeSpectra 8.6 9.2 9.6 10.4
RacketSports 82.2 80.3 84.2 88.2
SelfRegulationSCP1 82.6 87.4 84.0 86.7
SelfRegulationSCP2 56.7 60.6 54.4 56.1
SpokenArabicDigits 85.5 91.5 93.7 96.6
StandWalkJump 46.7 53.3 46.7 53.3
UWaveGestureLibrary 86.6 79.4 89.1 89.7
Human Activity 76.1 73.0 80.4 81.7
Speech Commands 75.9 76.5 82.3 83.0
Average ranks 2.83 3.04 2.17 1.73

Transform

Dataset Signature Logsignature
ArticularyWordRecognition 97.7 97.3
AtrialFibrillation 60.0 53.3
BasicMotions 100.0 100.0
CharacterTrajectories 93.8 93.8
Cricket 100.0 100.0
ERing 90.0 89.3
EigenWorms 79.4 81.7
Epilepsy 93.5 91.3
EthanolConcentration 31.9 30.0
FingerMovements 59.0 56.0
HandMovementDirection 40.5 40.5
Handwriting 35.3 24.5
JapaneseVowels 85.9 86.8
LSST 52.0 46.4
Libras 90.6 87.8
NATOPS 89.4 91.7
PenDigits 97.8 97.5
PhonemeSpectra 8.9 7.6
RacketSports 85.5 84.9
SelfRegulationSCP1 84.0 83.3
SelfRegulationSCP2 57.2 56.1
SpokenArabicDigits 87.5 85.8
StandWalkJump 53.3 53.3
UWaveGestureLibrary 90.0 86.9
Human Activity 78.7 78.3
Speech Commands 75.9 76.3
Average ranks 1.25 1.75

Table B.9 — Accuracy of signature and logsignature transforms per dataset.



152 APPENDIX B. Supplementary material of Chapter 3

Table B.10 — Accuracy of rescaling choices per dataset

Rescaling

Dataset None Post Pre

ArticularyWordRecognition 97.3 97.0 97.7
AtrialFibrillation 53.3 53.3 46.7
BasicMotions 100.0 100.0 100.0
CharacterTrajectories 94.6 94.6 94.6
Cricket 98.6 97.2 97.2
ERing 93.7 93.7 93.0
EigenWorms 80.9 80.9 79.4
Epilepsy 92.0 92.0 91.3
EthanolConcentration 31.2 31.6 30.0
FingerMovements 54.0 54.0 50.0
HandMovementDirection 35.1 32.4 29.7
Handwriting 36.6 36.4 37.1
JapaneseVowels 87.3 85.9 85.7
LSST 55.8 55.6 55.4
Libras 85.0 86.1 84.4
NATOPS 92.8 92.8 91.7
PenDigits 96.6 96.7 96.7
PhonemeSpectra 8.0 8.1 8.2

RacketSports 84.2 84.2 83.6
SelfRegulationSCP1 79.5 83.3 84.6
SelfRegulationSCP2 56.1 57.2 56.7
SpokenArabicDigits 90.5 90.5 90.2
StandWalkJump 46.7 53.3 46.7
UWaveGestureLibrary 87.5 87.2 87.2
Human Activity 85.0 84.6 85.1
Speech Commands 77.0 75.7 75.9
Average ranks 1.73 1.92 2.35

Table B.11 — Accuracy of (log)signature depth per dataset.

Depth

Dataset 1 2 3 4 5 6
ArticularyWordRecognition — 83.3 96.0 97.3 97.7 95.3 -
AtrialFibrillation 40.0 40.0 60.0 33.3 40.0 53.3
BasicMotions 70.0 100.0 100.0 100.0 100.0 92.5
CharacterTrajectories 42.3 88.0 93.2 93.8 92.9 93.8
Cricket 30.6 93.1 97.2 98.6 100.0

ERing 77.0 89.6 90.0 89.3 88.9 84.8
EigenWorms 46.6 81.7 79.4 79.4 - -
Epilepsy 50.7 78.3 89.9 93.5 93.5 93.5
EthanolConcentration 25.5 30.8 30.0 31.2 31.9 27.4
FingerMovements 57.0 58.0 59.0 - - -
HandMovementDirection 40.5 36.5 37.8 39.2 32.4 -
Handwriting 7.3 22.4 32.4 33.3 35.3 32.7
JapaneseVowels 78.9 85.9 86.8 84.3 81.4 -
LSST 40.9 45.6 47.6 50.6 52.0 44.7
Libras 51.7 7.2 85.0 87.8 88.9 90.6
NATOPS 35.0 86.7 91.7 - - -
PenDigits 60.0 90.4 96.9 97.7 97.4 97.8
PhonemeSpectra 4.1 7.6 8.9 - - -
RacketSports 44.1 77.0 78.9 84.9 85.5 82.2
SelfRegulationSCP1 53.6 80.2 84.0 83.3 81.9 -
SelfRegulationSCP2 56.1 55.0 56.7 54.4 57.2 —
SpokenArabicDigits 52.1 85.8 85.5 87.5 — —
StandWalkJump 46.7 46.7 46.7 46.7 53.3 46.7
UWaveGestureLibrary 49.4 83.1 86.6 87.8 90.0 88.1
Human Activity 47.7 78.3 76.0 78.7 78.6 -
Speech Commands 14.8 69.6 76.3 - - -

Average ranks 4.73 3.44 2.62 2.48 2.38 3.04
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Classification method
Dataset DTWD DTWA DTWI HIVE MLCN MUSE  TapNet gRSF  Signature
COTE Pipeline

AWR 98.7 98.7 98.0 99.0 95.7 99.3 95.7 98.3 97.7
AtrialFibrillation 20.0 26.7 26.7 13.3 33.3 40.0 20.0 26.7 46.7
BasicMotions 97.5 100.0 100.0 100.0 87.5 100.0 100.0 100.0 100.0
Cricket 100.0 100.0 98.6 98.6 91.7 98.6 100.0 98.6 95.8
Epilepsy 96.4 97.8 97.8 100.0 73.2 99.3 95.7 97.8 95.7
EConcentration 32.3 31.6 30.4 79.1 37.3 47.5 30.8 34.6 43.3
ERing 91.5 92.6 91.9 97.0 94.1 97.4 90.4 95.2 94.8
FaceDetection 52.9 52.8 51.3 65.6 55.5 63.1 60.3 54.8 61.4
FingerMovements 53.0 51.0 52.0 55.0 58.0 55.0 47.0 58.0 52.0
HMD 18.9 20.3 29.7 44.6 52.7 36.5 33.8 41.9 20.3
Handwriting 60.7 60.7 50.9 48.2 30.9 52.2 28.1 37.5 37.9
Heartbeat 71.7 69.3 65.9 72.2 38.0 71.2 79.0 76.1 69.8
Libras 87.2 88.3 89.4 90.0 85.0 89.4 87.8 69.4 93.9
LSST 55.1 56.7 57.5 57.5 52.8 64.0 51.3 58.8 56.9
NATOPS 88.3 88.3 85.0 88.9 90.0 90.6 81.1 84.4 92.2
PenDigits 97.7 97.7 93.9 93.4 97.9 96.7 85.6 93.5 97.4
Racketsports 80.3 84.2 84.2 88.8 84.2 92.8 87.5 88.2 90.8
SCP1 77.5 78.5 76.5 85.3 90.8 69.6 93.5 82.3 78.8
SCP2 53.9 52.2 53.3 46.1 50.6 52.8 48.3 51.7 50.6
StandWalkJump 20.0 33.3 33.3 33.3 40.0 26.7 13.3 33.3 46.7
UWGL 90.3 90.0 86.9 89.1 85.9 93.1 90.0 89.7 90.9
Average Ranks 5.6 5.2 5.9 4.0 5.6 3.2 6.4 4.8 4.3

Table B.12 — Results of the signature canonical pipeline along with a selection of classifiers from
Ruiz et al. (2020) (including the top performing MUSE algorithm) with a Random Forest for

the UEA archive.

Signature hyperparmeters

RF hyperparameters

Other

Dataset Depth Dyadic depth Max depth ~ Num estimators Training time (s)
ArticularyWordRecognition 2 2 45 500 60.3
AtrialFibrillation 1 2 None 50 35.9
BasicMotions 2 2 24 100 19.3
CharacterTrajectories 4 2 80 500 181.4
Cricket 2 4 6 500 249.0
DuckDuckGeese 1 2 16 100 140.9
ERing 2 3 8 1000 16.7
EigenWorms 3 3 12 100 250.1
Epilepsy 2 3 8 1000 42.8
EthanolConcentration 2 4 24 1000 454.2
FaceDetection 1 4 8 1000 1816.2
FingerMovements 1 2 4 100 30.8
HandMovementDirection 2 2 None 50 66.3
Handwriting 6 2 32 1000 280.3
Heartbeat 1 4 None 50 45.1
InsectWingbeat 1 3 45 1000 5367.5
JapaneseVowels 2 3 6 1000 95.4
LSST 4 2 60 1000 1590.5
Libras 6 2 None 100 28.4
MotorImagery 1 3 24 50 347.1
NATOPS 2 3 32 1000 37.8
PEMS-SF 1 3 80 1000 252.3
PenDigits 3 2 80 1000 302.3
PhonemeSpectra 2 4 45 1000 2188.7
RacketSports 3 2 None 500 13.9
SelfRegulationSCP1 3 2 None 100 186.6
SelfRegulationSCP2 3 2 6 50 138.1
SpokenArabicDigits 2 3 45 1000 1204.0
StandWalkJump 1 3 2 50 101.5
UWaveGestureLibrary 2 2 60 500 21.8

Table B.13 — Hyperparameters used for each dataset in the signature pipeline model.
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C.1 Proof of Theorem 4.4

This section is devoted to the proof of Theorem 4.4. We will use extensively results from
van Handel (2014). The next two lemmas first show that it is sufficient to obtain a uniform tail
bound on the risk to control the convergence of m.

Lemma C.1. For any m € N,

Proof. Introducing ﬁmn(ﬁj;l) yields
En(m) - L(m) = ﬁ'mn(gm) —Rm(Br) = 7/émn(gm) - ﬁmn(ﬂfn) + ﬁm,n(ﬁrn) =R (Br,)-
Since B\m minimises ﬁm,n over By, 4, ﬁmn(ﬁm) — ﬁmn(ﬁfn) < 0, which gives

Ln(m) — L(m) € Royn(Br) — Run(Br) < o Romn(B) = Rn(B)]-

In the same manner,

L(m) = Ln(m) < sup |[Rpmn(B) — Rin(B)],
BEBm,a

which proves the lemma. O

155
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Lemma C.2. For any m > m*,

P( = m) <P(2 sup [Ryn(8) — R(B)| = pen,,(m) — pen,(m*)).

BEBm,a
Proof. For any m € N,
Pm=m)<P (Zn (m) + pen,,(m) < En(m*) + penn(m*))
=P (Lu(m") = Lu(m) > pen,,(m) — pen, (m")) .

Recall that, by the definition of the model (4.5), m — L(m) is a decreasing function and that
its minimum is attained at m = m*. Therefore, for any m € N, L(m*) < L(m), and Lemma C.1
yields
n(m*) = L(m*) + L(m") = L(m) + L(m) — Ln(m)
n(m*) = L(m") + L(m) = Ln(m)
< SUPBeRB,,« o ‘Rmm(ﬁ) - Rm(ﬁ)‘ + SupBeBm,JRm,n(ﬂ) - Rm(ﬁﬂ

For m > m*, B« o C By, o, which gives

Lo(m*) = Ln(m) < 25upgep,. [Rinn(B) — Run(B)],

and the proof is complete. O

From now on, we denote by Z,, , the centered empirical risk for signatures truncated at m:
for any 8 € B, a,

i=1

We will now derive a uniform tail bound on Z,, »(8), which is the main result needed to prove
Theorem 4.4. In a nutshell, we show that (Z, »(3))seB,, . is a subgaussian process for some
appropriate distance, and then use a chaining tail inequality (2014, Theorem 5.29) on Z,, .

Lemma C.3. Under the assumptions (H,) and (Hg), for anym € N, the process (Z, n(5))
is subgaussian for the distance

BEBm o
K

D(B,7) = Tn

where the constant K is defined by (4.6).

18 =, (C.1)

Proof. By definition, it is clear that EZ,, ,,(8) = 0 for any 8 € B, o. Let lix,y): Bm,a — R be
given by

Uxy(B) = (Y = (B8, 8™(X)))°.
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We first prove that ¢(x y) is K-Lipschitz. For any (3,7 € By a,

vy (8) = Lixry ()] = [(Y = (8,5™(X)))* = (V = (5,5™(X)))”

|
< 2max (|Y = (8, 5™ () [V = (1.5™(X))]) x [{8 . 5™(X))]
(because |a? — b%| < 2max(|al, |b])|a — b])
< 2max (Y = (8, 5™ (X))],|Y = (.87 (X)) x [|s™(X)]| 18 =1
(by the Cauchy-Schwartz inequality).
Moreover, by the triangle inequality and Cauchy-Schwartz inequality,
Y = (8,5™(X)| < Y]+ [|S™X)[I8Il < Ky +af| S™(X)],

and, by Proposition 4.3,
HSm(X)H < elXlirv < oFx

Consequently, |Y — <ﬂ, Sm(X)>} < Ky + aefx | and

|£(X,Y)(5) - E(X,Y)(’Y)} < 2(KY + aer)er 18—~ =K|B—~|-

Therefore, by Hoeffding’s lemma (2014, Lemma 3.6), £(x yv)(8) — {(x,y)(7) is a subgaussian
random variable with variance proxy K?2||3 — v||?, which gives, for A > 0,

VK ||ﬁ—v||2>'

Bexp (At () ~ e ()~ E(Cin(®) ~ e () ) < oo (250

From this, it follows that
M Zonn (B)=Zm () _ Ay
B 7D =Zmn ) = Bexp (23 ixv (8) = Lixavn (M) = E(fix, v (8) = Lix, v ()
=1

- A
= H]EGXP (n (K(thi)(ﬁ) —Lix vy () —E(lx, v (B) — f()ﬁ,m)(ﬂ)))
=1

NEK? |8 — | N’D(8,7)”
e (Mg ) = e (FPE),
where D(3,7) = K”\B/%WH, which completes the proof. O

We can now derive a maximal tail inequality for Z,, ,,(8).

Proposition C.4. Under the assumptions (H,) and (Hg), for anym € N, z > 0, By € By a,

2

sq(m) x*n
P Zmm(B) > 1 Kay| 2+ Zm < _ ,
(ﬁesgga (8) 08vTKo - + Zmn(Bo) + x) 36 exp ( 144[(2&2)

where the constant K is defined by (4.6).

Proof. By Lemma C.3, Z,, ,, is a subgaussian process for D, defined by (C.1). So, we may apply
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Theorem 5.29 of van Handel (2014) to Z,, ,, on the metric space (B, o, D):

P( sup Zm,n(ﬂ)_ mn(ﬂo >36/ \/IOg momD))dE"_x)

BEBm,a
2

<36 ( zén )
e A
= VP T 36 % 4K2a2 )
where N (g, B, o, D) is the e-covering number of By, , with respect to D, and where we use that
2K«
v

Moreover, N (g, By o, D) = N(%&Bm,a, I, and so, by Lemma 5.13 of van Handel (2014),

3Ka\ %™ Ko
N(E,Bm7a7D)§ (ﬁg) lf€<%,

diam(By,.,) =

and
N(g, Bpm,a, D) = 1 otherwise.

Therefore,

/ \/log By, D dsf/\m \/log B, D))de
</”\/ a(m )10g<?j<ﬁ )da

< 3Kay/ 24 / 222 exp (—22) dw = 3K ™) (C.2)
where in the second inequality we use the change of variable x = 4 /log (3/[@) O

Since P(m # m*) = P(m > m*) + P(m < m*), we divide the proof into two cases. Let us
first consider m > m* in the next proposition.

Proposition C.5. Let 0 < p < 1, and pen, (m) be defined by (4.7):
pen, (m) = Kpenn™ ?+/sa(m).
Let ny be the smallest integer satisfying

; >< 432/ K ay/sa(m* + 1) )1/(5‘”
'\ Kpen(Vsa(m® + 1) — y/sa(m"))

Then, under the assumptions (Hy) and (Hg), for any m > m*, n > nq,

P(m =m) < Tdexp ( — C3(n*=2 + Sd(m)))7
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where the constant C3 is defined by

dT}'L *4+1

C, = pen .
57 128sg(m* +1)(72K%a2 + K2)

Proof. Let

Um,n =

(pen (m) — pen, (m*)) = 2220 (V/sgfm) — /aalm"))-

As m — pen,(m) is increasing in m, it is clear that w,, , > 0 for any m > m*. From Lemma
C.2, we see that

w\'—*

P (i =m) <P( sup |Zypn(B)] > i, )
/BEB’VY'L,OL

= ]P)( sup Zm,n(ﬂ) > um,n) “"P( sup (_Zm,n(ﬂ)) > umv”)'
BEBm,a BEBm,«

We focus on the first term of the inequality, the second can be handled in the same way since
Proposition C.4 also holds when Z,, ,(8) is replaced by —Z,, »(5). Let Sy be a fixed point in
B, that will be chosen later, we have

]P’( sup Zmn(B) > Um,n) = ]P’( SUp Zmn(B) > Ummn, Zmn(Po) < um’">
BEBum o BEBm.a 2

+]P)< sup Zm,n(ﬁ) > Um,n, Zm,n(BO) > um,n)
BEBm o 2

SIP’( sup Zmn(B) > m,n(ﬁo))

BEBm,a

+ P(zm,n(ﬁo) > “’;") (C.4)

We treat each term separately. The first one is handled by Proposition C.4. To this end, we

need to ensure that “3* — 108K« M is positive. By definition,

~ —108Ka L‘gm) = pe“ 0 (Vsa(m) = v/sa(m*)) = 108Ka Lsdém)

_ Sd(m)n_pren [ sa(m*) 2 X 108\/7?K04np_%
2 sa(m) Kpen

Kpcn 1_ Sd(m*) . 216\/7?K0énp7% '
2 sa(m* +1) Kpen

> v/sa(m)n=*

Let nq € N be such that

1 sa(m*) 216fKanp 1 1 1 sa(m*)
sq(m* 4+ 1) Kpen S sd(m* +1)
432/t K * 1
o n s ( VTKay/sqa(m* + 1) )
pcn \/sd m* + 1) \/sd m*)
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then, for any n > nq,

—“”2” 108Kay) ™) 5 /e pe“ (1 [ galm) ) > 0.
Sa

(m* + 1)

Hence, Proposition C.4 applied to z = 2= — 108/TKa/ Sd(m) now shows that, for n > ny,

P(ﬂesgp Zmn(B) m,n(ﬂo))
< 36 _n (g, [T
SR T TRz 2 W,

sa(mn' = K2, sa(m?) '\’
< — 1o Ba\m)
< 30exp < 144K2%02 x 16 sa(m* + 1)

= 36exp ( - ﬁlsd(m)nl_Q"), (C.5)
where
. 2
py— e ([ sam) T
2304 K202 sa(m* + 1)
We now turn to the second term of (C.4). Since
m 2 2
Y = (Bo, S"(X)[* < (Ky + | Bolle"*)*  as. ,

Hoeffding’s inequality yields, for n > nq,

2

P(Zial) > “52) <o (= )
2 8(Ky + [|Bolle®x)

o ()

32(Ky + |Bolle*x)”

~o (-

n1-20 F2 m o 2
( Kyfﬂ(;loﬂe(KX)) (1_ Sd(;iT(L* +)1>)>
(-

Kkon' = s4(m)) (C.6)

| /\

exp

where

32(Ky + || Bolle®x) sa(m* +1)
Combining (C.5) with (C.6), we obtain

]P’( sup Zmn(B) > umn> < 36exp ( - mnlﬂpsd(m)) + exp ( — /ignldpsd(m))
Beer,a

< 37exp (— Kgn'"*sq(m)) < 37exp ( - %(nk% + sd(m))),
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where k3 = min(k1, k2). The same proof works for the process (—Z,, (8)), and consequently
P(m=m) <2 x 37exp ( - %(nlf% + sd(m))>

We are left with the task of choosing an optimal 5y. Since

k3 = min(k H)—ngn 1-— M 2min ! 1
> salm*+1) R0 (K 1 | Bolekx)? )

it is clear that 3 is maximal at 8y = 0, which yields

Ko = ngn 1 _ Sd(m*) ? min 1 L
D) sq(m* +1) 72K20% K% )

Noting that

dm*+l
2 9

Vsa(m* +1) = \/sa(m*) = /d™"+1 4+ s4(m*) — \/sa(m*) >

where we have used the fact that for a,b > 0, v/a + vb > v2va + b, letting

K2 dm*+1

pen

1
Oy = -
37 9% Gdsq(m + 1)(12K%a2 + K2)

completes the proof. O

To treat the case m < m*, we need a rate of convergence of Zn This can be obtained with
arguments similar to the previous proof.

Proposition C.6. For any e > 0, m € N, let no € N be the smallest integer such that

4322 K2ma®sq(m)

ng > g (C.7)
Then, for any n > na,
P(’Zn(m) — L(m)| > ¢) < Tdexp (— Cyne?),
where the constant Cy is defined by
o ! (C.8)

T 2(1152K20® + K2)’
Proof. By Lemma C.1,

P(|L,(m) — L(m)| > ¢) < IP( sup | Zmn(B)| > 6)

€Bm,a
- P(nggazwm >e)+ P(ﬁes;ga (~Zumn(8)) > ).
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Let us fix By € By, We can now proceed as in Proposition C.5. Since, for n > ng,

€ 108K an ] TEAm)

g
> - >0,
2 4

Hoeffing’s inequality and Proposition C.4 show that

P( sup Zuna(B)>¢) P s Zna(B) > 5 + Znn(50) +P(Zmn(fo) > 3)

BEBm.a BEBm.a 2

2
< 36 exp < - L(f — 108K« “d(m)) >

144K2a2 \2 n

2
< 36 exp

+exp( = >
2(Ky + ||50||6KX)
ne
( 2304K2 2>+6Xp<7 Q(Ky+|ﬁo||€KX)2)
(=

< 37exp (—kqne )

where

. 1 1 )
K4 = mMin ) .
<2304K2a2 2(Ky + [|Bolle®x)’

The same analysis can be done to (—Z, »(8)), and so

P <|En(m) — L(m)| > s) < Tdexp (—rane?).

Moreover, taking Sy = 0 gives

1 1 1
K4 = min , > =y,
: (2304K2a2 2(Ky + IﬂoeKX)2> = 2(1152K202 + K2) !

which completes the proof. O

This allows us to treat the case m < m*.

Proposition C.7. Let 0 < p < 3 and pen, (m) be defined by (4.7). Let ng be the smallest

integer satisfying

2/5q(m*) 1/p
ns 2 <_L(’[7’L*—]_)—0'2(432Ka\/7?+ ern)) . (09)
Then, under the assumptions (H,) and (Hg), for any m < m*, n > ns,
- Cy . . 2
P(m =m) < 148 exp ( —nr (L(m) — L(m*) — pen,,(m*) + pen,,(m)) ),

where the constant Cy is defined by (C.8).
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Proof. This is a consequence of Proposition C.6. For any m < m*,

P( = m) < P (Ln(m) = Lo(m") < pen, (m*) — pen,, (m))
= P(La(m*) = L(m") + L(m) = Lu(m) = L(m) — L(m") = (pen, (m") = pen,,(m)))
< B(|Eulm) — Lim)| > 5 (L(m) ~ L(m*) — pen, (m*) + pen, (m)))
+B(|Bu(m*) — Lm*)| > 3 (L(m) — L(m*) — pen, (m*) + pen, (m)) ).

In order to apply Proposition C.6, we first need to ensure that L(m) — L(m*) — pen,,(m*) +
pen,, (m) is strictly positive. Recall that m — L(m) is a decreasing function, minimal at m = m*
and then bounded by 2. Recall also that m ~ pen,,(m) is strictly increasing. This gives, for
m < m*:

L(m) — L(m*) — pen, (m*) + pen, (m) > L(m* — 1) — 0% — Kpean *v/5a(m*).
This implies that it is enough that
1
L(m* —1) — 0 — Kpenn™?/84(m*) > i(L(m* —1)—a?) (C.10)

to ensure that L(m) — L(m*) — pen,,(m*) + pen,,(m) > 0. This yields a first condition on ng:

1
2K peny/8a(m*)\ »
el e A I C.11

n3_<L(m*—1)—02 (C.11)
However, to apply Proposition C.6, we also need ng to satisfy (C.7) , which writes

4322 K2ma®sq(m)
(L(m) — L(m*) — pen,, (m*) + pen,, (m))?’

ng >

If ng satisfies (C.11), we can bound the right-hand side uniformly in m:
4322 K?ra?s4(m) < 4 x 4322 K?ma?s4(m*)
(L(m) — L(m*) — pen,,(m*) + penn(m))2 T (L(m*=1) = 0?)?

_ <2 x 432Ka\/m)2'

L(m* —1) — o2

We can assume that this quantity is larger than 1, as otherwise the condition on n3 will be
trivially satisfied. Then, as p < %, it is enough for ng to satisfy

2K peny/Ssa(m*) 2 x 432Ka\/7rsd(m*)>1/p

L(m*—1)—02" L(m*—1)— 02

ng > max<

or in a more compact form that

o ((2(Kpen + 432K ay/m)/sa(m*) 1e
s = Lim* —1) — 02 '
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We conclude by applying Proposition C.6 to both terms with

e = 3 (L(m) — L(m*) ~ pem,, (m*) — pen, (m)

We are now in a position to prove Theorem 4.4.

Proof of Theorem 4.4. The result is a consequence of Propositions C.5 and C.7. For this, we first
need to ensure that the conditions on n (C.3) and (C.9) are satisfied. Thus, we need to bound

v/ Sa(m* L/e
M = max ((2:1(1)_)(432Ka\/7?+ern)> ,

L(m* o?

( 432K o\/sq(m* + 1) )1/<;p>>
ern(\/Sd(m* +1)— \/sd(m*)) ’

If 5 = min(p, § — p), then

M < ((432Kaﬁ+ Kpen)V/ sa(m* + 1) x

(o 1 )
max Lim* —1)— o2’ ern(\/sd(m* +1) - \/Sd(m*)>

NGl 1/p
L(m* —21) —o2 " ernWQW)) |

Therefore, condition (4.8) implies that (C.3) and (C.9) are satisfied. Splitting the probability
P (m # m*) into two terms now gives

< ((432Kaﬁ + Kpen) v/ sa(m* + 1)(

P(i#m*) =P(m>m")+P(Mm<m’)< > P@m=m)+ » P(h=m).

m>m* m<m*

On the one hand, Theorem C.5 shows that, for n > ny,

Z P(m=m) < 74e=Can' ™ Z e~ Cssalm)

m>m* m>m*

and, on the other hand, Proposition C.7 gives

m<m* m=0

< 148m* exp (— %n(L(m* —1)—0?%)),

where we have used that for n > ng, (C.10) is true. Letting

Cu(L(m* —1) — 0—2))

K5 = min (Cg, 3
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yields

2p

P (T?L # m*) < 746*"65”1_2” Z e*CBSd(m) 4 148m*e rsm < 0167'@5”1_ 7

m>0

where
Cr=T4) e @l 4 148m*.

m>0

To complete the proof, it remains to find a lower bound on ks:

L *_ 1) — 2
k5 = min (Cg, Ca(L(m 5 ) =0 ))
o K2,,dm™ 1 L(m* —1) —o?
— P 128s(m + 1)(72K202 + K2)’ 16(1152K202 + K2)
1 Kg dm*+1 )
> in (=22 Lmr—1)— ) — Cs.
= 16(1152K2a2 + K2) (SSd(m* Tyt - e 2

C.2 Proof of Corollary 4.5

First, let us note that

E((Bar ™ (X)) = (B3nes S™ (X)) = E(Ria(B)) = Rom (B3-).

Moreover, we have a.s.

=R (Bm) — Ra(B5) + Rn(B5) — R (B}
= Ra(Ba) — Ravn(Bm) + Rivn (Ba) — R (B)
+ Rinn(B5) — Ria(B) + R (B) — R (B}-)
< Ra(Bm) = Ran(Br) + Ravn(B5) — R (85) + R (B5) — R (Bl
<2 sup [Ran(B) — Ra(B)| + Ra(Bs) — R (Br-)

We decompose the proof into two lemmas.
Lemma C.8. )
E( sup  [Rpmn(B) — Ra 5)|> = O(*)
o | (8) ( NG

Proof. From Corollary 5.25 of van Handel (2014) and (C.2), for any m € N,

B( 5w [Rnn(3)~ Rn(3)]) <12 [ \flon(N (B D)

BEBWL,Q
= 36Kay/ sd(m)\/z,
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where N(Bp, o, D, €) is the e-covering number of B,, , with respect to the distance D, defined
by (C.1). This gives, for m = m,

B sup Iﬁm,n(ﬁ)—Rm(ﬁ)I)S%Ka\/ZlE( Sa)-

BEBm o

To compute this expectation, Proposition C.5 yields

IE( sd(fﬁ)) = 3 VesamPB@m=m)+ Y Vsam)P(im = m)

m<m* m>m*
< + D)Veam) + S eam)Taexp (= Ca(n' =2 + s4(m)))
m>m*
< (m* 4+ 1)v/sa(m*) + e=Csn' Z V/sa(m)74exp (= Cssq(m))
m>m*
=0(1),
which completes the proof. O

Lemma C.9. B
(R (Bh) — Rons (B5.)) = O(e= 2",

where the constant Cy is defined by (4.10).

Proof. Since, for any m € N,
(B S™(X))? < IBEIBNS™ (X)I3 < a?eh,
it follows that
E(Ra(85) = Rone (Biue)) = E((V = (B3, S™(X))” = (¥ = (B, 8™ (X)))")
=E((<ﬂm*, T(X)) e~ (B, ST(X))? — )
E(((87- 8™ (X)) = (85, 5™(X))°)

By Theorem 4.4, this yields
E(Rﬁl(ﬂt) — R+ (ﬂm*)) < 20£2€KXC e*CQn _ 0(6702711—2,,)7

m

where Cy and Cy are defined by (4.9) and (4.10).

Combining these lemmas, we conclude that

E({Bm, S™(X)) = (B, S™ (X)) = O(

4+
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D.1.1 Writing the GRU and LSTM in the neural ODE framework
GRU. Recall that the equations of a GRU take the following form: for any 1 < j < T,

riz1 = o(Wrzjt1 + b, + Urhy)

zjt1 = o(W.zj11 + b, + Ushy)

njp1 = tanh(Wyaj 1 + by + rjg1 * (Unhy + ¢))

hjt1 = (1= 2zj41) * hj + zj1 %14,
where o is the logistic activation, tanh the hyperbolic tangent, * the Hadamard product, r; the
reset gate vector, z; the update gate vector, W,., U, W, U,, W, U,, weight matrices, and b,.,

b., by, ¢, biases. Since rji1, 241, and n;1 depend only on x4, and hj, it is clear that these
equations can be rewritten in the form

hjy1=hj + f(hj, 1)

We then obtain equation (5.1) by normalizing f by /7.

LSTM. The LSTM networks are defined, for any 1 < j <T, by

ij+1 = o(Wizjt1 + bi + Ushy)

fivr = o(Wyzj1 +bp + Ushy)

gj+1 = tanh(Wyzj 1 + by 4+ Ughy)

0j+1 = 0(Worjt1 + by + Ushy)

Ci+1 = fi+1 % ¢j +ij41 % gjtr

hji1 = 0j11 * tanh(cjy1),
where o is the logistic activation, tanh the hyperbolic tangent, * the Hadamard product, 7; the
input gate, f; the forget gate, g; the cell gate, o; the output gate, c; the cell state, W;, U;, Wy,

Ug, Wy, Uy Wy, U, weight matrices, and b;, by, by, b, biases. Since j41, fj+1, gj+1, 0j+1 depend
only on z;41 and h;, these equations can be rewritten in the form

hjyr = fi(hj, zj11,¢541)
cj+1 = falhj, xj41,¢5).

Let izj = (h;'—7c;r)—r be the hidden state defined by stacking the hidden and cell state. Then,

clearly, h follows an equation of the form

hjsr = f(hj,@j41).

We obtain (5.1) by subtracting h; and normalizing by 1/7.

D.1.2 Picard-Lindelof theorem

Consider a CDE of the form (5.8). We recall the Picard-Lindelof theorem as given by Lyons
et al. (2007, Theorem 1.3), and provide a proof for the sake of completeness.

Theorem D.1 (Picard-Lindeléf theorem). Assume that X € BV([0,1],R?) and that F is
Lipschitz-continuous with constant Kg. Then, for any Hy € R®, the differential equation (5.8)
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admits a unique solution H : [0,1] — Re.

Proof. Let €(][s,t]),R°) be the set of continuous functions from [s, ] to R¢. For any [s,¢] C [0, 1],
¢ € R, let ¥ be the function

U ¢([s,]),RE) — €([s, 1], R®)

Y (v (+ /” F(Y,)dX.,).
For any Y)Y’ € €([s,t]),R®), v € [s,t],
[e(¥), =) ll < [ [[(F(Ya) - F(Yy))dX.||

< ”F(YU) - F(Yqi)HopHquH

S

< / KellYa — Y.[[ldX, |

v
< KplY - Y’Hoo/ 1dx|
< KellY = Yool Xllrv o

This shows that the function ¥ is Lipschitz-continuous on €([s, t]), R®) endowed with the supre-
mum norm, with Lipschitz constant Kg||X||py,s. Clearly, the function ¢t — || X[z, is
non-decreasing and uniformly continuous on the compact interval [0, 1]. Therefore, for any € > 0,
there exists § > 0 such that

[t —s| <6 =|I1Xllrvio.q — I XlTvi0.s] <e

Take ¢ = 1/kr. Then on any interval [s,#] of length smaller than &, one has || X||7v,[s =
1 XNl7vij0.6) — 1 X[l 7vs0,5) < 1/Kr, s0 that the function W is a contraction. By the Banach fixed-
point theorem, for any initial value ¢, ¥ has a unique fixed point. Hence, there exists a solution
to (5.8) on any interval of length ¢ with any initial condition. To obtain a solution on [0, 1] it is
sufficient to concatenate these solutions. O

A corollary of this theorem is a Picard-Lindel6f theorem for initial value problems of the form
dHt = f(Ht7Xt)dt7 HO = Ca (Dl)
where f:R® x R - R®, ¢ € Re.

Corollary D.2. Assume that f is Lipschitz continuous in its first variable. Then, for any
¢ € R®, the initial value problem (D.1) admits a unique solution.

Proof. Let fx : (h,t) — f(h,X;). Then the solution of (D.1) is solution of the differential
equation
dHt = fX(Ht,t)dt

Let d =1, é=e+ 1, and F be the vector field defined by

pones (07,
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where h'*® denotes the projection of h on its first e coordinates. Then, since fx is Lipschitz, so
is the vector field F. Theorem D.1 therefore applies to the differential equation

dH; = F(H;)dt, Ho=(¢",0)"

Projecting this differential equation on the last coordinate gives dH T = dt, that is, Hf ™! = t.
Projecting on the first e coordinates exactly provides equation (D.1), which therefore has a
unique solution, equal to H*. O

D.1.3 Operator norm
Definition D.1. Let (E, || ||g) and (F, ||| r) be two normed vector spaces and let f € L (E,F),
where £ (E, F) is the space of linear functions from E to F. The operator norm of f is defined
by

[fllop = sup  [If(u)l[p-

'U«GE,‘ u E:l
Equipped with this norm, £ (E, F) is a normed vector space.

This definition is valid when f is represented by a matrix.

D.1.4 Tensor Hilbert space

Let us first briefly recall some elements on tensor spaces. If ey, ..., eq is the canonical basis of
RY then (e;, ® -+ ® €5, )1<iy.....ix<d is a basis of (RY)®*. Any element a € (R?)®* can therefore
be written as

a = E a(llp.q’bk)el,l ®®62k’
1<iy,...,ix<d

where a(1-+%) € R. The tensor space (R?)®* is a Hilbert space of dimension d*, with scalar
product

@b gor = 3 bl

1<iy, . ip<d

and associated norm || - ||(gayer-

We now consider the space Z defined by (5.6). The sum, multiplication by a scalar, and scalar
product on 7 are defined as follows: for any a = (ag,...,ak,...) € T, b= (boy...,bk,...) € T,
A ER,

a+ b= (ag+ Abo, ..., ax + Abg,...) and Zak,bk (Ra)ok,
k=0

with the convention (R%)®° = R.
Proposition D.3. (J,+,-,(-,-)7) is a Hilbert space.
Proof. By the Cauchy-Schwartz inequality, (-, ) 7 is well-defined: for any a,b € 7,

o0
< Haw, bi)gayor| < Z llak |l (mayor |0k || (mayon
k=0 k=0

< (X aalaner) (3 Ioulasyen) * < oo
k=0 k=0
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Moreover, 7 is a vector space: for any a,b € 7, X\ € R, since
a+ b= (ag+ Abg,...,ar + A, ...),
and

Sk + AbilZasyor = 3 larlZanyer + A3 4] Zaaren
k=0 k=0 k=0

+ 2\ Z(ak, bk>(Rd)®k
k=0

< Z HakH%]Rd)@v + A2 Z ”bk”%Rd)@c +2XMa,b) 7 < o0,
k=0 k=0

we see that a + A\b € . The operation (-,-) & is also bilinear, symmetric, and positive definite:

(@,0)7 =0 > |lakl|fpayer = 0 Vk € N, [l fpayer =0 Yk €N,ap =04 a =0.
k=0

Therefore (-,-) 7 is an inner product on .7. Finally, let (a(™), ey be a Cauchy sequence in 7.
Then, for any n,m > 0,

la™ —a™1% = 3" al — al™ [Peser,
k=0

so for any k € N, the sequence (a,(cn))neN is Cauchy in (R%)®*. Since (R?)®* is a Hilbert space,
(™) nen converges to a limit a\™ € (R)®E. Let a®) = (a{™,...,al™,...). To finish the
proof, we need to show that a(>) € 7 and that a(™ converges to a(°>) in .7. First, note that
there exists a constant B > 0 such that for any n € N,

la™]7 < B.
To see this, observe that for € > 0, there exists N € N such that for any n > N, [[a(™ —a™)|| 7 <
g, and so [[a™ |7 < e+ [[a®™)| 7. Take B = max(||aV||#,...,[|a™ | 7,e + [[a™ || 7). Then,
for any K € N,

K
3 llag Zayen < llat™ ] < B.
k=0

Letting K — oo, we obtain that ||a(>)| # < B, and therefore a(>) € .7. Finally, let ¢ > 0 and
let N € N be such that for any n,m > N, [|a™ —a(™)| 5 < e. Clearly, for any K € N,

K
S llag” = a™ [y en < €2
k=0
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Letting m — oo leads to

K
Z ||a,(€n) — Cl’(COO)”?Rd)@k < &‘2,
k=1

and letting K — oo gives
||a(n) — a(w)”y <e,

which completes the proof. O

D.1.5 Bounding the derivatives of the logistic and hyperbolic tangent
activations

Lemma D.4. Let o be the logistic function defined, for any © € R, by o(x) = 1/(1+e=*). Then,
for anyn >0,
|6]|0e < 27 nl.

Proof. For any = € R, one has (Minai and Williams, 1993, Theorem 2)

jasy n+1

&m@):E:@Jf_%h—U% N }a@ﬁ,

k=1

where {}'} stands for the Stirling number of the second kind (see, e.g., Riordan, 1958). Let
n+1
n+1
n = E—1)
CRPYE

for n > 1 and ug = 1. Since 0 < o(z) < 1, it is clear that |o(™) (z)| < u,. Using the fact that the
Stirling numbers satisfy the recurrence relation

n+1 n n
=k
{ K } {k}+{k—1}’
valid for all 0 < k < n, we have

G R IR i A I SE AR T
(since {3} =0)

~ n
<9 3" o, .
< n;(k ) {k} NUp—1

Thus, by induction, u,, < 2"~ 'n!, from which the claim follows. O

Lemma D.5. Let tanh be the hyperbolic tangent function. Then, for any n > 0,

[tanh(™ ||, < 4™n!.
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Proof. Let o be the logistic function. Straightforward calculations yield the equality, valid for
any x € R,
tanh(z) = 20(2z) — 1.

But, for any n > 1,
tanh™ (z) = 2"+ 0 (™ (22),

and thus, by Lemma D .4,
[tanh™ || < 2700 < 40!,

The inequality is also true for n = 0 since |[tanh| o < 1. O

D.1.6 Chen’s formula

First, note that it is straightforward to extend the definition of the signature to any interval
[s,t] € [0,1]. The next proposition, known as Chen’s formula (Lyons et al., 2007, Theorem
2.9), tells us that the signature can be computed iteratively as tensor products of signatures on
subintervals.

Proposition D.6. Let X € BV([s,t],R?) and u € (s,t). Then
S[s,t] (X) = S[s,u] (X) & S[u,t] (X)

Next, it is clear that the signature of a constant path is equal to 1 = (1,0,...,0,...) which
is the null element in .7. Indeed, let Y € BV/([s,t],R%) be a constant path. Then, for any k > 1,

chs,t]:k! // dYM@...@dYuk:k! // 0I®---®0=0.
s<ur < <up <t s<uy < <up <t

Now let X € BV([0,1],R%) and consider the path Xm equal to the time-augmented path X
on [0,7/7] and then constant on [i/T, 1]—see Figure D.1. We have by Proposition D.6

Si0.11(Xp1) = Sto.771(Xj1) © Spypr1(Xp51) = Sjo,i/21(X) © 1 = Spo 171 (X).

0.8 — X 0.8 \
0.7 0.7 \
\ A
0.6 0.6 \ / X
/ X
0.5 0.5 \ / =
\ / Xp2
N / — X
0.4 0.4 \ /N / y
\. .......... foen .\.\ O N e rsrsavwau
0.3 0.3 —~ / N
TRocooooos e S SIS, ISR
. /
0.2 0.2 ——
\J
V
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time ¢ Time ¢

Figure D.1 — Example of a path X € BV([0, 1], R) (left) and its corresponding paths X[j], plotted
against time, for different values of j € {1,...,T} (right)
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D.2 Proofs

D.2.1 Proof of Proposition 5.1

According to Assumption (A;), for any hy, hy € R 21,22 € R, one has
[ f(h1,21) = f(ho,z1)|| < Kgllhy — ho|| and || f(h1,21) — f(h1, 22)|| < Kyllz1 — 22

Under assumption (A1), by Corollary D.2, the initial value problem (5.3) admits a unique solution
H. Let us first show that for any ¢ € [0, 1], H; is bounded independently of X. For any ¢ € [0, 1],

= ol = || [ st X < [ X
t
- / 1F(Hous Xo) — F(Ho, X.) + f(Ho, X.) | du
H,, X.)— f(Hy, Xy Hy, X,)||d
s/o | F(H X,) — F(Ho )H+/O||f( 0. X, du

t
< K / I~ Holdu ¢ sup | (Ho, )]
0 z|| <

Applying Gronwall’s inequality to the function t — ||H; — Hyl| yields

t
e~ Holl <t sup |F(Ho.o)][exp ([ Kydu) < sup |f(Ho,)e¥r = 1.
lle]| <L 0 llz][ <L

Given that Hy = hg = 0, we conclude that ||Hy|| < M.

Next, let
[flls = sup  f(h,x).
llzll<L,|Ihl <M

By similar arguments, for any [s,¢] C [0,1], Gronwall’s inequality applied to the function ¢
\H, — H, | yiclds
1H, — H|| < (t = s)[lf €™

Therefore, for any partition (to,...,tx) of [s,¢],

k

k
D lHy = He [ < I F oo™ D (85— tima) < | flloce™ (8 = 5),
i=1

i=1

and, taking the supremum over all partitions of [s,#], [|H||7v s, < [|f]lcc€”’ (t — s). In other
words, H is of bounded variation on any interval [s,¢] C [0, 1]. Let (to,...,¢r) denote the regular
partition of [0, 1] with ¢; = J/7. For any 1 < j <T, we have

1

t
I = bl = oy [ Xodu = byos = g,y
j—1

tj
< |\ Hy;y = hj1l| +/ Hf(HuaXu) - f(hj—l,xj)Hdu-

tj71



D.2. Proofs 177

Writing

||f(Hu,Xu) - f(hj—lvxj)H = Hf(HuaXu) - f(Huvxj) + f(Hu,IL']) - f(hj—lvxj)H
<[ f (Huy Xu) = f(Huy 25) || + || £ (Hus 25) = f(hj—1,25)]|
< K[ Xu = a5 + K[| Hu = i

)

we obtain

I, = byl < ey =Byl + Ky [ = il K [ 1= o du

tj,1 tj,1

tj
< UHi - =yl Ky [ (Ha = By = )

tj—1
Ky
+ o I X v .t
K Ky
< (U ) ey = e+ = (1 v + X 7v i)

By induction, we are led to

K Kp\F
[Hy; = hsll < Tf > (1 + *f) (H vt tag0) + 1X N2vfen 1)
k=0

T
K K\T
< 1+ 2) (X llzvio + 1Hlirvip)
K el
< = (L4 o),

which concludes the proof.

D.2.2 Proof of Proposition 5.2

Let h € R® and let h*7 = (h%,...,h?) be its projection on a subset of coordinates. It is
sufficient to take F defined by

F(h) = (0 f(hh+>) ,

Lgxa Ogx1

where I;yq denotes the identity matrix and 0.y. the matrix full of zeros. The function H is then
solution of ) i terd
A, = <06Xd o S H )> (fpft >
Tixa Odx1 Tdt

Note that under assumption (A;), the tensor field F satisfies the assumptions of the Picard-
Lindelsf theorem (Theorem D.1) so that H is well-defined. The projection of this equation on
the last d coordinates gives

dﬁte+1:e+d — dXt, Eg+1:e+d _ XO,
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and therefore ﬁf“’e” = X;. The projection on the first e coordinates gives

1—L _ _
dt = f(HY®, X,)dt, HY° = ho,

2
dH}* = ﬁf(Htl' » Xt)
which is exactly (5.3).

D.2.3 Proof of Proposition 5.3
According to Lyons (2014, Lemma 5.1), one has

1% limnyes < 1K oy

Let (to,...,tr) be a partition of [0,¢]. Then

e o ; 1—I\2
Z Hth - th—l H = Z \/||th - th,1||2 + (?) (tj — tj,1)2
Jj=1 j=1

k 1-T k
<D IXe = X+ 5 Yt — 1)
j=1 j=1
k
j=1

1-L
Hth - th—l ” + Tt'

Taking the supremum over any partition of [0,¢] we obtain

L 1-L 1+1L
=——<

_ 1—
1 Xl2vi0, < 1 X lovijo, + Tt <L+ 5 5 1,

_ k
and thus ||Xff0’t]”(Rd)®k < (%) . It is then clear that

_ El. V2 N1+ Lk _
1800z = (Y I%Galfner ) < DR glEner <Y (-5=) =20-D)7"
k=0 k=0 k=0

D.2.4 Proof of Proposition 5.4

We first recall the fundamental theorem of calculus for line integrals (also known as gradient
theorem).

Theorem D.7. Let g : R® — R be a continuously differentiable function, and let 7y : [a,b] — R®
be a smooth curve in R¢. Then

b
/ Va(ye)dve = g(m) — 9(Va),

where Vg denotes the gradient of g.

The identity above immediately generalizes to a function g : R® — R¢:

b
/ J(9)(ve)drye = g(w) — 9(7a)s
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where J(g) € R®*€ is the Jacobian matrix of g. Let us apply Theorem D.7 to the vector field F*
between 0 and ¢, with v = H. We have

F‘(Ht)—Fl(HO):/O J(Fl)(Hu)dHu:/O J(F*)(H,)) FI(H

d K i ; d t . .
]21/0 J(F*)(Hy)F? (Hy,)dX, ]21/0 F7 % F*(H,)dX,.

Iterating this procedure (N — 1) times for the vector fields F'!, ..., F¢ yields
H,=Hy+ Z/ FZ dXZ
:H0+Z/ FZ(HO)deL—kZ/ / Ja *FZ dXJdX’
i=170 i=1

d
:H0+ZFi(Ho)S(i)(X)[0t Z /< . <]‘FJ *x F'(H,)dXdX"

i=1 1<i4,5<d

N
; 1 G(inyi
=Hotd o DL Pl x FU(Ho) S (X)

Ll
k=11<i1,...,in<d
+ Y Fi oo FINTL(H )X - d XN
1<i,eyin41<d Y ANHL0,)
where A0, := {(u1,- ,un) € [0, ]V 0 < wuy < -+ <uyn <t} is the simplex in [0,#]". The
first (N + 1) terms equal H}Y. Hence,
N
| H: — Hy ||
- H > F s ox PNV (H, )dX - dX v
1<is,ing1<d” AN+100,4]
< / ||F11 . .*FiN+1(Hu1)|||dX211 -~-|dX;11VV:11
1<iy,. zN+1<d ANt1i0.1]
< / sup [Fi sk E e ()X |- [dX
L<in, s <d ) AN10.0 151 in g1 S |Al| <M
< Ay (F) [ axilelaxin
1<i1,.. ,1N+1<d ANt1i00.1]
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Thus,
|H, — HY | < Any1(F) Z dX |- AN
1<i1,eyin41<d Y ANFL0,)
< AN+1(F) Z ”qul ” T ||quN+1 ||
1<i1,eyin41<d Y ANFL0,)

qgN+1
dXy, |- ||dX,
e e I X

- ANH(F)m ([ raxa)™

=ANvi(F)———

= A ) X g < A (F)
T o (N+ ny I v = v ) =y
D.2.5 Proof of Proposition 5.5
For simplicity of notation, since the context is clear, we now use the notation || - || instead of

|| - llgeyer. According to Proposition 5.1, the solution H of (5.4) verifies HHt|| <M+ L:=M.
We therefore place ourselves in the ball %,;. Recall that for any 1 <iy,...,ix <d, h € By,

F' s ok FIN(R) = J(F2 % - - % F'N)(h)F (h). (D.2)

Linear case. We start with the proof of the linear case before moving on to the general case.
When o is chosen to be the identity function, each F{yy is an affine vector field, in the sense
that FRNN( ) =W; h+ b;, where W; = 0zxz, b; is the i + dth vector of the canonical basis of

Rete, and
_2 2
Wd+1 = (1_LW) and bd+1 = (1 Lb) .
Oaxe 04

Since J(Finy) = Wi, we have, for any h € R+ and any 1 < iy,..., i, < d,
Fian * -+ % Fiin () = Wiy - Wi, (Wi b+ b,).
Thus, for any h € %y,
1P * - Frsan (W)L < Wi llop -+ Wi lop (Wi, llop M + 103, 1)
Fori#d+1, ||[Wi|lop =0, and so
Ag(Fran) < CWapll5y

with C = |[Way1llopM + max(1,2(1 — L)~Y|b]|). Therefore,

Z Ak (Fran) < Cdz (2d(1 = L) "MW lop) " < 00
k=0

General case. In the general case, the proof is two-fold. First, we upper bound (D.2) by a
function of the norms of higher-order Jacobians of Ft, ... F~N. We then apply this bound to
the specific case F = Fryn. We refer to Appendix D.3 for details on higher-order derivatives in
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tensor spaces. Let F : R® — R® be a smooth vector field. If F(h) = (Fy(h),...,F.(h))T, each
of its coordinates F; is a function from R¢ to R, ¥ with respect to all its input variables. We
define the derivative of order k of F as the tensor field

JF(F) : R® — (R%)®FH1
h— J*(F)(h),
where ok )
K _ _OF(h) o o e
FEW = 3 T A

1§j,i1,“.,ikge
We take the convention JO(F) = F, and note that J(F) = J*(F) is the Jacobian matrix, and
that J*(J* (F)) = JFE(F).
Lemma D.8. Let A',..., A : R® — R® be smooth vector fields. Then, for any h € R®
(A5 AW < Y Ok, )T AYB] - [T (AR W)

where C(k;ny,...,ng) is defined by the following recurrence on k: C(1;0) = 1 and for any
Niye. oy N1 ZO)

C(kz—l—l;nl,...,n;Hl):ZC(k;nl,...,ng—l,...,nk) if nkJrl:O, <D3)
=1
Clk+1Ling,...,nk1) =0 otherwise.

k

Proof. We refer to Appendix D.3 for the definitions of the tensor dot product ® and tensor
permutations, as well as for computation rules involving these operations. We show in fact by
induction a stronger result, namely that there exist tensor permutations m, such that

Ak*---*Al(h) _ Z Z ™ [Jnl(Al)(h)@...@J”k(Ak)(h)}. (D.4)

ni+--+np=k—1 1<p<C(k;ni,...,nx)

Note that we do not make explicit the permutations nor the axes of the tensor dot operations since
we are only interested in bounding the norm of the iterated star products. Also, for simplicity,
we denote all permutations by 7, even though they may change from line to line.

We proceed by induction on k. For k = 1, the formula is clear. Assume that the formula is
true at order k. Then

J(Ak*...*Al)
TS s rareneral]

ni+-tnp=k—1 1<p<C(k;ny,...,nk)

3 3 T | JLTH(AY) @ © T (AF)] |

ni+--4np=k—1 1<p<C(k;ni,...,ng)

k
3 3 S mpom I (4o

ni+-+npg=k—1 1<p<C(k;n1,...,ng) £€=1

gAY e -0 J"k(A’f)]
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In the inner sum, we introduce the change of variable p; = n; for ¢ # ¢ and p; = ngy + 1. This
yields

J(AF 5. 5 AY)
k
= > > 3 mpome| T (AT) @
pit-+pr=k £=1 1<p<C(k;p1,....,pe—1,...,pk)

@I AN) @ @ g (A" |
- ¥ 3 T[T (A @ 0 TP (4],

p1+-+prr1=k 1<g<C(k+15p1,...,Pk+1)

where in the last sum the only non-zero term is for pyy; = 0. To conclude the induction, it
remains to note that

ARl x Al = J(A’“*-'-*Al)@A’€+1 = J(Ak*-u*Al)@JO(Ak“).
Hence,

AR Al

= Y > g [T (AY) @ - © JPH(AF)] @ JPeer (AR
p1t+-+prr1=k 1<q<C(k+1;p1,.-sPk+1)
= > > g [J"(AY) @ - © JP(AF) @ JPe (AR

pittpry1=k 1<q<C(k+1ip1,....prt1)
The result is then a consequence of (D.4) and of Lemma D.11. O

We now restrict ourselves to the case F = Fryn as defined by (5.5) and give an upper bound
on the higher-order derivatives of the tensor fields F1,. .., F~,

Lemma D.9. For anyic {l,...,d+ 1}, h € By, for any k >0,

) _ 2 k
175 (B ) < (7= IW L) 0 e

Proof. For any 1 < i < d, Fiyy(h) is constant, so J*¥(Fhyy) = -+ = JF¥(Fixy) = 0. For
it =d+ 1, we have, for any 1 < j <e,

OF Ftx - (R) 2 \k _
- do 7 — W R (W
8/11'1 ahzk (1_L) W]Z1 Jin0 (W]h’+b)7

where W;. denotes the jth row of W and for e +1 < j <¢, F;l'Irl = 0. Therefore,

- 2 \2k ~
||Jk(Flg\lJ1\rnl\I)(h)||2 < (ﬁ) Z Wi, "'Wjika(k)(Wj.h+b)|2

1<4,i1, i <e

- () I Y (T W)

J (2

2 2k
< (777) loe™IZIwiE.
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We are now in a position to conclude the proof using condition (5.10). By Lemma D.8 and

D.9, for any 1 <iy,...,ixy <d+1,
(| * - * Fien (1)
< Y Wi )T (B B - T (Fi) (B

nitfny=N—1

<(Zwln) Y CWinye e i a iy
“\1-L F y TN -5 10 1: N!
ni+-4+ny=N-1

2 N-1
Sa(l_LaQHWHF) Z C(N;nn,...,ni)ng!---nn!.
ni+-+ny=N-1

Assume for the moment that C'(N;ny,...,n;) is smaller than the multinomial coefficient (nN N n1)'

Then, using the fact that there are (”Zf;l) weak compositions of n in k parts and Stirling’s ap-
proximation, we have

N-—1
a2||W||F> N'x Card({ny+ - +ny =N —1})

[\]

An(F) <=
N-1 (2N —2

< 2 !
< a2 e IWr) N'(N—l)

a 2 N-1 2N
< = 2 !
< S(Zpewle) N (N)

2, 8 N-1 NI
<a~= 4% .
<o = (=pelIWle) x

~

d* V2e = (8da?||[W || p k-1 1
> 7 Ak(F) < ad ﬂ-ekz—:l( i_LF) — < o,

5

and (As) is verified.

To conclude the proof, it remains to prove the following lemma.

Lemma D.10. For any k > 1 and ny,...,n; >0, C(k;ny,...,ng) < (n k-l )

15Nk

Proof. The proof is done by induction, by comparing the recurrence formula (D.3) with the
following recurrence formula for multinomial coefficients:

o) 2 )
My ooy Mgt Ny, ..., —1,..., Nk '

{=1

More precisely, for £ = 1, C(1;0) = 1 < (8) =1land C(1;1) =0 < ((1)) = 0. Assume

that the formula is true at order k. Then, at order k + 1, there are two cases. If nipy1 # 0,
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C(k+1;n1,...,n541) = 0, and the result is clear. On the other hand, if ng41 =0,

k
C(lf—i—l;nh...,nk,O):ZC(k;nl,...,nZ—1,...,nk)

- ni,...,Mpe—1,...,ng

D.2.6 Proof of Theorem 5.6

First, Propositions 5.1 and 5.2 state that if H is the solution of (5.4) and Proj denotes the
projection on the first e coordinates, then

|27 — 3 (Proj(H1)) | = [¢(hr) — ¢ (Proj(Hi]))| < [[¢llop||hr — Proj(H1)]| < ||¢||op%-
For any 1 < k < N, we let 2¥(Hy) : (R))®¥ — R be the linear function defined by
DF(Ho)(ei, @ -+ @ e5,) = F -+ F*(Hy), (D.5)
where e1,...,eq denotes the canonical basis of R?. Then, under assumptions (A;) and (As), if

XF denotes the signature of order k of the path X, = (XtT , %t)—r, according to Propositions
5.4 and 5.5

g g N~ L 1,0 i i (P Lk
H1:HO+ZH S sy ”“)(X)Fl*-n*F’c(HO):ZH@’“(HO)(X[Ot])
k=1 1<i1,....ir<d k=1
and
- VRSN [ 1 ‘ -
¥ o Proj(Hy) = o Proj( Y —7*(Ho)(X")) = 3~ v o Proj( 7" (Ho) (X)),
k=0 k=0

by linearity of v and Proj. Since the maps 2%(Hy) : (R?)®* — R€ are linear, the above equality

takes the form
o0

o Proj(Hy) = > (o*, XF) gayer, (D.6)
k=0

where o € (R?)®* is the coefficient of the linear map ;¢ o Projo 2*(Hy) in the canonical basis.
Let a = (a...,a%,...). Under assumption (A,),

Zna B <3 5 (2 IR NF o PP

k=0 1<iy,...,ix<d
[eS) dk

LY Y (&) MEE <Y (Sam) <

k=01<i1,...,in<d k=0
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This shows that a € 7, and therefore, using (D.6), we conclude

oz = (0 S 7| < llop -

D.2.7 Proof of Theorem 5.7

Let
G = {ga t(RYT - R|go(x) = 27,0 € @}

be the function class of (discrete) RNN and
S = {6+ 2 2RI, (X) = (00, S(X) 7,0 € O,
be the class of their RKHS embeddings, where oy is defined by (D.6). For any 0 € ©, we let
Ay (0) =E[l(y,90(x))], and Z(0) =E[l(y, &, (X)),

and denote by @ng and Q?n - the corresponding empirical risks. We also let 65, 07, §n,g, and
0, be the corresponding minimizers. We have

P(y # 99, (x)) — Rt (On9)
<E[ly, g5, ,)] - Ko (On.9)
=Ry (Ong) — RBns(Ons)

= %g(an,g) — R (Ong) + :@y(an,g)

- Qn,?(é\n@) + @n,zy(é\n,g) - %n,g (Gn,@)
< S‘;PL%)%(Q) - Z7(0)] + Sl;pL%’y(@) — Ry

7 O)] 4 5Dl (6) = P (O)]
Using Theorem 5.6, we have
sgplz%’g(ﬁ) - R (0)] = SngE[f(y, 90(x)) — £y, éae (X))]|
< supE[[¢(ygs (x)) — ¢(ya, (X))]]

< sng[Kg|y| X |g8(x) = &ap (X)]]

1 Co

< K o 7T o
> ésgp(”w” Pclﬂ)T oT

where ¢19 = Ky e™% (L + | fo| soe’*¢) (the infinite norm || fy||o is taken on the balls %, and
PBrr). One proves with similar arguments that

Sgp‘@n,%(a) - @n,y(aﬂ < .

Under the assumption of the theorem, there exists a ball 8 C 7 of radius B such that .¥ C 4.
This yields

aeT |lallz<B

Sgp\%yw) ~ P70 < sup | Ra(Q) — Bnm(a)],
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where
n

F5(0) = BV 6a(X))] and o a(0) = - S 0¥, 6,(X)).

i=1
We now have reached a familiar situation where the supremum is over a ball in a RKHS. It is
known (see, e.g., Bartlett and Mendelson, 2002, Theorem 8) that with probability at least 1 —,

~ log(1
sup | % %) — R z(a)| < AK,ERad, (#) + 2BK,(1 - L)™' M,

a7 a7 <B 2n

where Rad,, (%) denotes the Rademacher complexity of 4. Observe that we have used the fact
that the loss is bounded by K;B(1 — L)~! since, for any £, € %, by the Cauchy-Schwartz
inequality,

Uy, 6a(X)) = d(y{a, S(X))7) < Kily(e, (X)) 7| < Kollal| 7S (X)l| 7 < 2K B(1 - L)~

Finally, the proof follows by noting that Rademacher complexity of 4 is bounded by

n

Rad, (%) < QBJ ZK(X(i)7X(i)) =

n :
=1

D.2.8 Proof of Theorem 5.8

Let
9 ={g0: R > ®)" |go(x) = (=1,..., 2r),0 € O}

be the function class of discrete RNN in a sequential setting. Let
7 ={To: 2 = ®)"|To(X) = (2o(Xp), .- Zo(Xm) |

be the class of their RKHS embeddings, where XU] is the path equal to X on [0,4/T] and then
constant on [i/T,1] (see Figure D.1). For any X € 2,

(a1, 5(X)) 7 Ear, o (X)
Ee(a’) = = € RP’
(o0, S(X)) 7 €ay 0 (X)
where (a1,9,...,0p9)" € ()P are the coefficients of the linear maps 1 o Proj o 2%(Hy) :

(RH)®k — RP k> 0, in the canonical basis, where 2* is defined by (D.5).

We start the proof as in Theorem 5.7, until we obtain

o~

RegOn.5) — Rng (O ) < supl Ry (0) — R (0)] + sup|#.» (60) - Fn.(0)]

+ sgp\@mg(ﬁ) — @n,y(eﬂ-
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By definition of the loss, for any 6 € O,
(4(8) = % (0)] = [E[0(y,90(x)) — (3. To(X))]|
T

<E||

<g|

<E|

(Ilys = 212 = llys = Zo (Xl
=1

T
Z!z] +Eo(X [J]) 2yj, 25 — H(X[j]»”

J

ﬂ‘H ’ﬂ\H

I
-

Nl =

25 + Z0(Kin) = 205l % 125 — Zo(X)l]
1

j
(by the Cauchy-Schwartz inequality).

According to inequality (5.13), one has
C1,0
127 = Eo (Xl < 19 ]lop—- T

where ¢1,9 = Ky, e™% (L + || fol|c€™*¢). Moreover,

P p
1Ze(Xu)|* = [aes, SEu)z|” < laeol % IS(X )% < pB2(2(1 - L)1),

{=1 (=1

since [|S(Xp))l7 = [1Sf0./s1(X) 7 < [S(X)|| 7. This yields

2 + Zo(Xps1) — 2951 < N5 + [1Z6 (Xl + 2yl
< W llopll folloo + 2¢/PB(1 — L)~ + 2K,,.

Finally,

cs

Ky (0) — 7 (0)| < ==

sup| % (0) = %7 0)] < 5,

where ¢3 = sup(c1,0 + [|¥]lop || folloo) +2¢/PB(1 — L)™' +2K,. One proves with similar arguments
0

that R R
Sl;p\%n,g(e) — K, (0)] < -

We now turn to the term sup|Z.(0) — @ny(ﬁﬂ We have
0

R (0) — T (0)

n

= B[y, To(X))] ~ - > Uy, To(X D))

i=1

T
= = 3" (Ellly; - =o(Xy) HZ——ZHyj =(X)IF).

Jj=1

'ﬂ\'—‘
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Therefore,
N 1 T ~ 1 n ) . 5
SUp|.r (0) = o, (0)] < 75 D sup|El s — Zo (Kl — - D lus” = Zo(X)7]
j=1 i=1

Note that for a fixed j, the pairs (X[( ]),y](z)) are i.i.d. Under the assumptions of the theorem,

there exists a ball Z C JZ such that for any 1 </ <p, 0 € 0, &,,, € . We denote by %, the
sum of p such spaces, that is,

By ={fa: 2 = R| fa(X) = (far (X), ., fa, (X)), fa, € BB}

Clearly, Z¢g € %), and it follows that

—_ o 1 = i [
sgp\lﬁ:wyj—:9<Xm>1||2—52||y§> o]
< sup [Bly; — fa(Xp)I] —fzn = fal XS

We have once again reached a familiar situation, which can be dealt with by an easy extension
of Bartlett and Mendelson (2002, Theorem 12). For any f, € %,, let ¢po fo : £ XRP : (X,y) —
ly = fa(X)]I* = llylI*. Then, ¢ o fo is upper bounded by

|60 fa(X, ) = |lly = fa GO = lyl*] < 1 £aCON 2O + 2yl
<2ypB(1—L)"'(2ypB(1 - L)™' +2K,)
<4pB(1- L)y YB(1-L)'+K,).

Let ¢4 = B(1— L)™' + K, and ¢5; = 4pB(1 — L)~ '¢s + K. Then with probability at least 1 — 4,

~ ~ 2¢5 log(1/s
sup [E[lly; — fo(Ki)l] - ony] ~ Fal O] < Rad, (30 5,) + 1/ 2B

fo €SB, n

where ¢ o By = {(X7 y) — b o fa(X,y)|fa € 93,)}. Elementary computations on Rademacher
complexities yield

8pcyB(1 — L)~ 1

Radn(qg o %)) < 2pcsRad,, (A) < NG ,

which concludes the proof.

D.3 Differentiation with higher-order tensors

D.3.1 Definition

We define the generalization of matrix product between square tensors of order k and ¢.

Definition D.2. Let a € (R®)®*, b € (R*)®¢, p e {1,...,k}, ¢ € {1,...,£}. Then the tensor
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dot product along (p,q), denoted by a ®, , b € (R®)2F+=2) s defined by

e
(@ @prg D) (iyrmsinsdrroos) = D Olisseoipossdripeorsin- )Pt seeam s siarsde—1)-
=1

This operation just consists in computing a ® b, and then summing the pth coordinate of a
with the gth coordinate of b. The ® operator is not associative. To simplify notation, we take
the convention that it is evaluated from left to right, that is, we write a ©® b ® ¢ for (a ® b) © c.

Definition D.3. Let a € (R®)®*. For a given permutation m of {1,...,k}, we denote by 7(a)
the permuted tensor in (R€)®* such that

ﬂ(a)(ih---,ik) = Qligy,emsimm)”

Example D.1. If A is a matriz, then AT = n(A), with 7 defined by (1) = 2,7(2) = 1.

D.3.2 Computation rules

We need to obtain two computation rules for the tensor dot product: bounding the norm
(Lemma D.11) and differentiating (Lemma D.12).

Lemma D.11. Let a € (R®)®F, b € (R®)®’. Then, for all p,q,
||a Op,q b“(Re)®k+l—2d < ||Cl||(]Re)®lc ||b||(Re)®£.
Proof. By the Cauchy-Schwartz inequality,

la ®p,q bH%]Re)@“H*?

— 2
= Z (a Op.q b)(il,...,ik_l,jl,m,jz—l)

1<,k —1,01,--,Je—1<¢€

2
> ( > a(n,4..71‘,)71,j,ip,...,z‘kfl)b(jl,.u,jqfl,j,jq,“.,jefl))

1<tttk —1,71,-:Je—15e  1<j<e

2 2

= Qlinyeeyip—1,dyipyeesin—1) b(]l7~--7‘7q717]v]qv---7]5—1)

115yl — 1,015, 00—1 J J

2 2

= z : Qlin,ecyip—1,Gyipyeesin—1) 2 : b(]l7--<7Jq—17J7Jq,~~7Je—1)

U1,y tl—1,] J1seede—1,7

2 2

< llalligeyen 1B/l {Re)se -

O

Lemma D.12. Let A : R® — (R®)®F B :R® — (R®)®¢ be smooth vector fields, p € {1,...,k},
g€ {l,....0}. Let A®,, B : R® — (R®)®kT6=2 be defined by A ®, 4 B(h) = A(h) ®p4 B(h).
Then there exists a permutation w such that

J(A©pq B) =m(J(A) Op,q B) + Ay J(B).
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Proof. The left-hand side takes the form

0A
(J(A Op.q B))ily--wik—lvjla<~~7j27117” = Z [aT ) ) B ) B(jl;~~7jq71;j7jq7'~~;jl—l)
; M (11,.esbp—1:0ipseenstlo—1)
0B
+ A(il,...,i,,_l,j,z'p,...,ik,l)8T }

M (J1seesq—1:d5dqs---2Je—1)

The first term of the right-hand side writes

0A
(J(A) Op.g Bir.oiinormojiecie—s = Z L‘)T Budardidares je_l)]a
j M (i1,eesip—1,0,0p s esil—1)
and the second one
0B
(A Op,q '](B))il7~--7ik—17j17---7j2—177” = Z |:A(i1a~":7;p71a.jwipwuwik—l)8T } :
M (§1,es0q—1050qs-Je—1)

J

Let us introduce the permutation 7 which keeps the first (k — 1) axes unmoved, and rotates the
remaining £ ones such that the last axis ends up in kth position. Then

0A
T(J(A) Op,g Bis,.iin—riisierm = Z [aT . ) . _ By,.dg-1.3.dgremde—) |
4 M (1 50enyip—1,050p, sk —1)
Hence J(A ©p,q B) = 7(J(A) ©p.q B) + A ©p 4 J(B), which concludes the proof. O

The following two lemmas show how to compose the Jacobian and the tensor dot operations
with permutations. Their proofs follow elementary operations and are therefore omitted.

Lemma D.13. Let A : R® — (R®)®* and 7 a permutation of {1,...,k}. Then there exists a
permutation 7 of {1,...,k + 1} such that

J(m(A)) = 7(J(A)).

Lemma D.14. Let a € (R*)®*, b c (R)®, p e {1,...,k}, ¢ € {1,...,£}, © a permutation of
{1,...,k}. Then there exists p € {1,...,k}, g € {1,...,£}, and a permutation ® of {1,...,k+
£ —2} such that

m(a) ©Op,q b =7(a Opgb).

The following result is a generalization of Lemma D.12 to the case of a dot product of several

tensors.

Lemma D.15. For (€ {1,...,k}, n; € N, let Ay : R® — (R®)®" be smooth tensor fields. For
any (pe)i<e<k—1 and (qr)i<e<k—1 such that pe € {1,... .m0}, q¢ € {1,...,n¢41}, there exist k
permutations (mp)1<e<k such that

M=

J(Al Op1,q1 Ao Opage " Opr_1,q1-1 Ak) = e [Al OAO--0O J(Af) ©--0 Ak} )

(=1

where the dot products of the right-hand side are along some axes that are not specify for sim-
plicity.
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Proof. The proof is done by induction on k. The formula for k£ = 1 is straightforward. Assume
that the formula is true at order k. As before, we do not specify indexes for tensor dot products
as we are only interested in their existence. By Lemma D.14, we have

J(AL O © Apyr)

:J((A1®"'@Ak)®Ak+l)

=m(J(A1 0 QAL O Ap1) + A1 O © A © J(Agt1)
lzﬂe [A10 A0 O J(A) O - QA O Apt1| + A1 O - © A © J(Akt1)

Zm [A1 A0 O J(A) O QA O A1) | + A1 O © A © J(Agt1)

J(A) O O A O A + A1 O+ © Ay © J(Apgr)

I
Mw
§>
ES
O]
&
©

(where = m o 7)

k+1
:Zﬁ'g[Al@AQ@"'@J(AZ)G"'QAkQAk—i-l]'

{=1

D.4 Experimental details

All the code to reproduce the experiments is available on GitHub at https://github.com/
afermanian /rnn-kernel. Our experiments are based on the PyTorch (Paszke et al., 2019) frame-
work. When not specified, the default parameters of PyTorch are used.

Convergence of the Taylor expansion. For Figure 5.1, 10® random RNN with 2 hidden
units are generated, with the default weight initialization. The activation is either the logis-
tic or the hyperbolic tangent. In Figure 5.1b, only the results with the logistic activation
are plotted. The process X is taken as a 2-dimensional spiral. The reference solution to the
ODE (5.3) is computed with a numerical integration method from SciPy (Virtanen et al., 2020,
scipy.integrate.solve_ivp with the ‘LSODA’ method). The signature in the step-N Taylor
expansion is computed with the package Signatory (Kidger and Lyons, 2020).

The step-N Taylor expansion requires computing higher-order derivatives of tensor fields (up
to order N). This is a highly non-trivial task since standard deep learning frameworks are op-
timized for first-order differentiation only. We refer to, for example, Kelly et al. (2020), for a
discussion on higher-order differentiation in the context of a deep learning framework. To com-
pute it efficiently, we manually implement forward-mode higher-order automatic differentiation
for the operations needed in our context (described in Appendix D.3). A more efficient and
general approach is left for future work. Our code is optimized for GPU.

Penalization on a toy example. For Figure 5.2, the RNN is taken with 32 hidden units
and hyperbolic tangent activation. The data are 50 examples of spirals, sampled at 100 points
and labeled +1 according to their rotation direction. We do not use batching and the loss is
taken as the cross entropy. It is trained for 200 epochs with Adam (Kingma and Ba, 2015)


https://github.com/afermanian/rnn-kernel
https://github.com/afermanian/rnn-kernel
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with an initial learning rate of 0.1. The learning rate is divided by 2 every 40 epochs. For
the penalized RNN, the RKHS norm is truncated at N = 3 and the regularization parameter
is selected at A = 0.1. Earlier experiments show that this order of magnitude is sensible. We
do not perform hyperparameter optimization since our goal is not to achieve high performance.
The initial hidden state hg is learned (for simplicity of presentation, our theoretical results were
written with hg = 0 but they extend to this case). The accuracy is computed on a test set of size
1000. We generate adversarial examples using 50 steps of projected gradient descent (following
Bietti et al., 2019). The whole methodology (data generation + training) is repeated 20 times.
The average training time on a Tesla V100 GPU for the RNN is 8.5 seconds and for the penalized
RNN 12 seconds.
Figure 5.3 is obtained by selecting randomly one run among the 20 of Figure 5.2.

Libraries. We use PyTorch (Paszke et al., 2019) as our overall framework, Signatory (Kidger
and Lyons, 2020) to compute the signatures, and SciPy (Virtanen et al., 2020) for ODE integra-
tion. We use Sacred (Greff et al., 2017) for experiment management. The links and licences for
the assets are given in the following table:

Name Homepage link License
PyTorch  GitHub repository BSD-style License

Sacred GitHub repository MIT License

SciPy GitHub repository BSD 3-Clause "New" or "Revised" License
Signatory  GitHub repository Apache License 2.0

Table D.1 — Links and licences of the libraries


https://github.com/pytorch/pytorch
https://github.com/pytorch/pytorch/blob/master/LICENSE
https://github.com/IDSIA/sacred
https://github.com/IDSIA/sacred/blob/master/LICENSE.txt
https://github.com/scipy/scipy
https://github.com/scipy/scipy/blob/master/LICENSE.txt
https://github.com/patrick-kidger/signatory
https://github.com/patrick-kidger/signatory/blob/master/LICENSE
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E.1 Proof of Theorem 6.7

Before beginning the proof, we prove a relation similar to Chen’s relation (Proposition 6.1,
(1)) for the insertion operator. First, for any n > 1, p € {1,...,n + 1}, X € BV(R?), the
insertion operator restricted to an interval [s,t] C [0, 1] is defined by

Ly xisY) = / dXy, ® - ®dX,, , Qy®dX,, ® - QdX,,.
(U1ysun) EAp [s,4]

Lemma E.1. Letn>1,pe {l,...,n+ 1}, X € BV(RY), u,v,w € [0,1] such that u < v < w.
Then,

p—1 n
n _ k n—k k n—k
fp,Xﬂww] (y) = Z X[uw] ® "iﬂp—k,X;[v,w} (y) + Z‘iﬂpx;[u,v] (y) ® X[u,w]'
k=0 k=p

Proof. This formula is obtained by splitting the integration domain in two parts, with a running
index k corresponding to the number of integration variables in each part of the interval:

L ) (V) = // AXy @ @dX,, , Oy® - ©dX,,

u<uy < <up <w

:Z // dXy, ® - @dXy, , QY@ - ®dX,,
F=0 u<us <o Sup<oupgs <o Sup <w

:Z / dXy, @ - ®@dXy, , @y®---QdX,,.
k=0 (U1, uk) €A 0] (Ut 1, ,Un ) €A i [0, ]

195
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To simplify this expression, we need to separate the cases when k < p — 1 from the cases when
k > p, which gives

gpﬁX;[u,W] (v)
p—1
:Z/ / Xy, ® - ®dX,, , Qy®- - @dX,,
=0 (U1, uk) €A (0] Y (U155 Un) EA L k[, 0]

_,_Z/ qu1®"'®qup_1®y®"'®qun
1

(U1 see Uk ) EA R [, 0] /(uk+l;~-7un)eAn—k;[v,w]

-1

S o)
k=0 (ulv",uk)EAk;[u,u]

®(/ quk+1®.'.®qup—l®y®'.'®qun)
(Ukt155Un) EA D ki [0, w]

bS]

n

+Z</

hep 7 (U1l ) €Ak [ 0]

(f o)
(Uk4 150 Un ) EA k|

—k;[v,w)

qul®--~®qup_l®y®~-~®quk)

_ZX[’U«U@”S/ﬂnk:X[vw] Z X[uv ®X[vw]

The first step of the proof is to use the two Chen’s relations (Proposition 6.1, (i), and Lemma
E.1) to split both the signature X"*! and the insertion operator £« (y) on the 1ntervals [0,t;-1],
[ti—1,t;], and [t;, 1]. Concerning signatures, a straightforward extension of Proposition 6.1 yields

n+1l __ n no
X = ) ) Xiont, 1) © X0 0 © XG0y (E.1)
ni+na+nz=n-+
0<ni,n2,n3<n+1

Concerning the insertion operator, it is necessary to split the sum depending on the location of
p, in a similar way to the proof of Lemma E.1. Let . denotes the set

S ={(n1,n2,n3) € {0,...,n+ 1}y +na+ng=n+1}.
For a fixed p € {1,...,n + 1}, we use the following partition, illustrated in Figure E.1:

S ={(n1,n2,n3) € L|n1 > p} U {(n1,n2,n3) € |n1 < p, n1 +nz > p}
U {(n1,n2,n3) € &|n1 +ny < p}.
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| | | | % | % | % | | | Lo
0 1 p n1 ny + na ni+ngt+nys=n-+1
{(n17n27n3) E<y|nl Zp}
| % | | [ | | | % | | | .
0 n1 p ny -+ no nyi+ng+nys=n+1
{(n1,n2,n3) € #|n1 < p, n1 +ns > p}
} t } t t } } } } } } } t >
0 ny ny+mne P ni+ne+nyg=n+1
{(n1,n9,n3) € Z|n1 +na < p}

Figure E.1 — Partition of .7.

We then obtain
n mi—1 n
Lixw = Y Lo gWeXp L eXp
(n1,n2,n3)€7
p<ny
no—1
+ Z Xﬁ)ltl 1] ®gpfn1,X;[ti—11ti]( y)® X[t 1]
(n1,n2,n3)€
n1<p<ni+mna
1 1
+ oy X, eXE eenl W)
(n1,m2,n3)€S
ni+nz<p
n—k 1 2—1
Z X[Otl 1]() X[t,11]+ Z Xﬁ)tfl](ggnnlx[tilt]()@X[t 1]
k=p—1 (n1,n2,n3)€S
n1<p<ni+nz
+Zx[ole ®$nkX[t 2®)- (E-2)
Using the same decomposition on (E.1), we have
n+l __ k+1 n+l—k n n
X"= 3 X g ®XEI Y X @ X, @ Xy
k=p—1 (n1,n2,n3)€S
n1<p<ni+nz
p—1
ntl=k (E.3)

+> X © Xi
k=0
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It follows that

n!( p’?x(ﬂi)f(nH)X"“)
=nl(L)x(Bi) — (n+1)X")

n—k
=n! Z p7X [0,¢5_1] (ﬁl) (n+ 1)Xf0t:1 ]) ®X[tl 1,1]
k=p—1

ni no—1 nS
+n! Z Xt @20 g Bi) — (R + X2 ) @ XG0,

(n1,m2,n3)€S
n1<p<n1+n2

+n! ZX[O t:] 'gn ka [tis1] (51') —(n+ 1)Xﬁ+:1[] k)
= A1 + Ag + A3, (E4)

where we denote by A; (respectively As and Aj) the first (respectively second and third) sum.
We now bound A, As, and As separately. Note that, by Proposition 6.3,

. [
1L e DN = IX7 -yl < L.

This yields, together with the triangle inequality,

4] = H"‘ (ZE 00 (B) — -+ DXL x|

=p—1
<nl Z 15 x o, BOIIXE Syl + (10 Y IG5 XG4
k=p—1 k=p—1
X050, 1 X179, X0, X7,
‘ y(Ysti—1 yli—1, ' i— 1 yli—1,
_zp:l”@” il n—k) +("+1)'k§1 &+ 1) n— k)l

Recall that our choice of parametrization of X ensures that for any j € {1,..., M}, ||5;]| = ¢,
and therefore

1—1 i—1
XN rvios) = D IBilI(E = tj—1) = €D (t; —tj1) = €ty
j=1

Jj=1

Similarly, | X||7v,y,_,,1) = £(1 —t;—1). It follows that

n n+1
n n n— n n+1 n —
A < v ) (k>t§_1(1 ti)" R e “Z( § )t (1=t (E5)

k=p—1 k=p

Bounding A3 in a similar way, we obtain

| As]| < e"+1z< )tk 1tk 4 le ("Z 1>tk(1 £k, (E.6)

k=0
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We now turn to the term As. We have

| Azl = ||n! Z XT(L)lt, B ®($n2n11, slbi1,t (5’) (n—|—1)Xﬁf 1t])®X[tm]
[ ]

(n1,n2,n3)€S
n1<p<ni+nz

<nt > X 2 e (B0 — (DX

]l

Z 11
(n1,m2,n3)€S
n1<p<ni+n2
n1 /e (1 _ t.)n?,gne,
1 -1 A
<nl Z e nq! ||gpnjn1gx§[ti—l’ti](ﬁi) - (n + DX?? ns! '
(n1,n2,n3)€S
Since X is linear on [t;—1, ],
(=)™ e 1 (t; —ti—)™ 1 g
n n mn n
[tf 17t] No! ﬁz g gp 2711 X;[tia,t (ﬂl) - (n2 _ 1)! 67‘ K

From this, we have

nz—

1B®n2 (A D~ ti)™

no—1 n ®na
”"%P—zmx;[tz—l,ti](ﬁ’) (n+1) X : (ng — 1 na! bi
(tz - tzfl) 2 no ‘ @n
= — 1 ¢ 2
e i [ [
(ti — tiil)nzgnz Nno ’
= - 1
nQ! ti _ti—l (TL+ ) ’
and
t?_llenl (t; — tj—q)m2lm2 N9 (1 — t;)"sems
Al <t D ! ny! o, ot D‘T
(n1,m2,n3)€ES i %
+1)! No
= En-H Lt”l ti _ ti, nz (] — ti ns ~1
D R R U (e ey
n+1 k!
_ yn+1 e _ k—mn1
o3 (3 - )
(n+1)! H,k‘ n+1—k D
x —— L ( — ;)" 1
(n—i—l—k) ) =) (n+1)(t; —ti-1)
n+1
= ¢ntl C(h 1t NYk(p g ynHl—k n+1-k B ’
¢ Z 7 n+1_ = =)t — ti) ’(n+1)(ti—ti_1) !

n+1

=t Z (n + 1) —(t = )R — ti—l)k‘ o 1)(Z - 1‘. (E.7)

The right hand sides of (E.5), (E.6), and (E.7) correspond to probability mass functions of
binomial random variables. Indeed, let

Y1, ~ Binomial(n,t,—1), Y2, ~ Binomial(n,¢; —t,—1), and Zs, ~ Binomial(n,t;).
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Then, we have

ALl < € (P(Yin > p = 1) +
[As]] < " (P(Ysn <p—1) +

P(Ysn41 <p—1)),
||A2H S gn—HEH Y2 n+1

—1]
TL+1 —11)

P(Yl,n+1 2 p))v

First, since E[Y2 5, +1]

(n+1)(t; —t;—1), and Var(Y2 n41)
by Holder’s inequality,

=m+1)(ti—tio)(1—(ti —ti1)),
Y,n 1 _ 1
EH (n+ 1)2(t¢+— ti—1) B 1H T ti_l)E“Zl,n+1

- EZLnJrl”
1 e
~(n4+ 1)t — ti_l)E“Zl,m—l —EZ1n41)?]
1
(n—+1)(t; — ti_q) Vn+ 1)t —tis)(1— (t —tio1))

The other terms decay exponentially fast if p is well chosen. We give the details for the bound
on ||A;1]| below but the one on ||As|| is treated in the same way. First, we have

ALl < THP(Y1, = p—1) + P(Y1 41 > D))
<

gn-{-l( (Yl,n - ]EYI,TL Z p— 1- nti 1) + P(YI n+1

—EYi 1 >p— (n+1)ti-1)).
(ti—t 1)/4 (H*T,—M/Q (ti—ti 1)/4
L/ (n+1)
Il C I" L "l | Il >
T L C T J J T
ti_1 ti+3ti—1 p—1 titti—a p 3titti—1
4 n+1 2 n+1

Figure E.2 — Illustration on the choice of p

Recall that p is chosen as p = | (»+1)@Bti+ti-1)/4|. Then, if n > 2/(t;—t;_1), we have

t; + 3ti1 < < 3t; + 11
4 “n+1 4
This is summarized in Figure E.2. In particular, we have

p ti +3ti—1
— ti_1 = 1 (7—ti,)> 1 (*
(n+ 1)t ("+)n+1 1) > (n+1)

t; —ti—1
—ti ) =(n+ 1) S,
4 1) (nt+D)—p—>

b
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and

D D p71> (tﬁti_l n+1fp)
>n

n+1 “'Tnyl o n 4 n(n+1)
i —ti—a

>n——— > 0.
"y

pfl—nt,;_lzn(

By Hoeffding’s inequality, we obtain

[Ar]| < Y P(Yi, —EY1, >p—1—ntio1) + P(Y1 41 — EYi 1 > p— (n+ 1)tio1))

<o o (n(5 1)) (- (2 1))

<t (exp ( - n(t%él_ly) + exp ( _(n+ 1)(?6— ti—1)2>)

ti —ti1)®
<20 exp (- ”(7)
= xp 16

With similar arguments, we obtain

ti —ti—1)?
< gyn+l . n( i i—1 )
s < 20" exp ()

Combining these inequalities, we obtain finally

ot ( 1

n ) n+1
[Zpix (Bi) = (n+ )X < NCEST

n!

gt
_ ﬁ(m>.

E.2 Proof of Theorem 6.8

The proof is based on several ingredients of Hambly and Lyons (2010). Their core idea is to
move the path to a hyperbolic space, which is called the “development” of the path. First, note
that if Y € BV(R?) is defined by V; = X¢/¢, then ||Y||7v,j01] = 1, and

1 1 1

vn :/ dY,, ® - ®@dY,, :/ —dXy, @ ® —dX,, = —an.
(U1l ) EA, (utyoesun) €A, £ ¢ ¢

Without loss of generality, we therefore restrict ourselves to the case £ = 1, and the lower bound
obtained will have to be multiplied by ™ to go back to the general case.
We begin the proof with a series of definitions.

Definition E.1. The hyperboloid model is the subspace of R¥*! defined by
H={y e R B(y,y) = ~1},

where, for any x,y € R,
d

B(z,y) = Zl‘z‘yi — Td+1Yd+1- (E.8)

i=1
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This hyperbolic space has several well-known good properties (Cannon et al., 1997; Paupert,
2016; Loustau, 2020). The main one is that the hyperbolic distance between two points y, z € H,
denoted by d, can be easily computed as

d(y, z) = arcosh(—B(y, 2)).

Then, we define the space of bounded linear operators between vector spaces and their associated
operator norm.

Definition E.2. The set of bounded linear operators between two normed vector spaces (E,
I lz) and (F.| - ||F) is denoted by Z(E, F). Equipped with the operator norm, defined for any
feX(EF) by

Iflgwrm = s [f@)F,

z€E,||z||p=1
it is itself a normed vector space.
We will use bounded linear maps on R? equipped with the Euclidean norm, and regard

linear maps as matrix multiplication. Therefore, we will denote fz instead of f(z) for function
evaluation. In particular, for any y € R?, let F : RY — Z(R4T! R+1) be defined by

0 -~ 0
Fy=|: Do
0 - 0 wa
vy1 ... ya O

Lemma E.2. F is a bounded linear map and its operator norm is || F'|| ¢ i, _g@a+1 gat1y) = 1.

Proof. For any y € R?, z € R, we first have

0 -+ 0 Y1 Zd+1
Z1 .
Fyz=|: : : : _ :
0 -+ 0 wyq i yg Zd+1
y1 ... ya O * Zizl Yi %

Then,

d d
1Fyz12 =22, > w2+ (Y wiz)”
=1

i=1
d

<z lvll? + llyl”? Z 22 (by the Cauchy-Schwartz inequality)
i=1

< llylI[1=11>.

This yields
IFyll z@err gasry = sup  [[Fyzl[ < sup  [lylll|z] = [ly]-

zERITL || z]|=1 zERMHL ||z]|=1

Moreover the inequality becomes an equality when z = e4,1 (where (ey, ..., eq41) is the canonical
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basis of R*1), so

| Fyll & ma+r gty = ||yl (E.9)
and
7]l 2 (re, 2 matr gatryy = sup  |[Fyl|g@err garry = sup |y =1.
yER,||ly|l=1 yERL, ||ly||=1
O

We are now in a position to define the development of a path X € BV (R) to the hyperbolic
space. Let t € [0,1] and I'; : R¥T! — R9*+! be defined as follows. For any y € R4+, T'yy is the
solution at time ¢ of the controlled differential equation

dY, = F(dX,)Y;, Yo=y. (E.10)

Lemma E.3. For anyt € [0,1], Ty is a (well-defined) linear map preserving the function B: for
any y,j € R,

BTy, Tvy) = B(y, )

Proof. Equation (E.10) is a linear controlled differential equation and by Picard’s theorem, for
any y € R, it has a unique solution. Therefore I'y is well-defined. Moreover, it is clearly a linear
operator: if y,7 € R%, and Y; = I'yy, Y; = I'y¥, then Y; + Y; follows equation (E.10) with initial
point y 4+ ¥, so by uniqueness of the solution I't(y + y) = Ty + T'4y.

O

The differential equation (E.10) may also be rewritten as a differential equation on I'; which
can be thought of as a (d + 1) x (d + 1) matrix:

dly = F(dX)Ty, To=Is1, (E.11)

where I, is the identity matrix. Now let 3o = (0,...,0,1)T € R4*!. The development of X in
H is defined as the path Y : [0,1] — H, Y; = I';yo. Since B(yo,yo) = —1, then yo € H and by
Lemma E.3 Y; € H for any ¢ € [0,1]. So equation (E.11) maps a path X in R into a new path
Y in H, in a way that preserves a number of properties of the path X:

e Any linear piece of X is mapped to a geodesic in H. So if X satisfies (6.5), then Y is
geodesic on each [t;_1,t;], and d(Y3,,Ys, ) = ||Bil| (ti — tiz1) = | Xe, — Xo, |

e I preserves the angles between linear segments. If 2w is the angle between the linear pieces
[X:, ., Xy,] and [Xy,, Xy, ], then the angle between the geodesics [V;,_,,Y;,] and [V;,, Y}
is also equal to 2w.

i—17 i+1]

Now we state two results from Hambly and Lyons (2010) that are the key ingredients of our
proof.
Lemma E.4.

(i) LetY :[0,1] — H be a continuous path, geodesic on the intervals [t;_1,t;], where 0 =ty <
t1 < - <ty =1 is a partition of [0,1]. If 2Q is the smallest angle between two geodesic
segments and each geodesic segment has length at least K(Q) (defined by (6.9)), then

M
i=1
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(i) Let SO(B) denote the group of (d+1) x (d+1) matrices with positive determinant preserving
the isometry B: if G € SO(B), then for any z,y € R B(Gz,Gy) = B(x,y). Then, for

any G € SO(B),

||G||$(]Rd+1,]Rd+1) > ed(yo,Gyo)’

where yo = (0,...,0,1)T € R4+L,

Proof. We refer the reader to Lemma 3.7 and Proposition 3.13 of Hambly and Lyons (2010) for
proofs. O

We now have all the ingredients necessary to prove Theorem 6.8. Without loss of generality,
we can assume that X has a total variation of 1. Let o be any strictly positive real number, we
define the renormalized path X< = aX and its corresponding hyperbolic developments I'* and
Y. Let D be the length of the shortest linear segment of X, and let assume that o > K(Q2)/D.
Then, Y satisfies the hypothesis of (i) in Lemma E.4, and we have

M
0< Zd(}/;?il,y;?) - d(yanla) < (M - 1>K<Q)
=1

Since X is linear on each segment [t;_1,t;], d(Y,®

i—17

Yi?) = [1X7 = X5, and

M M
Zd(yﬁ_layﬁ) = Z [ Xe, — Xoo ol = o,
i=1 i=1

therefore
d(yo, Y1") = d(yo,I'Ty0) = a — (M — 1)K(Q).
Now lemma E.4 yields
TS || (a1 gasry > ?WoTTv0) > gam(M=DK(Q), (E.12)

By definition of T as the solution to the linear controlled differential equation (E.11), we can
actually write I' as a linear function of the signature of X:

1
| +/ F(dX)T,
0
1 t
:1d+1+/ F(de)(1d+1+/ F(dXo)T,)
0

0
1 1 t
—tan+ [ Fxp)+ [ [ Faxpr@xor.
0 0 0

Iterating this procedure gives
INES AR /A F(dX{)...F(dXy). (E.13)
k=17 Bk

Using tensor notations, we denote by F'®* the linear map F®* : (R)®*F — Z(RI+! R4*1) which,
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¢ .
to any tensor u =) ,_; u1,; ® -+ ® uy,; associates

14

FO(u) = ZF(ul,j) o Fug, ).

j=1

Note that we then have

F:ﬂ@
|

(

g) e Fuk )l g mars gat)

<
—
<

| FF () || g ga+r pasr) <

<
I
—

M=

1 (w1 )] o matr gavry - |1 F(ug ) || o avr paery

<.
Il
—

—~

because the operator norm is sub-multiplicative)

lJw sl - Ml 5l

<
Il
—

vn

Taking the infimum over any representation of u yields || F®*(u)|| ¢ ga+1 ga+1y < [[ul|x. Note that
this is not true for any tensor norm. Then, (E.13) becomes

rs :Id+1+ZF®k(/ AX5 @ dX )
k=1 Ak

oo
=1lg11 + ZakF®k(

dXy, @ ® dth)
k=1 Ag

=1Ig1 + Z aF ek (XFY,
k=1

Endowing (R%)®* with the projective norm yields

105 oot sy < sl pqos oy + | 30 a*FEH (X

P(RA+1 Rd+1
P (Re+1Ri+1)

o9}
<14 || FeRxt
k=1

<1+ aFIXF.
k=1

)Hz(mdﬂ,mdﬂ)

Note that, by Proposition 6.3, the right hand side is a converging series so (E.13) is well-defined.
Let, for any k > 1, b, = k!|X*||, and by = 1. Note that since we have taken X of norm 1,
by, < 1. Combining the last inequality with (E.12) gives

ok

—(M-— —a o

e~ (M-DE®Q) < ¢ E ku' (E.14)
=0
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The last step in our proof is to show that there exists infinitely many k such that by >
e” (MDD /5 To this end, let us take a a non-zero integer, denoted by n, and Z ~ Poisson(n)
a random variable following a Poisson distribution with parameter a. The right-hand-side of
(E.14) is then exactly E[bz]. Let us show that

1
P(bz > 5e*<M*1>K<Q> and Z € J,,) > 0.

where .J,, denotes the interval [n — n3/4 n 4+ n3/4]. Tt follows that there exists k € J,, such that
b > %e_(M_l)K(Q) (otherwise the probability above would be zero). Since for any k& > 0, b, < 1,
we have

e~ (M-1)K(9) <E[bz] = E[bzlbzzéef(zwq)x(m} + ]E[bZ]‘bZ<%e*(M*l)K(Q)]
<P(by > le—(M—l)K(Q)) + le—(M—l)K(Q)
< 25 ’
which yields
P(by > %e—(M—l)K(Q)) > %e—(M—l)K(Q) <0

Moreover, by Chebyshev’s inequality,

P(by ¢ J,) =P(|Z —n| > n**) < %

Let ng be the smallest integer such that ng > 4e2(M=DKE)  Then, for any n > nq,

P

1 1
1y 1
=35° /n
>tk L g
-2 /1o

We conclude that for any n > ng, there exists k,, € J,, such that b, > 2 1o~ (M-1K(Q) that is,

e~ (M-1)K(Q)

an . >
(X5l T
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LEARNING TIME-DEPENDENT DATA WITH THE SIGNATURE TRANSFORM
Résumé

Les applications modernes de 'intelligence artificielle aménent & travailler avec des données temporelles
multivariées de grande dimension qui posent de nombreux défis. Par une approche géométrique des flux
de données, la notion de signature, représentation d’un processus en un vecteur infini de ses intégrales
itérées, est un outil prometteur. Ses propriétés développées dans le cadre de la théorie des chemins
rugueux en font en effet un bon candidat pour jouer le role de features, ensuite injectées dans des
algorithmes d’apprentissage. Si la définition de la signature remonte aux travaux de Chen (1960), son
utilisation en apprentissage est récente et de nombreuses questions théoriques et méthodologiques restent
& explorer. Nous nous intéressons donc a 'utilisation de la signature pour développer des algorithmes
génériques et performants pour les données temporelles de grande dimension, ainsi que de leur fournir
des garanties théoriques. Ce but se déploie principalement dans deux directions : d’une part, développer
de nouveaux algorithmes prenant en entrée la signature des données, d’autre part utiliser la signature
comme un outil théorique pour étudier les algorithmes existants d’apprentissage profond, via la notion
récente de neural ordinary differential equation qui fait le lien entre apprentissage profond et équations
différentielles.

Mots clés : signatures, données temporelles, apprentissage séquentiel, réseaux de neurones récurrents

Abstract

Modern applications of artificial intelligence lead to high-dimensional multivariate temporal data that
pose many challenges. Through a geometric approach to data flows, the notion of signature, a repre-
sentation of a process as an infinite vector of its iterated integrals, is a promising tool. Its properties,
developed in the context of rough path theory, make it a good candidate to play the role of features,
then injected in learning algorithms. If the definition of the signature goes back to the work of Chen
(1960), its use in machine learning is recent. Many theoretical and methodological questions remain to
be explored. We are therefore interested in using the signature to develop generic and efficient algorithms
for high-dimensional temporal data, with theoretical guarantees. This goal is mainly deployed in two
directions: on the one hand, to develop new algorithms taking the signature of the data as input, and,
on the other hand, to use the signature as a theoretical tool to study existing deep learning algorithms,
via the recent notion of neural ordinary differential equation which makes the link between deep learning
and differential equations.

Keywords: signatures, temporal data, sequential learning, recurrent neural networks

Laboratoire de Probabilités, Statistique et Modélisation
Sorbonne Université — Campus Pierre et Marie Curie — 4 place Jussieu — 75005 Paris — France
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